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SUMMARY Human
posture is characterised by
inherent body sway which forces the sensory and
motor systems to counter the destabilising
oscillations. Although the potential of biting to
increase postural stability has recently been
reported,
the
mechanisms
by
which
the
craniomandibular system (CMS) and the motor
systems
for
human
postural
control
are
functionally coupled are not yet fully understood.
The purpose of our study was, therefore, to
investigate the effect of submaximum biting on
postural stability and on the kinematics of the
trunk and head. Twelve healthy young adults
performed force-controlled biting (FB) and nonbiting (NB) during bipedal narrow stance and
single-leg stance. Postural stability was quantified
on the basis of centre of pressure (COP)
displacements, detected by use of a force platform.
Trunk and head kinematics were investigated by
biomechanical motion analysis, and bite forces

Introduction
Human posture is characterised by inherent instability, known as ‘body sway’. Corrective intermuscular
and intra-muscular synergy and coordination of the
different body regions are needed to counteract the
destabilising oscillations arising from internal and
external forces (1). This control of the body’s position
in space for the purposes of stability and orientation is
referred to as ‘postural control’ (2).
Sensory information from the visual, vestibular and
somatosensory systems is important input for control© 2014 John Wiley & Sons Ltd

were measured using a hydrostatic system. The
results revealed that FB significantly improved
postural control in terms of reduced COP
displacements, providing additional evidence for
the functional coupling of the CMS and human
posture. Our study also showed, for the first time,
that reductions in the sway of the COP were
accompanied by reduced trunk and head
oscillations, which might be attributable to
enhanced trunk stiffness during FB. This
physiological response to isometric activation of
the masticatory muscles raises questions about the
potential of oral motor activity as a strategy to
reduce the risk of falls among the elderly or among
patients with compromised postural control.
KEYWORDS: biting,
postural
control,
balance,
kinematics, stance, jaw motor tasks
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ling posture. This information is passed to the different parts of the central nervous system (CNS), where
it is integrated and dynamically re-weighted to provide an internal representation of the body and its
environment (3). This representation is then used by
the higher centres of the CNS to generate and update
the motor commands that maintain postural equilibrium. The process of balancing is thus predominantly
based on feedback mechanisms involving complex
interaction of the sensory and motor systems (4).
Studies on animals have provided information
about the neuroanatomical connections of the nerdoi: 10.1111/joor.12247
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vous trigeminus to vestibular and oculomotor nuclei
(5, 6). Projections from trigeminal nuclei to all levels
of the spinal cord and to the vestibulocerebellum
have also been found (7–10). Taking this neuromuscular integration of the craniomandibular system
(CMS) into account, it has been shown that motor
activity during jaw clenching contributes to the facilitation of postural reflexes (11–13) in a manner similar
to the Jendrassik manoeuvre (14–16). Furthermore,
posturographic analysis during quiet stance revealed
physiological effects of biting under different occlusal
conditions on the stabilisation of human posture (17–
20). In contrast to maximum biting, body sway was
significantly reduced during submaximum biting, and
the centre of pressure (COP) deviated significantly in
the anterior direction (21). The authors explained
these results on the basis of stiffening of the anterior
myofascial chains, which seems to be one component
of common motor reactions to new or unfamiliar
motor tasks and might, thus, be a strategy for facilitating reflexes and preventing falls (21, 22).
Although posturographic measurement of the COP
provides relevant information about the general
effects of biting on postural stability, no information is
yet available about the coordination of body regions
under these conditions. Moreover, to the best of our
knowledge, the effect of biting on postural control
during more complex balance tasks has not been
studied. Such work could provide evidence of the
potential of oral motor activity as a strategy for
patients with compromised postural control to reduce
the risk of falls. The purpose of our study was, therefore, to investigate the effect of submaximum CMS
motor activity on postural control in bipedal narrow
stance and single-leg stance by means of complex
kinematic motion analysis. We hypothesised that
force-controlled biting improves postural stability – in
terms of reduced COP displacements – and moreover
leads to enhanced forward-leaning of the trunk and
head.

Material and methods
Subjects
Twelve young adults (age 218  18 years; 10 male,
2 female) participated in our exploratory study. The
subjects’ body mass index was 229  37 kg m 2,
and reported weekly physical activity was

