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ARTICLE INFO ABSTRACT

Keywords: Background: Unilateral posterior crossbite (UPC) with functional shift is a malocclusion that may
Musculoskeletal physiological phenomena have the potential to affect the masticatory function and the flexibility of the spine due to intrinsic
SPoisrtlure occlusal, structural and functional asymmetries sustained by marked asymmetrical muscular
NIIJasteication activation.

Chewing Research question: To investigate whether the presence of UPC with functional shift is associated

Malocelusion with reverse chewing pattern and altered spine flexion.

Crossbite Methods: Patients with UPC and a control group of patients with normal occlusion were recorded
when chewing soft and hard boluses using a Kinesiograph (Myotronics-Noromed Inc., USA) and
spine alignment was assessed with an electronic inclinometer Spinal Mouse® system (Idiag AG,
Switzerland).

Results: There were 87 children with UPC in the patients’ group among whom 38, with median
(IQR) age 8.0 (7.3-9.3) years, had measurements before and after treatment. The UPC patients
showed a higher percentage of anomalous/reverse chewing patterns on the crossbite side
compared with a control group (p < 0.001). Moreover, a clear difference was observed between
left and right flexion angles of the spine in the patients’ group (p < 0.001 and p = 0.001, paired t-
test) with the crossbite side being more flexible compared to the non-crossbite side. No such
differences were seen in the control group, nor post-treatment for right and left crossbite (p =
0.44 and p = 0.15 respectively, paired t-test).

Significance: This study suggests an association between UPC, asymmetrical chewing patterns and
asymmetrical flexion of the spine. These results may help improve understanding of any associ-
ation between dental malocclusions and spine posture and hence aid diagnosis and treatment
strategies.

* Corresponding author.
E-mail addresses: mariagrazia.piancino@unito.it (M.G. Piancino), giada.matacena@yahoo.it (G. Matacena), umberto.garagiola@unimi.it
(U. Garagiola), farhad.naini@yahoo.co.uk (F.B. Naini), alessandro.tortarolo@unito.it (A. Tortarolo), d.wertheim@kingston.ac.uk (D. Wertheim).

https://doi.org/10.1016/j.heliyon.2023.e14342
Received 16 December 2022; Received in revised form 22 February 2023; Accepted 1 March 2023

Available online 7 March 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:mariagrazia.piancino@unito.it
mailto:giada.matacena@yahoo.it
mailto:umberto.garagiola@unimi.it
mailto:farhad.naini@yahoo.co.uk
mailto:alessandro.tortarolo@unito.it
mailto:d.wertheim@kingston.ac.uk
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e14342
https://doi.org/10.1016/j.heliyon.2023.e14342
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e14342&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e14342
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.G. Piancino et al. Heliyon 9 (2023) e14342
1. Introduction

The relationship between dental occlusion/malocclusion and body flexibility, range of motion (ROM) and posture is still a
controversial topic. Even though past review papers did not find enough evidence in support of this association [1-3], a few studies
have shown that patients with posterior crossbite may have an increased risk of developing spine asymmetries [4-8] and the influence
of occlusion on the cervical spine has been substantiated [9]. However, a recent systematic review concluded that there was no clear
evidence of a causal relationship between spinal deformities and malocclusions [10] and underlined the limited extent of the literature
to date. On the other hand, even though the results are not directly translatable to humans, three interesting animal studies [11-13]
showed the role of an induced malocclusion on scoliotic irreversible curve degeneration. Also, the demonstration of possible asso-
ciations of standard orthodontic therapies, such as rapid palatal expansion, on the worsening of scoliotic curves casts a shadow of
concern that requires objective scientific clarification [14].

