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The aim of this study was to characterize the kinematics and masseter muscle activation in unilateral posterior crossbite. Eighty-two children (8.6 ± 1.3 yr of age) with
unilateral posterior crossbite and 12 children (8.9 ± 0.6 yr of age) with normal
occlusion were selected for the study. Electromyography (EMG) and kinematics were
concurrently recorded during mastication of a soft bolus and a hard bolus. The percentage of reverse cycles in the group of patients was 59.0 ± 33.1% (soft bolus) and
69.7 ± 29.7% (hard bolus) when chewing on the crossbite side. When chewing on the
non-aﬀected side, the number of reverse cycles was 16.7 ± 24.5% (soft bolus) and
16.7 ± 22.3% (hard bolus). The reverse cycles on the crossbite side were narrower
with respect to the cycles on the non-aﬀected side. Although both types of cycles in
patients resulted in lower EMG activity of the masseter of the crossbite side than of the
contralateral masseter, the activity of the non-aﬀected side was larger for reverse than
for non-reverse cycles. It was concluded that when chewing on the crossbite side, the
masseter activity is reduced on the mastication side (crossbite) and is unaltered (nonreverse cycles) or increased (reverse) on the non-aﬀected side.

Mastication is one of the most complex and co-ordinated
functional movements. The masticatory system is capable of exerting high forces through the execution of very
precise movements. The accuracy of the movement is
important for avoiding damage to the stomathognatic
system and for maximizing eﬃciency. The pattern of
mandibular movement during chewing is inﬂuenced by
factors such as the bolus type and the type of occlusion
(1–4). The relative position of the upper and lower teeth
determines occlusal stability, which is related to muscular performance.
Crossbite is a widespread malocclusion, prevalent in
the range of 8–22% (5). Unilateral posterior crossbite,
which represents half of all crossbites, is an asymmetric
malocclusion characterized by an inverse relationship of
the upper and lower buccal dental cusps, in the molar
and premolar regions, on one side only of the dental
arch. It may originate from a skeletal relationship or a
dental relationship, or both, and may lead to mandibular
displacement accompanied by lower midline deviation
(6). It develops in children between 2 and 5 yr of age,
during eruption of the primary dentition, and can
involve the permanent dentition at a later stage of
development (7, 8).
Compared with control groups, children with unilateral posterior crossbite exhibit diﬀerent kinematics of the
mandible during mastication when chewing on the
aﬀected side. During normal chewing, the mandible
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deviates laterally towards the bolus side and then medially during closure (9). The frequency of reverse chewing
cycles is substantially increased in children with unilateral posterior crossbite (1, 10–14). In reverse cycles the
mandible ﬁrst deviates medially and then laterally, thus
ensuring overlap of opposing dental occlusal surfaces.
Reverse chewing cycles show an abnormal, narrow pattern characterized by smaller lateral displacement and
slower velocity of the mandible in comparison with
normal chewing. In a patient with unilateral crossbite,
reverse cycles occur mainly on the crossbite side,
although not all cycles are reverse when chewing from
the crossbite side (11–16).
Mandibular movements during chewing depend on the
interplay of the masticatory muscles; thus, abnormal
chewing kinematics is associated with altered muscle
activation. Abnormal chewing in children has an impact
on the growing structures and may lead to an irreversible
asymmetry of the anatomical structures (bones, temporomandibular joint, muscles, teeth) (17–21).
In patients with unilateral posterior crossbite, the
masseter of the crossbite side is less active (22, 23), and
the co-ordination of the masticatory muscles on the two
sides is altered (24), with respect to controls. However,
no studies have investigated concurrently the kinematics
of the chewing cycle and the electromyography (EMG)
activity of masticatory muscles in patients with unilateral
crossbite. Moreover, it is not known if reverse and
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non-reverse cycles, when chewing from the crossbite side,
result in diﬀerent coordination among muscles of the two
sides. This knowledge is important for understanding the
muscular load in patients with unilateral crossbite
because abnormal loads may result in long-term changes
in the bite force (25), muscle cross-section (26), and in
other structures. Moreover, the dental therapy aimed at
correcting the malocclusion should aim to achieve a
functional improvement, for which it is necessary to
understand in greater detail the neuromuscular adaptations associated with the malocclusion.
In this study, it was hypothesized that the kinematics
and muscular activity associated with both the reverse
and non-reverse chewing cycles on the crossbite side are
diﬀerent from the cycles on the non-aﬀected side.
Therefore, the aim of this study was to characterize the
reverse and non-reverse chewing cycles in both the affected and non-aﬀected sides of patients with unilateral
posterior crossbite.