23  12 h. The participants had no known muscular
or neurological diseases that could have affected their
ability to perform the experiments. Moreover, they all
had normal vision and no temporomandibular disorders, as assessed by means of the RDC/TMD criteria
(23), and presented with full dentition (except for
third molars) in neutral occlusion.
All participants gave their written informed consent
to the experiments, which were conducted in accordance with the Declaration of Helsinki. The study was
approved by the Ethics Committee of the German
Sport University Cologne (no. 38/12).
Apparatuses
Bite force was measured by use of a hydrostatic system consisting of liquid-filled pads fixed to the maxilla
by means of an occlusal splint with a planar surface
(Fig. 1). A corresponding planar splint stabilised the
mandible in an instructed centric relation position
(21). Biting on the pads resulted in increased hydrostatic pressure, which was sampled at 1000 Hz and
presented to the participants as numerical real-time
feedback on a screen positioned at eye level 40 m in
front of the subjects.
To investigate the effect of submaximum biting on
postural sway and on coordination of body segments,
valid and reliable tools for posturographic and kinematic analysis were used (24, 25).
Postural sway was quantified from COP time series
collected by use of a force platform (AMTI, model
BP600900*). The force platform was positioned in the
floor and sampled at 1000 Hz.
Kinematics were recorded by means of a commercially available opto-electronic system (Vicon Motion
Systems†). Opto-electronic motion capture systems as
Vicon are considered as the gold standard for 3D
motion analysis (24, 26–29). They principally use
infrared cameras which track passive reflective markers attached to the subjects’ skin. The 3D position of
each marker over time is calculated with an accuracy
better than 10 mm. Based on these data, mathematical human multibody models allow for the calculation
of kinematic parameters. In the present study, 3D
coordinates of the markers were collected by 13 infra-

*Advanced Mechanical Technology, Watertown, MA, USA.
†

Oxford Metrics Group, Oxford, UK.
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Fig. 1. Hydrostatic bite force measurement system: intra-oral
device with liquid-filled pads (above) and its attachment to the
head (below).

red cameras (Vicon MX camera system†; resolution:
1280 9 1024 pixels). Thirty-nine reflective markers
(diameter 14 mm) were placed on anatomical landmarks of the participants, in accordance with the
Vicon Plug-in Gait full-body marker set (30). Detailed
information on the marker set can be found in
Appendix S1. Kinematics were sampled at 200 Hz,
simultaneously with the pressure and posturographic
data.
Experimental procedure
All subjects warmed up on a treadmill for 5 min at
18 m s 1. Before the experiments, subjects were
given standardised verbal instructions about the oral
motor tasks and the bipedal and unipedal stances.
Oral motor tasks. The subjects performed two types of
oral motor task–force-controlled biting (FB) and nonbiting (NB), which served as the control condition.
Force-controlled biting was performed at submaximum bite forces of 150 N, in accordance with previous experiments (21), and corresponded to mean
individual maximum voluntary contraction (MVC) of
the M. masseter of 1507% (s.d. 447%). Before biting
on the pressure pads, the subjects were instructed to
© 2014 John Wiley & Sons Ltd

position the mandible in centric relation, initially
guided by an experienced dentist. This position was
stabilised by horizontal force components of the bite
force, because the pads were fixed to the maxilla and
the plane surfaces of the splints acted as a wedge
under the applied bite forces, automatically constraining the mandible posteriorly. In addition to this
mechanical consideration, a stable jaw position was
confirmed, as in our previous study (21), by use of an
ultrasonic 3D jaw motion analysis measurement system that recorded jaw position stability for several
subjects during the biting experiments.
The oral device was also worn in NB. The subjects
were, however, asked to keep their mandible in a
resting position, that is consciously applying no bite
force, and monitoring this condition by looking at
the feedback screen. This control condition was chosen to avoid divergent cognitive demands between
the two oral motor tasks, because it is known that
secondary cognitive tasks can affect postural stability
differently (31). Thus, if cognitive tasks do affect postural stability, and if oral motor tasks require cognitive attention, their effect in our study should be
negligible.
Bipedal and unipedal stances. All participants performed both oral motor tasks during bipedal narrow
stance and during unipedal stance on their dominant and non-dominant legs. These support conditions are frequently used as methods to determine
postural differences in diverse research investigations
(32–36).
In bipedal narrow stance, the subjects stood barefoot, on both feet, on the force platform, with the
medial sides of the feet touching each other. In unipedal stance, the subjects were instructed to maintain
posture without support from the elevated leg while
standing barefoot on the force platform. The leg the
subjects used to jump with and land on in single-leg
jumps was regarded as dominant.
Irrespective of the support condition (bipedal, dominant, non-dominant), the subjects were instructed to
maintain an upright position, with their arms hanging
at their sides, and to stand as still as possible. They
were asked to breathe normally, and to look straight
ahead, focusing on the feedback screen. The anteroposterior (AP) position and mediolateral (ML)
alignment of the supporting limb(s) were determined
by use of marks on the platform. The elevation of the
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non-supporting leg in unipedal stance was intra-individually standardised by use of a laser pointer.
Experimental design. The order of the support conditions was assigned randomly to the subjects. Counterbalanced, half of the sample started balancing while
applying the submaximum bite force, whereas the
other group first performed balancing with the mandible at rest. Before changes of the support and biting
conditions, the subjects were familiarised with the
tasks. All the subjects then completed five valid trials
for each of the six test conditions. A trial was considered valid when the intended bite force was maintained
within  20%
throughout
the
trial.
Considering the effort of submaximum biting, recording time was predetermined as 10 s separated by 30-s
intervals. Measurements were started when the
intended bite force was reached.