The type of malocclusion that may have the potential to influence spinal curvatures due to intrinsic asymmetry is unilateral
posterior crossbite (UPC) with functional shift, which is defined as an irregular bucco-lingual or bucco-palatal relationship between
opposing teeth, resulting in a lateral displacement of the mandible in order to achieve maximum intercuspation of the dentition during
functions [15]. The prevalence of posterior crossbite varies from 8 to 20% depending on the population and the research protocol [16,
171, with more than half being UPC. The presence of posterior crossbite is associated with reduced maxillary growth: depending on the
degree of transverse discrepancy between the upper and lower jaws, unilateral or bilateral posterior crossbite may be expressed.
Interestingly, the presence of UPC has been associated with dento-alveolar compensation on the non-crossbite side, whereas no sig-
nificant dento-alveolar compensation was shown in bilateral posterior crossbite (BPC) [18]. UPC was also shown to have a significant
impact on masticatory function, establishing anomalous reverse chewing patterns during chewing on the crossbite side [19-25].
Reverse chewing cycles (also known as reverse-sequencing patterns) occur when the direction of the closing trace is inverted: they are
characterized by an abnormal, narrow kinematic pattern in the frontal plane, with possible cross-over of the opening and closing
tracings, as well as limited lateral displacement of the mandible [26-33]. The result is a serious asymmetry of the masticatory function.
Such functional asymmetry is sustained by marked asymmetrical muscular activation between sides [34] which, if not corrected with
adequate early therapy, may induce asymmetrical basal growth [29,35]. It is therefore of interest to investigate the relationship be-
tween masticatory asymmetry in UPC and asymmetrical flexion of the spine.

Non-invasive devices can be used to evaluate spine posture in children with crossbite without scoliosis or spine pathologies of
orthopedic interest [36]. The position and the movement of vertebrae can be accurately imaged with roentgenography (spinal column
radiograph), which is the gold standard diagnostic investigation when orthopedic treatment is required. However, the use of X-ray
imaging in such studies should be avoided, particularly in children, in view of the radiation exposure with such techniques. A
computer-aided device (Spinal Mouse®, Idiag, Voletswil, Switzerland) has been developed to measure the lumbar, thoracic, and sacral
spinal curvature with range of motion in the sagittal and frontal planes thus avoiding X-ray imaging, using bone anatomical reference
points. The Spinal Mouse is a wheeled electronic inclinometer with accelerometer; the device is directed along a bone anatomical
landmark, i.e. vertebral spinous processes and registers distance and changes of spinal movement and inclination [37]. The Spinal
Mouse system has been shown to have good intra-rater and inter-rater reliability [38] and can help in the evaluation of motion
capability and symmetry.

The aim of this study is to investigate whether the presence of unilateral posterior crossbite with functional shift is associated with
reverse chewing pattern and degree of spine flexibility in children with the malocclusion. The null hypothesis (HO) for this study is that
unilateral posterior crossbite is not associated with reverse chewing pattern and degree of spine flexibility.

2. Materials and methods

Patients with unilateral posterior crossbite and a control group of patients with normal occlusion, referred to the Orthodontic
Department, Dental School, University of Turin, Italy were consecutively selected from April 2017 through July 2021. Before entering
this prospective study, patients and their parents were informed about the aims of the study and the procedures, and the parents signed
an informed consent to permit participation. The study was approved by the Institutional Review Board of the University Hospital
“Health and Science Complex Turin-Italy” n. CS/246, in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for research involving humans. This study has been planned following the STROBE protocol.

3. Subjects

The inclusion criteria for the Patients Group were unilateral posterior crossbite (UPC) of two or more posterior teeth with lateral
displacement/functional shift, mixed dentition and age less than 14 years for the first study assessment. The exclusion criteria were the
presence of previous orthodontic therapy, erupting teeth, caries, dental pain, orthopedic trauma or impairments, back pain, signs or
symptoms of dental or myofascial disorders, motor or neurological problems, diabetes and/or celiac disease, spine pathologies,
congenital and hereditary pathologies. The Control Group (CG) was carefully selected for normal occlusion without crossbite. Par-
ticipants were selected on the basis of occlusal diagnosis, performed by an experienced Orthodontist (MPG) by analyzing model casts.