Material and methods
Eighty-two children, 8.6 ± 1.3 yr of age [mean ± standard
deviation (SD)], with unilateral posterior crossbite (50 on
the right side, 32 on the left side) and 12 children
8.9 ± 0.6 yr of age (mean ± SD), with normal occlusion,
were selected for the study out of 1,200 patients referred to
the Orthodontic Department of the University of Turin in
the period December 2005 to December 2006. Before participating in the study, informed consent was obtained from
the parents.
The inclusion criteria for the patient group were: (i) unilateral posterior crossbite of two or more posterior teeth, (ii)
mixed dentition, (iii) no erupting teeth, (iv) no teeth to be
substituted, (v) eight permanent incisors, four deciduous
canines, eight deciduous molars, four permanent molars,
(vi) no caries, and (vii) no pain. The exclusion criteria were
the presence of (i) any previous orthodontic therapy, (ii) any
signs or symptoms of dental or myofacial pain, (iii) any
signs of cranio-mandibolar disorders, or (iv) any prosthesis.
The control group was strictly selected for normal occlusion
and mixed dentition, and was matched with the patient
group for age and gender.
Procedures
The children were comfortably seated on a chair. They were
asked to ﬁx their eyes on a target (a red beak of a Donald
Duck drawing) on the wall, 90 cm directly in front of their
seating position, and to avoid movements of the head. The
measures were performed in a silent and comfortable environment. Each recording began with the largest number of
teeth in contact. The children were asked to ﬁnd this starting
position by lightly tapping their opposing teeth together and
clenching. They were asked to hold this position with the
test bolus on the tongue, prior to starting the recording.
Each recording consisted of chewing for a time-period of
10 s and was repeated, for each experimental session, three
times for mastication on the right side and three times for
mastication on the left side, using a soft bolus and a hard
bolus. An operator controlled (visual inspection) the side of
mastication. The soft bolus was a piece of chewing gum and
the hard bolus was a wine gum, both of which were the same
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size (20 mm in length, 1.2 mm in height, and 0.5 mm in
width) but of diﬀerent weights (2 g for the soft bolus and 3 g
for the hard bolus). The wine gum was chosen to provide a
rubber-like resistance without sticking to the teeth.
Kinematic analysis
The mandibular motion was tracked using a kinesiograph
(K6-I; Myotronics, Tukwila, WA, USA) that measures jaw
movements with an accuracy of 0.1 mm. Multiple sensors
(Hall eﬀect) in a light-weight (113 g) array tracked the
motion of a tiny magnet attached at the lower interincisor
point. The kinesiograph was interfaced with a computer for
data storage and subsequent analysis.
EMG recordings
Surface EMG signals were recorded from the masseter
muscles of both sides using a multichannel electromyograph
(bandwidth 45–430 Hz per channel; Myotronics). This
EMG ampliﬁer is part of the K6-I WIN Diagnostic System
(27). The relatively large high-pass frequency in EMG
recordings was selected to reduce low-frequency movement
artifacts during chewing. Two electrodes (Duotrode silver/
silver chloride EMG electrodes; Myotronics) were located
on the masseter and temporalis anterior muscles of both
sides with an interelectrode distance of 20 mm. Before
electrode placement, the skin was lightly abraded with
abrasive paste and cleaned with ethanol. The location of the
electrodes was based on anatomical landmarks (28). Kinetic
and EMG data were recorded concurrently.
Signal analysis
The kinematic signals were analyzed using custom-made
software (Department of Orthodontics and Gnathology,
Dental School, Turin University, Turin, Italy). The ﬁrst
cycle, during which the bolus was transferred from the
tongue to the dental arches, was excluded from the analysis.
Other cycles were excluded if they presented at least one of
the following characteristics: (i) minimum opening smaller
than 4 mm; (ii) duration shorter than 300 ms; or (iii) vertical
opening smaller than 3 mm.
From each cycle, the following variables were extracted
(9): (i) opening amplitude in the frontal plane; (ii) closure
angle; (iii) cycle duration; (iv) maximum lateral excursion;
and (v) maximum velocity (in the three-dimensional
space). The variable values computed for each included
cycle were averaged for cycles recorded for the same side of
mastication.
The chewing cycles were divided into non-reverse and
reverse, based on the vectorial direction of closure. The
closure angle was measured from the horizontal line of the
side of mastication. Cycles with a closure angle larger than
90° were grouped in the reverse set. The surface EMG was
rectiﬁed and low-pass ﬁltered with a 10 Hz cut-oﬀ frequency
(signal envelope). The maximum value of the EMG envelope was extracted to quantify the peak in muscle activity
during the chewing cycle.
Statistical analysis
Kinematic and EMG data from the control group were
analyzed using repeated-measures analysis of variance
(anova) to assess a potential inﬂuence of the side as the