measured as the coefficient of variation [CV = (s.d./
Mean) 9 100] was 3850% for sway area, 1482%
for AP path length and 1583% for ML path length.
Trunk and head kinematics. The three-dimensional
coordinates of the reflective markers were processed
by use of a generalised spline technique (43). On the
basis of these data, kinematics were calculated for the
pelvis (PELVIS), torso (TORSO) and head (HEAD) in
the transverse plane. To this end, first the centres of
PELVIS, TORSO, and HEAD were determined by

Data analysis
For each testing condition all five trials were included
in the evaluation. To analyse the effects of biting and
support condition, data were processed by use of
Vicon Nexus software†, and different posturographic
and kinematic variables were calculated.
Postural stability. The time series of the COP were filtered by use of a fourth-order Butterworth low-pass
filter with a cut-off frequency of 10 Hz. The average
AP and ML positions of the COP were determined relative to the centre of the base of support (BOS), calculated on the basis of the reflective markers placed
on the subjects’ feet. Postural stability was quantified
on the basis of the COP displacements, as represented
by the area of the 95% confidence ellipse (subsequently referred to as the ‘sway area’) and the COP
path length, the latter in the AP and ML directions.
The sway area is an indicator of the spatial variability
of the COP (37), whereas the path lengths describe
the direction and extent of postural sway (38). Use of
these variables enables assessment of postural stability
during unperturbed stance with high to excellent reliability (39–41).
In this study, intra-session reliability, estimated by
use of intra-class correlation coefficients (ICC3,1),
ranged from 0607 to 0961 for the posturographic
variables (Table 1), revealing reliability was good to
excellent (42). The mean intra-individual variability –

Fig. 2. Positioning of markers on the skin in accordance with
the Vicon Plug-in Gait full-body marker set (30). RFHD, right
front head; LFHD, left front head; LBHD, left back head; RBHD,
right back head; CLAV, clavicle; STRN, sternum; C7, 7th cervical
vertebrae; T10, 10th thoracic vertebrae; RASI, right anterior
superior iliac spine; LASI, left anterior superior iliac spine; LPSI,
left posterior superior iliac spine; RPSI, right posterior superior
iliac spine.
Table 1. Intra-session reliability of posturographic and kinematic variables
Variable

COP

PELVIS

TORSO

HEAD

Sway
0607–0945 0723–0865 0747–0875 0753–0876
area
AP path 0905–0961 0800–0936 0842–0929 0890–0944
length
ML path 0749–0946 0880–0992 0884–0988 0884–0986
length
AP, anteroposterior; ML, mediolateral.
Intra-session reliability for the different testing conditions as
revealed by intra-class correlation coefficients (ICC3,1).
Poor reliability: <04; fair reliability: 040–059; good reliability:
060–074; excellent reliability: >075 (42).
© 2014 John Wiley & Sons Ltd
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means of the reflective markers placed on the respective body segments – left and right anterior and posterior superior iliac spine (LASI, RASI, LPSI and RPSI)
for PELVIS, clavicle (CLAV), sternum (STRN), 7th cervicle vertebrae (C7) and 10th thoracic vetebrae (T10)
for TORSO, and left and right front and back head
(LFHD, RFHD, LBHD and RBHD) for HEAD (Fig. 2).
Finally, the sway area, sway path lengths in AP and
ML directions, and the mean positions relative to the
BOS were calculated for the above-mentioned body
segments.
Intra-session reliability for the kinematic variables
was good to excellent (Table 1). The mean intra-individual variability was 4904 to 4945%, 380 to
493%, and 832 to 911% for sway area, AP and ML
path lengths, respectively.
Statistics
All statistical tests were performed by use of IBM
SPSS Statistics 20.0‡. First, Kolmogorov–Smirnov, and
Mauchly’s tests were used to confirm the normality
and sphericity, respectively, of the data distribution.
Greenhouse–Geisser estimates were used to correct
for violations of sphericity.
One-sample t-tests were then conducted to analyse
discrepancies between requested and generated bite
forces. Differences between the submaximum bite
forces under the different support conditions were
investigated by one-way repeated-measures ANOVA,
adjusted by use of the Bonferroni correction for multiple comparisons.
The effects of oral motor tasks (FB, NB) and support
conditions (bipedal, dominant, non-dominant) on postural sway and kinematics were analysed by two-way
repeated-measures ANOVA. Follow-up Bonferroni corrections were used for multiple comparisons. The
effects of support condition on relative ML positions of
COP, PELVIS, TORSO and HEAD were only compared
between dominant and non-dominant legs, however.
All data are reported as mean values  95% confidence intervals. Partial eta-squared (gp2) is indicated
to give information about effect sizes. For large effects
gp2 = 014, for medium effects gp2 = 006, and for
small effects gp2 = 001 (44). The level of significance
for all statistical tests was a priori set to P = 005.

‡

International Business Machines Corp., Armonk, NY, USA.
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Fig. 3. COP sway area and COP path length in the anteroposterior and mediolateral directions for the different test conditions:
force-controlled biting (FB) and non-biting (NB) in bipedal, unipedal dominant and unipedal non-dominant stances. All data
are presented as mean values  95% confidence intervals. Twoway repeated-measures ANOVA (P < 005): *significant main
effect for oral motor task, #significant main effect for support
condition, §significant difference between bipedal and unipedal
dominant stance and †significant difference between bipedal and
unipedal non-dominant stance.

Results
The submaximum bite force of 150 N, corresponding
to 03 bar hydrostatic pressure within the pads, was
maintained by the subjects throughout measurements
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Table 2. P-values and effect sizes for posturographic variables
Oral motor task

COP

Support condition

Variable

P

gp

Sway area
AP path length
ML path length

0005*
0007*
0030*

053
050
036

2

Interaction

P

gp2

P

gp2

0001*
<0001*
<0001*

045
082
086

0771
0922
0741

002
001
003

AP, anteroposterior; ML, mediolateral.
P-values and effect sizes (gp2) as revealed by two-way repeated-measures ANOVA (P < 005).
*Statistically significant; small effect: gp2 = 001; medium effect: gp2 = 006; large effect: gp2 = 014 (44).

in bipedal (0303  0003 bar), unipedal dominant
(0302  0006 bar) and unipedal non-dominant
(0302  0004 bar) stance. Statistical tests revealed
no significant differences either of the effectively generated bite forces from the intended bite force or
among the applied bite forces under the three support
conditions.
Postural stability
Figure 3 shows COP sway area and COP path lengths
in AP and ML directions as functions of the variables
under investigation. The P-values and effect sizes are
listed in Table 2.
The statistical analysis revealed main effects of oral
motor tasks for both COP sway area and COP path
length in the AP and ML directions. Compared with
standing with the mandible at rest, submaximum biting significantly reduced COP sway area. For COP
path length in the AP and ML directions, ANOVA also
revealed significantly greater stability during FB.
Significant main effects of the support conditions
were found for COP sway area. Bonferroni adjustments revealed that the differences between bipedal

stance and dominant leg (P = 0017) and between
bipedal stance and non-dominant leg (P = 0036)
were statistically significant, but those between dominant and non-dominant legs were not. Moreover,
there were significant support effects for COP path
length in AP and ML directions. In bipedal stance, the
subjects swayed significantly less than on the dominant (AP: P < 0001; ML: P < 0001) and non-dominant (AP: P < 0001; ML: P < 0001) legs, but there
were no significant differences between results for the
dominant and non-dominant legs. Furthermore, there
were no interactions between oral motor task and
support condition for any posturographic variable.
Regarding the relative AP and ML positions, the
COP was invariably located anterior and lateral to the
centre of the BOS (Table 3). However, the locations
were not significantly altered by oral motor tasks or
support conditions. There were also no interaction
effects.
Trunk and head kinematics
Table 4 shows all P-values and effect sizes for the
kinematic variables.

Table 3. Relative AP and ML positions of the COP
AP position

COP

ML position

Support

FB

NB

FB

NB

Bipedal
Dominant
Non-dominant

2297  1017
3449  680
2936  908

2114  976
3104  665
3056  982

231  317
617  197
645  309

353  265
665  135
620  382

AP, anteroposterior; ML, mediolateral; FB, force-controlled biting; NB, non-biting.
Positions of the COP relative to the centre of the base of support. All data are presented as mean values  95% confidence intervals.
Negative values indicate a posterior and right (bipedal) or medial (unipedal) location, respectively. Units are mm.
Two-way repeated-measures ANOVA (P < 005): All comparisons were not statistically significant.
© 2014 John Wiley & Sons Ltd
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Table 4. P-values and effect sizes for kinematic variables
Oral motor task

PELVIS

TORSO

HEAD

Support condition

Variable

P

gp

Sway area
AP path length
ML path length
Sway area
AP path length
ML path length
Sway area
AP path length
ML path length

0210
0015*
0024*
0224
0009*
0020*
0256
0005*
0017*

014
043
038
013
048
040
012
053
042

2

Interaction

P

gp

0034*
0390
0295
0031*
0375
0257
0032*
0634
0211

026
008
010
032
009
012
032
004
014

2

P

gp2

0415
0173
0638
0371
0228
0406
0379
0179
0317

008
015
003
008
013
007
008
015
009

AP, anteroposterior; ML, mediolateral.
P-values and effect sizes (gp2) as revealed by two-way repeated-measures ANOVA (P < 005).
*Statistically significant; small effect: gp2 = 001; medium effect: gp2 = 006; large effect: gp2 = 014 (44).