124

Piancino et al.

main factor. The kinematic and EMG variables of the nonreverse cycles of the control group were compared with the
same variables of the non-reverse cycles of the non-aﬀected
side of the patient group using a mixed-model anova with
the subject group (patients or controls) as the betweengroup factor and with the bolus hardness and (for the surface EMG only) the muscle side as within-group factors.
The non-reverse cycles of the non-aﬀected and crossbite side
of the patient group, and the reverse and non-reverse cycles
of the patient group, were compared using anova. When
anova was signiﬁcant, pair-wise comparisons were tested
with the post-hoc Student-Newman-Keuls (SNK) test. The
signiﬁcance level was P < 0.05.

Results
In the group of patients, the percentage of reverse cycles
when chewing on the crossbite side was 59.0 ± 33.1%
(soft bolus) and 69.7 ± 29.7% (hard bolus). When
chewing on the non-aﬀected side, the number of reverse
cycles was 16.7 ± 24.5% (soft bolus) and 16.7 ± 22.3%
(hard bolus). The control subjects yielded 4.7 ± 5.9%
(soft bolus) and 2.1 ± 3.3% (hard bolus) reverse cycles
(both sides pooled together), which were excluded from
the analysis.
Kinematics

Figure 1 shows an example of reverse and non-reverse
cycles in a patient compared with a control subject. In the
control group, a two-way anova, with factors the side of
mastication and the bolus hardness, was not signiﬁcant
for the side of mastication for all kinematic variables. The
closure angle (F = 4.7, P < 0.05), opening amplitude
(F = 19.4, P < 0.01), maximum lateral excursion
(F = 9.3, P < 0.05), and maximum velocity (F = 27.6,
P < 0.001) were dependent on the bolus hardness
(Table 1), as shown previously (9). Because the side of
mastication did not aﬀect the results in the control group,
in this group the kinematic variables were averaged over
the two sides for subsequent analysis.
The non-reverse chewing cycles of the non-aﬀected
side of the patients were compared with the chewing
cycles of the control group using a two-way anova with
factors the group and the bolus hardness. The dependency on bolus hardness for the patient group was the
same as for the control group. Only the opening amplitude was diﬀerent among the two groups (F = 5.6,
P < 0.05), with larger values observed for the controls
(P < 0.05; Table 1).
The non-reverse cycles of the patients were compared
among the two sides using a two-way anova with factors
the side (crossbite side and non-aﬀected side) and the
bolus hardness. The closure angle, maximum lateral
excursion, and duration were dependent on the side
(F = 23.3, P < 0.0001; F = 16.0, P < 0.001; F = 7.9,
P < 0.01; Table 1). Thus, the cycles classiﬁed as
non-reverse according to the closure characteristics had
diﬀerent kinematics in the two sides.
Finally, the reverse and non-reverse cycles when
chewing on the crossbite side were compared using a