For PELVIS (Fig. 4), FB had no statistically significant effect on sway area. In contrast, submaximum
biting resulted in significant reductions of sway path
length in AP and ML directions. Changing the support
condition merely induced significant alteration of the
sway area.
The submaximum biting task also resulted in significant sway alterations for TORSO (Fig. 4). Compared
with NB, the AP and ML path lengths were significantly shortened during FB. However, FB did not
influence the sway area. Apart from that, sway area
was significantly affected by the support conditions.
For HEAD (Fig. 5), the AP and ML path lengths,
again, were both indicative of improved stability during FB. With regard to the three support conditions,
ANOVA only revealed statistically significant differences
for sway area.
For all body segments and variables under investigation, no interaction effects were apparent.
The relative positions of PELVIS, TORSO and HEAD
are shown in Table 5. Neither the AP nor ML positions
of any of the body segments deviated significantly
between oral motor tasks and support conditions. Apart
from this, no significant interactions were observed for
any body segment and kinematic variable.

Discussion
The purpose of our study was to investigate whether
FB affects postural stability and the kinematics of the
trunk and head during bipedal narrow stance and single-leg stance.
© 2014 John Wiley & Sons Ltd

This study showed that biting at a submaximum
force significantly altered postural stability in terms of
reduced COP displacements. Both COP sway area and
COP path length in AP and directions were significantly smaller than for NB. These sway reductions
were independent of support condition, which was
confirmed by the absence of any interaction effect.
Force-controlled biting, moreover, significantly
reduced trunk and head oscillations, as was apparent
from reduced AP and ML path lengths of PELVIS,
TORSO and HEAD. For both posturographic
(gp2 = 036–053) and kinematic (gp2 = 012–053)
data, biting predominantly had large effects,
approximately as large as support effects. Hence, the
effect of FB can be interpreted as substantial.
The observed significant sway reductions are in
agreement with the findings of previous studies (20,
21, 45). The results, therefore, reveal that force-controlled oral motor activity not only alters postural
stability during normal stance but also during more
demanding tasks, for example single-leg stance. However, the effect of FB was not as high as in the
study of Hellmann et al. (21). This could indicate
that the effect of oral motor activity on postural stability is less pronounced during more demanding
balancing tasks.
The relative positions of the COP, and of PELVIS,
TORSO and HEAD, were not statistically different
among the experimental conditions for either the AP
or ML positions. Thus, we could not confirm the anterior shift of the COP found in a previous study (21).
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Fig. 4. Sway area and sway path lengths in the anteroposterior and mediolateral directions for PELVIS (left) and TORSO (right) as a
function of the testing conditions: force-controlled biting (FB) and non-biting (NB) in bipedal, unipedal dominant and unipedal nondominant stances. All data are presented as mean values  95% confidence intervals. Two-way repeated-measures ANOVA (P < 005):
*significant main effect for oral motor task, #significant main effect for support condition, §significant difference between bipedal and
unipedal dominant stance and †significant difference between bipedal and unipedal non-dominant stance.

The hypothesised stiffening effects caused by changes
of single myofascial chains under the effect of craniomandibular muscle activity (21, 22) do not, therefore,
seem entirely convincing. Instead, the reduced COP
displacements could be attributed to the facilitating
effects of submaximum biting (11–13, 46), suggesting
a neural coupling of the CMS to the postural control
system.

Force-controlled biting also resulted in reduced path
lengths of the body segments under investigation.
Because of the systematic alterations of all the segments’ path lengths, it could be concluded that
increased postural stability during isometric masticatory activity might be caused by an improved ‘ankle
strategy’, in which sway regulation closely resembles
balancing a single-segment inverted-pendulum pivot© 2014 John Wiley & Sons Ltd
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Fig. 5. Sway area and sway path lengths in the anteroposterior
and mediolateral directions for HEAD as a function of the testing
conditions: force-controlled biting (FB) and non-biting (NB) in
bipedal, unipedal dominant and unipedal non-dominant stances.
All data are presented as mean values  95% confidence intervals. Two-way repeated-measures ANOVA (P < 005): *significant
main effect for oral motor task, #significant main effect for support condition, §significant difference between bipedal and unipedal dominant stance and †significant difference between
bipedal and unipedal non-dominant stance.

ing about the subtalar joint (46). Alternatively, the
decrease in trunk and head oscillations could be
attributed to generally increased muscle tone of the
trunk, for example as a result of general changes of
intermuscular coordination.
In addition to the effects of biting, significant differences between the support conditions were observed.
© 2014 John Wiley & Sons Ltd

As might be expected, COP displacements in unipedal
stance were significantly larger than for standing on
both legs. The increased COP sway area and COP path
length in the ML direction are obviously attributable to the smaller BOS, especially because, during
single-leg support, ML fluctuations cannot be controlled by load–unload mechanisms. Instead, two
inverted-pendulum systems are present in the frontal
plane when the body is in single-leg support (47).
First, the total body pivots about the supporting
subtalar joint; second, the upper body pivots about
the hip joint (46). Although the larger COP sway area
and ML path length seem consistent, narrowing of
the BOS in the frontal plane also increased the COP
path length in the sagittal plane. With regard to the
findings of Gribble and Hertel (35, 48) and Miller and
Bird (49), one explanation could be that in bipedal
stance, the more subtle plantar flexors and dorsiflexors of the ankle control posture, whereas in single-leg
stance, AP neuromuscular control is primarily based
on gross movement of the hip. Apart from that, none
of the variables was significantly different for the
dominant and non-dominant legs, which is in accordance with latest reports (50).
One limitation of our study that should be considered is the short-term exposure of 10 s, which can
neither simulate long-lasting effects of biting nor fulfil
recommendations for posturographic assessments
(≥25 s) (51). The duration of measurement was
restricted by the effort of the isometric masticatory
contractions, however. Notwithstanding this, Parreira
et al. (51) recently pointed out that durations ≥ 10 s
are sufficient to enable differences between postural
control to be distinguished. Another limitation might
be the lack of active controls, such as those used by
Miyahara et al. (11). These authors showed that both
voluntary clenching of the teeth and contraction of
upper limb muscles increased the amplitude of the
soleus H reflex, with increases during teeth clenching
being greater than those induced by contraction of
upper limb muscles (11). We suggest, therefore, that
similar or smaller effects would have been observed
among active controls. Further studies in which the
stabilising effects of FB are compared with submaximum clenching of the fists should, nevertheless, be
conducted.
As the main result of our study, it may be emphasised that FB significantly reduced postural sway in
unipedal and bipedal narrow stance. This not only dis-
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Table 5. Relative AP and ML positions of PELVIS, TORSO and HEAD
AP position
Support
PELVIS

TORSO

HEAD

Bipedal
Dominant
Non-dominant
Bipedal
Dominant
Non-dominant
Bipedal
Dominant
Non-dominant

FB
5387
4171
4635
698
991
325
2271
5273
4636

ML position
NB











1536
1571
2057
1708
1733
2167
3552
2010
2371

FB

5817
4618
4530
1238
437
362
2580
4662
4659











1404
1433
2105
1556
1472
2191
1784
1672
2399

1172
4925
5535
1075
5634
4831
503
4842
5295

NB










827
2339
2509
859
2773
2366
876
2536
2326

1112
5002
5662
1035
5725
5043
563
4934
5543











764
2474
2505
717
2827
2484
737
2647
2363

AP, anteroposterior; ML, mediolateral; FB, force-controlled biting; NB, non-biting.
Positions of PELVIS, TORSO and HEAD relative to the centre of the base of support. All data are presented as mean values  95%
confidence intervals. Negative values indicate a posterior and right (bipedal) or medial (unipedal) location, respectively. Units are mm.
Two-way repeated-measures ANOVA (P < 005): All comparisons were not statistically significant.

plays the stabilising effect of oral motor tasks under
more complex conditions but also provides additional
evidence of the functional coupling of the CMS and
human posture. The question of whether the coupling
is mechanical or neural remains unanswered, however
(52). The present study also showed, for the first time,
that the sway reductions of the COP during FB were
accompanied by reduced trunk and head oscillations,
which might be attributable to enhanced trunk stiffness. The results imply that FB induced coactivation of
the trunk muscles. This, in turn, might have contributed to improved postural stability.
Finally, it should be mentioned that all these effects
were measured in healthy subjects, so even if there is
evidence of comorbidity of masticatory, neck and
lower-back-muscle pain (53–56), no conclusions
about pathophysiological interactions can be drawn
on the basis of these findings (21, 52). These physiological responses to isometric activation of the
masticatory muscles suggest, nevertheless, that oral
motor activity could be a strategy for the elderly or
for patients with compromised postural control, for
example to reduce the risk of falls.

Acknowledgments
The authors express their gratitude to M.Sc. Lorenz
Uhlmann (Institute of Medical Biometry and Informatics, University of Heidelberg, Germany) for his
assistance with statistics. This investigation was supported by Deutsche Forschungsgemeinschaft grant HE
6961/1-1.

Conflicts of interest
We confirm that the authors of this article have no
conflicts of interest.

References
1. Loram ID, Lakie M. Human balancing of an inverted
pendulum: position control by small, ballistic-like, throw
and catch movements. J Physiol. 2002;540(Pt 3):1111–
1124.
2. Shumway-Cook A, Woollacott M. Motor control. Theory
and practical applications. Philadelphia (PA): Lippincott Williams and Wilkins; 2011.
3. MacPherson JM, Horak FB. Posture. In: Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA, Hudspeth AJ, eds.
Principles of neural science, 5th ed. New York (NY):
McGraw-Hill; 2013:935–959.
4. Peterka RJ, Loughlin PJ. Dynamic regulation of sensorimotor integration in human postural control. J Neurophysiol.
2004;91:410–423.
5. Buisseret-Delmas C, Buisseret P. Central projections of
extraocular muscle afferents in cat. Neurosci Lett.
1990;109:48–53.
6. Buisseret-Delmas C, Compoint C, Delfini C, Buisseret P.
Organisation of reciprocal connections between trigeminal
and vestibular nuclei in the rat. J Comp Neurol.
1999;409:153–168.
7. Ruggiero DA, Ross CA, Reis DJ. Projections from the spinal
trigeminal nucleus to the entire length of the spinal cord in
the rat. Brain Res. 1981;225:225–233.
8. Devoize L, Domejean S, Melin C, Raboisson P, Artola A,
Dallel R. Organization of projections from the spinal trigeminal subnucleus oralis to the spinal cord in the rat: a neuroanatomical substrate for reciprocal orofacial-cervical
interactions. Brain Res. 2010;1343:75–82.