two-way anova with factors the type of cycle and the
bolus hardness. The closure angle was diﬀerent in the
two types of cycles as the reverse cycles were deﬁned on
the basis of the closure angle. In addition, the maximum
lateral excursion was larger for the non-reverse cycle
compared with the reverse cycle (anova: F = 28.5,
P < 0.00001; SNK: P < 0.001; Table 1).
In summary, the kinematic data indicated that the
non-reverse cycles on the non-aﬀected side diﬀered from
the cycles of the control group only for the opening
amplitude. The non-reverse cycles in the patients were
diﬀerent among sides. The reverse and non-reverse cycles
in the patients (crossbite side) diﬀered by closure angle
(inversion in closure) and by maximum lateral excursion,
indicating that the reverse cycles were narrower than the
non-reverse cycles.
Muscle activity

The chewing cycles of the control subjects were analyzed
for excluding a dependency on the side of mastication
using a three-way anova with factors the side of mastication, the muscle side, and the bolus hardness. None of
the EMG variables were dependent on the side of mastication as the main factor, and thus the results from the
two sides were averaged for the control group.
The non-reverse cycles of the non-aﬀected side in the
patient group were compared with the chewing cycles of
the control group using a three-way anova with factors
the group, the muscle side, and the bolus hardness. The
peak EMG did not depend on the group of subjects
(patients/controls), indicating that the non-reverse cycles
of the non-aﬀected side of patients had muscular activity
similar to that of controls. The dependency on the bolus
hardness and the muscle side conﬁrmed previous work
(9): the peak EMG of the side of mastication was larger
than in the contralateral side (P < 0.01) and was larger
for the hard bolus than for the soft bolus (P < 0.001).
The non-reverse cycles were compared between the
two sides of the patients using a three-way anova with
factors the side of mastication, the muscle side, and the
bolus hardness. The peak EMG amplitude was dependent on the side of mastication (F = 9.1, P < 0.01), on
the bolus (F = 78.4, P < 0.0001), and on the interaction between the side of mastication and the muscle side
(F = 170.3, P < 0.0001). The peak EMG was larger
when the mastication was on the non-aﬀected side
(P < 0.001 for both muscles) but the diﬀerence was only
seen for the muscle on the side of mastication [i.e. the
masseter of the crossbite side when chewing on
the crossbite side was less active than the masseter of the
non-aﬀected side when chewing on the non-aﬀected side
(P < 0.01 for both muscles)]. This indicated a reduced
activity of the masseter when chewing on the crossbite
side, even for non-reverse cycles.
The reverse and non-reverse cycles for the aﬀected side
were compared in the patient group using a three-way
anova with factors the type of cycle, the muscle side, and
the bolus hardness. The peak EMG activity was dependent on the type of cycle (F = 6.2, P < 0.05), the
muscle side (F = 27.6, P < 0.0001), the bolus hardness
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Fig. 1. (A) Average chewing cycle and muscular activity, during chewing, on the right side of a control subject. The horizontal lines
represent the standard deviation over the averaged cycles. The chewing pattern is right oriented, the closure direction is on the right,
and the masseter of the right side (the side of the bolus) is more active than the masseter of the contralateral side. (B) Non-reverse
chewing cycle in a patient when chewing on the crossbite side (left). The direction of closure is correct (non-reverse) but the pattern is
narrower with respect to the control. The activity of the right masseter is lower in comparison with normal mastication. (C) Reverse
chewing cycle in the same patient shown in (B). The direction of closure is reverse, the pattern is highly anomalous, and the right
masseter is less active than in the control, whereas the left masseter is more active than in the control.