© 2014 John Wiley & Sons Ltd

FORCE-CONTROLLED BITING ALTERS POSTURAL CONTROL
9. Alstermark B, Pinter MJ, Sasaki S, Tantisira B. Trigeminal
excitation of dorsal neck motoneurones in the cat. Exp
Brain Res. 1992;92:183–193.
10. Pinganaud G, Bourcier F, Buisseret-Delmas C, Buisseret P.
Primary trigeminal afferents to the vestibular nuclei in the
rat: existence of a collateral projection to the vestibulo-cerebellum. Neurosci Lett. 1999;264:133–136.
11. Miyahara T, Hagiya N, Ohyama T, Nakamura Y. Modulation
of human soleus H reflex in association with voluntary
clenching of the teeth. J Neurophysiol. 1996;76:2033–2041.
12. Takada Y, Miyahara T, Tanaka T, Ohyama T, Nakamura Y.
Modulation of H reflex of pretibial muscles and reciprocal Ia
inhibition of soleus muscle during voluntary teeth clenching
in humans. J Neurophysiol. 2000;83:2063–2070.
13. Boroojerdi B, Battaglia F, Muellbacher W, Cohen LG. Voluntary teeth clenching facilitates human motor system
excitability. Clin Neurophysiol. 2000;111:988–993.
14. Jendrassik E. Zur Untersuchung des Knieph€anomens. Neurol Centralbl. 1885;4:412–415.
15. Bischoff C. Neurography: late responses. Muscle Nerve Suppl. 2002;11:59–65.
16. Dowman R, Wolpaw JR. Jendrassik maneuver facilitates
soleus H-reflex without change in average soleus motoneuron pool membrane potential. Exp Neurol. 1988;101:288–
302.
17. Gangloff P, Louis JP, Perrin PP. Dental occlusion modifies
gaze and posture stabilization in human subjects. Neurosci
Lett. 2000;293:203–206.
18. Bracco P, Deregibus A, Piscetta R. Effects of different jaw
relations on postural stability in human subjects. Neurosci
Lett. 2004;356:228–230.
19. Tardieu C, Dumitrescu M, Giraudeau A, Blanc JL, Cheynet
F, Borel L. Dental occlusion and postural control in adults.
Neurosci Lett. 2009;450:221–224.
20. Sforza C, Tartaglia GM, Solimene U, Morgun V, Kaspranskiy
RR, Ferrario VF. Occlusion, sternocleidomastoid muscle
activity, and body sway: a pilot study in male astronauts.
Cranio. 2006;24:43–49.
21. Hellmann D, Giannakopoulos NN, Blaser R, Eberhard L,
Schindler HJ. The effect of various jaw motor tasks on body
sway. J Oral Rehabil. 2011;38:729–736.
22. Carson RG, Riek S. Changes in muscle recruitment patterns
during skill acquisition. Exp Brain Res. 2001;138:71–87.
23. Dworkin S, LeResche L. Research diagnostic criteria for temporomandibular disorders: review, criteria, examinations
and specifications, critique. J Craniomandib Disord.
1992;6:301–355.
24. Robertson DG, Hamill J, Caldwell GE, Kamen G.Research
methods in biomechanics. Champaign (IL): Human Kinetics;
2004.
25. Hellmann D, Giannakopoulos NN, Blaser R, Eberhard L,
Rammelsberg P, Schindler HJ. The effect of oral motor tasks
on the reliability of posturographic measurements – a quantitative posturographic study. J Craniomandib Func.
2011;3:127–129.
26. Winter DA. Biomechanics and motor control of human
movement, 4th ed. Hoboken (NJ): Wiley; 2009.