Table 1
Kinematic variables (mean ± standard deviation) for the control group and the patient group (non-aﬀected side)
Non-reverse, mastication on
non-aﬀected side

Control
Soft bolus
Closure angle (degrees)
Opening amplitude (mm)
Maximum lateral excursion (mm)
Duration (ms)
Maximum velocity (mm s)1)

60.2
14.7
3.9
602.5
120.3

±
±
±
±
±

8.4
3.6
0.9
102.9
4.5

(F = 102.0, P < 0.0001), and on the interaction
between the type of cycle and the muscle side (F = 11.4,
P < 0.01). The non-aﬀected side (contralateral to the
mastication) was less active than the crossbite side
(P < 0.001; Fig. 2). Moreover, the activity of the nonaﬀected side was higher in the reverse cycles than in the
non-reverse cycles (P < 0.001; Fig. 2), whereas there
was no diﬀerence in activity of the crossbite side between
the two types of cycles.
In summary, the EMG data indicated that in the
patients and controls, similar muscular activation
occurred in the non-reverse cycles of the non-aﬀected

Hard bolus
56.4
18.4
4.3
582.6
150.4

±
±
±
±
±

9.4
5.1
0.9
81.2
4.2

Soft bolus
64.2
12.5
4.0
546.8
100.8

±
±
±
±
±

12.3
3.7
2.2
105.3
3.3

Hard bolus
61.8
15.0
4.0
544.4
130.2

±
±
±
±
±

11.4
4.1
2.0
95.2
4.3

side. However, the non-reverse cycles were diﬀerent
between the two sides in the patients, with lower EMG
amplitude observed for the muscle on the side of mastication when chewing on the crossbite side. The reverse
and non-reverse cycles of the patient group (crossbite
side) diﬀered in activity of the masseter of the side contralateral to the mastication (non-aﬀected side), which
was more active in reverse cycles, but not in activity of
the masseter of the crossbite side. Thus, mastication on
the crossbite side was characterized by a decreased
activity of the masseter on the side of mastication for
both reverse and non-reverse cycles and by an increased
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Fig. 2. (A) Electromyography (EMG) peak envelope
[mean ± standard error (SE)] for the control group (two sides
averaged) and the patient group during mastication (of the soft
bolus) on the crossbite side for reverse and non-reverse cycles.
(B) Same data as in (A) but during mastication of the hard
bolus.

activity of the masseter on the contralateral side only
when the cycle was reverse.

Discussion
The kinematic and EMG characteristics of the masseters
of chewing cycles from the non-aﬀected side of patients
with unilateral posterior crossbite were similar to those
of controls. The chewing cycles, both reverse and nonreverse, on the crossbite side for the patient group,
showed diﬀerent characteristics with respect to controls,
and were all characterized by a decreased activity of the
masseter of the crossbite side. Reverse cycles were
additionally characterized by increased contralateral
activity with respect to non-reverse cycles.
The generation of the chewing pattern is based on
inputs from the peripheral receptors that are directly
connected to the mesencephalic trigeminal nucleus (29–
33) and to the trigeminal motor neurons and interneurons (34). The crossbite of the primary dentition has been
deﬁned as Ôpositional or functional crossbiteÕ (7, 35); at
this stage the mandible can still close in a centric position
but the edge-to-edge dental contacts shift the mandible
on one side to reach a stable occlusal position. The edgeto-edge contacts send inputs to the central nervous system, which adapts the chewing motor scheme while
maintaining the eﬃciency of mastication (31, 36).
Only a few studies have investigated the EMG activity
of the masseter muscle in patients with unilateral crossbite during chewing on the non-aﬀected side (24). The