© 2014 John Wiley & Sons Ltd

27. Richards J. The measurement of human motion: a comparison of commercially available systems. Hum Mov Sci.
1999;18:589–602.
28. Barker S, Craik R, Freedman W, Herrmann N, Hillstrom H.
Accuracy, reliability, and validity of a spatiotemporal gait
analysis system. Med Eng Phys. 2006;28:460–467.
29. Carse B, Meadows B, Bowers R, Rowe P. Affordable clinical
gait analysis: an assessment of the marker tracking accuracy
of a new low-cost optical 3D motion analysis system. Physiotherapy. 2013;99:347–351.
30. Vicon Motion Systems. Vicon plug-in gait product guide –
foundation notes. Oxford: Oxford Metrics Group; 2010.
31. Woollacott M, Shumway-Cook A. Attention and the control
of posture and gait: a review of an emerging area of
research. Gait Posture. 2002;16:1–14.
32. Henriksson M, Ledin T, Good L. Postural control after anterior cruciate ligament reconstruction and functional rehabilitation. Am J Sports Med. 2001;29:359–366.
33. Huurnink A, Fransz DP, Kingma I, Hupperets MD, van Dieen JH. The effect of leg preference on postural stability in
healthy athletes. J Biomech. 2014;47:308–312.
34. Bisson EJ, McEwen D, Lajoie Y, Bilodeau M. Effects of
ankle and hip muscle fatigue on postural sway and attentional demands during unipedal stance. Gait Posture.
2011;33:83–87.
35. Gribble PA, Hertel J. Effect of hip and ankle muscle fatigue
on unipedal postural control. J Electromyogr Kinesiol.
2004;14:641–646.
36. Lee SP, Powers CM. Individuals with diminished hip abductor muscle strength exhibit altered ankle biomechanics and
neuromuscular activation during unipedal balance tasks.
Gait Posture. 2014;39:933–938.
37. Vuillerme N, Chenu O, Pinsault N, Fleury A, Demongeot J,
Payan Y. Can a plantar pressure-based tongue-placed electrotactile biofeedback improve postural control under
altered vestibular and neck proprioceptive conditions? Neuroscience. 2008;155:291–296.
38. Clark S, Riley MA. Multisensory information for postural
control: sway-referencing gain shapes center of pressure
variability and temporal dynamics. Exp Brain Res.
2007;176:299–310.
39. Pinsault N, Vuillerme N. Test-retest reliability of centre of
foot pressure measures to assess postural control during
unperturbed stance. Med Eng Phys. 2009;31:276–286.
40. Ruhe A, Fejer R, Walker B. The test-retest reliability of centre of pressure measures in bipedal static task conditions – a
systematic review of the literature. Gait Posture.
2010;32:436–445.
41. Bauer C, Groger I, Rupprecht R, Meichtry A, Tibesku CO,
Gassmann KG. Reliability analysis of time series force plate
data of community dwelling older adults. Arch Gerontol Geriatr. 2010;51:100–105.
42. Fleiss JL. The design and analysis of clinical experiments.
New York (NY): John Wiley Sons; 1986.
43. Woltring HJ. A Fortran package of generalized, cross-validatory spline smoothing and differentiation. Adv Eng Softw.
1986;8:104–113.

11

12

S . R I N G H O F et al.
44. Cohen J. A power primer. Psychol Bull. 1992;112:155–159.
45. Sakaguchi K, Mehta NR, Abdallah EF, Forgione AG, Hirayama H, Kawasaki T. Examination of the relationship
between mandibular position and body posture. Cranio.
2007;25:237–249.
46. Winter DA. Human balance and posture control during
standing and walking. Gait Posture. 1995;3:193–214.
47. MacKinnon CD, Winter DA. Control of whole body balance
in the frontal plane during human walking. J Biomech.
1993;26:633–644.
48. Gribble PA, Hertel J. Effect of lower-extremity muscle fatigue on postural control. Arch Phys Med Rehabil.
2004;85:589–592.
49. Miller PK, Bird AM. Localized muscle fatigue and dynamic
balance. Percept Mot Skills. 1976;42:135–138.
50. Scoppa F, Capra R, Gallamini M, Shiffer R. Clinic stabilometry standardization. Basic definitions – acquisition interval –
sampling frequency. Gait Posture. 2013;37:290–292.
51. Parreira RB, Boer MC, Rabello L, Costa VS, de Oliveira E,
da Silva RA. Age-related differences in center of pressure
measures during one-leg stance are time dependent. J Appl
Biomech. 2013;29:312–316.
52. Manfredini D, Castroflorio T, Perinetti G, Guarda-Nardini L.
Dental occlusion, body posture and temporomandibular disorders: where we are now and where we are heading for. J
Oral Rehabil. 2012;39:463–471.
53. de Laat A, Meuleman H, Stevens A, Verbeke G. Correlation
between cervical spine and temporomandibular disorders.
Clin Oral Investig. 1998;2:54–57.

54. de Wijer A, Steenks MH, de Leeuw JR, Bosman F, Helders
PJ. Symptoms of the cervical spine in temporomandibular
and cervical spine disorders. J Oral Rehabil. 1996;23:742–
750.
55. Visscher CM, Lobbezoo F, de Boer W, van der Zaag J, Naeije
M. Prevalence of cervical spinal pain in craniomandibular
pain patients. Eur J Oral Sci. 2001;109:76–80.
56. Ciancaglini R, Gherlone EF, Radaelli G. Association between
loss of occlusal support and symptoms of functional disturbances of the masticatory system. J Oral Rehabil.
1999;26:248–253.
Correspondence: Steffen Ringhof, Institute of Sports and Sports Science, Karlsruhe Institute of Technology (KIT), Engler-Bunte-Ring
15, Karlsruhe 76131, Germany.
E-mail: steffen.ringhof@kit.edu

Supporting Information
Additional Supporting Information may be found in
the online version of this article:
Appendix S1. The table lists the thirty-nine markers, which were placed on the skin to the participants
in accordance with the Vicon Plug-in Gait full body
marker set (30).

© 2014 John Wiley & Sons Ltd