results of the present study are in accordance with previous results and indicate that the masseters of the two
sides, when chewing on the non-aﬀected side, have
activity similar to that of the control group. This reﬂects
a normal kinematics of the chewing cycle in the nonaﬀected side of patients (14).
When chewing on the crossbite side, the reverse
chewing cycles are prevalent, but some non-reverse
chewing cycles are still present (14, 15). In this study the
chewing cycles of the crossbite side were divided into
reverse and non-reverse because the percentage of
non-reverse cycles was suﬃcient for separate statistical
analysis. The examination of both types of cycles on the
crossbite side is relevant for understanding the muscular
activation during daily chewing in relation to the percentage of the two types of cycles. It is known that
reverse chewing cycles are substantially diﬀerent from
normal cycles; reverse cycles are narrow, the closure
trajectory is near the vertical line or it may be displaced
on the opposite side of the bolus, and the opening and
closing trajectories may cross each other (14). There are
no previous data on the kinematics and muscular activation during both reverse and non-reverse cycles on the
crossbite side.
The non-reverse cycles on the crossbite side were
characterized by a smaller lateral displacement, reduced
opening, and larger closure angle in comparison to
controls. These cycles were thus less eﬃcient, according
to the eﬃciency criteria (height, width, angle of closure)
described by Wilding & Lewin (2), even if the direction
of closure was normal. Despite the diﬀerent kinematics,
the masseter muscles of the two sides maintained an
asymmetric activation depending on the side of mastication, which is likely to be a basic feature of masticatory
muscle activity. Moreover, both sides increased their
activity when the bolus hardness was increased, as in
control subjects (9, 37). The co-ordinated activity of both
sides, with the side of the bolus more active than the
other, is a characteristic of mastication that is maintained under various conditions. For example, edentulous patients with new complete dentures maintain this
co-ordination, despite a large decrease in muscle
activation (38). Thus, although anatomical alterations
are present, the central nervous system maintains this
co-ordinated motor scheme, which is one of the oldest
phylogenetic patterns.
Although the masseter of the mastication side was
more active than the masseter of the contralateral side
during all cycles, the masseter of the crossbite side was
less active than in controls for both reverse and nonreverse cycles. The reverse cycles also presented increased
activity of the masseter of the non-aﬀected side. Thus,
while mastication from the non-aﬀected side was normal,
mastication from the crossbite side was associated with a
reduced activity of the masseter of the crossbite side and
unaltered (non-reverse) or increased (reverse) activation
of the masseter of the non-aﬀected side. As a consequence, in the long term the masseter muscle of the nonaﬀected side will be substantially more loaded than the
masseter muscle of the crossbite side and the overload
will be dependent on the percentage of reverse cycles.
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This activation asymmetry is harmful for growing
structures, such as muscles, bones, and joints (17, 18, 21).
In accordance with our results, it has been recently
shown that the masseter of the crossbite side in children
with unilateral crossbite has a lower bite force (25), and a
smaller cross-sectional area (26), than the masseter of the
non-aﬀected side. The abnormal muscle activation
observed in this study may explain these functional and
anatomical asymmetries. These results indicate that the
altered muscle activation should be corrected to avoid
potentially permanent changes of the muscles and bones
(7, 17, 39).
The reduction in percentage of reverse cycles decreases
the alteration of muscle activation, with respect to normal mastication, by reducing the overload on the nonaﬀected side. This should thus be a primary aim of
therapeutic interventions. A functional correction is,
however, not always achieved using current orthodontic
therapies, even when the anatomical alteration (malocclusion) is corrected (5, 39, 40). Indeed, it has been
reported in many studies that the percentage of reverse
chewing cycles does not decrease substantially after
dental correction (11–14). The diﬃculty in correcting the
chewing cycles might be related to the fact that this
malocclusion develops during the eruption of the primary dentition when the chewing pattern is still not
developed (14). Recently, it has been shown that a
functional appliance corrects the dental malocclusion
and substantially decreases the number of reverse
chewing cycles after therapy. The kinematic/EMG
analysis after correction of the malocclusion should thus
be the basis for correct interventions (15).
As a limitation of the study, surface EMG measures
are aﬀected by factors other than the intensity of muscle
activity (e.g. the thickness of the subcutaneous tissue
layer and cross-talk). These factors may have increased
the variability of the data across subjects. Moreover, the
repeatability of the data may have been poorer for the
patient group with respect to the control group.
In conclusion, the results show that muscle activity
during mastication on the non-aﬀected side is normal,
whereas on the crossbite side muscle activity during
mastication is altered both in reverse and non-reverse
cycles. The masseter of the non-aﬀected side is, in general, more loaded than in healthy controls, whereas the
masseter of the crossbite side is less active. The amount
of overload of the non-aﬀected side depends on the
percentage of reverse cycles. The altered muscular activation corresponds to altered kinematics of the reverse
chewing cycles. The reduction in the percentage of
reverse cycles is important for decreasing the altered
muscular activity because it reduces the overload of the
non-aﬀected side. A functional correction of the chewing
cycles should be an important aim of the orthodontic
therapy.
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