All participants underwent the following sequence of investigations, before treatment (T0) and after treatment (T1):

1) clinical and orthodontic examination
2) intra- and extra-oral photography
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3) model casts
4) recording of chewing patterns
5) recording of spinal flexion with the Spinal Mouse

The measurements and examinations were conducted in the morning in a dedicated quiet room. The two operators taking Spinal
Mouse measurements and masticatory patterns had more than eight years of experience in the use of the instruments; they were
unaware of the whether the patient was in the case or control group as well as the purpose of the study. All included patients received
functional treatment with the removable appliance Function Generating Bite [20]. The appliance was individually manufactured in
acrylic resin and stainless steel, with metallic bite planes made of special resilient steel positioned between the upper and lower dental
arches. The action of these bite planes results in mandibular disengagement, levelling of the occlusal plane and prevention of dental

prematurities during orthodontic tooth movement. The appliance was designed and activated according to each patient’s orthodontic
needs.

3.1. Kinematic analysis — chewing patterns recording

Mandibular motion was tracked using a Kinesiograph (K7-I; Myotronics, Tukwila, WA, USA) that measures jaw movements with an
accuracy of 0.1 mm. Multiple Hall effect sensors mounted in an array of weight 113 g were used to track the motion of a tiny magnet
attached at the lower interincisor point [39]. The Kinesiograph was interfaced with a computer for data storage and subsequent
analysis. The kinematic analysis was carried out separately with a soft and a hard bolus. Recording procedure and signal analysis
(Fig. 1) were performed following a standardized, previously published method [19,20,34].

3.2. Spinal mouse recording

Spine alignment in the frontal plane was assessed with an electronic inclinometer Spinal Mouse® system (Idiag, Volestwil,
Switzerland); the system consists of a hand-held computer-assisted electromechanical device that can be used to evaluate spinal
curvatures in various postures. This is a wheeled device housing accelerometers which records distance and changes of inclination with
regard to the plumb line as it is rolled along the length of the spine (effectively, an electronic inclinometer) (Spinal Mouse®) (Idiag,
Voletswil, Switzerland). The device is guided by hand along the midline of the spine starting at the spinous process of C7 and finishing
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Fig. 1. Masticatory kinematic pattern in the frontal plane. The solid line, light grey for the opening and dark grey for the closing pattern, represents
the average chewing cycle of 3 trials lasting 10 s each; areas represent the standard deviation over the average cycle. Physiological shape and closing
direction of the kinematic chewing pattern in condition of normal occlusion (A). Reverse chewing pattern with a reverse direction of closure (circle)
during chewing on the crossbite side (B). Plot showing reverse chewing percentage for left and right sides with soft and hard boluses in crossbite
patients and the control group (C). Plot showing the pre-treatment median percentage of reverse chewing patterns on left and right sides for soft and
hard boluses before (pre) and after (post) treatment (D-E). Lsoft: left side reverse chewing of soft bolus; Lhard: left side reverse chewing of hard
bolus; Rsoft: right side reverse chewing of soft bolus; Rhard: right side reverse chewing of hard bolus.
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at the top of the anal crease at approximately S3 level.

The landmarks are firstly determined by palpation and marked on the skin surface with a cosmetic pencil. Two rolling wheels
follow the contour of the spine, and distance and angle measures are communicated via an analog-digital converter from the device to a
base station positioned approximately 1-2 m away and interfaced to a personal computer. Data is sampled every 1.3 mm as the mouse
traverses along the spine. This information is then used to calculate the relative positions of the sacrum and vertebral bodies of the
underlying bony spinal column using an intelligent recursive algorithm. For each testing position, the thoracic (T1-2 to T11-12) angle,
lumbar (T12-L1 to the sacrum) spine angle, the trunk inclination angle (angle formed by the vertical and a line joining C7 to the
sacrum) and the position of the sacrum and the hips (difference between the sacral angle and the vertical) were recorded [38]. The
repeatability and reliability of Spinal Mouse recordings have previously been assessed [37,40-42].

The testing procedure was performed in three different positions, in the following order:

1. Standing upright: the subject assumed a relaxed position, with the head looking forward, the arms hanging by the side, the knees
normally extended and the feet shoulder-width apart.

2. Maximal left-lateral flexion: the subject was asked to slowly flex the trunk laterally to the left as far as comfortably possible, without
turning either the shoulders or pelvis.

3. Maximal right-lateral flexion: the subject was asked to slowly flex the trunk laterally to the right as far as comfortably possible,
without turning either the shoulders or pelvis.

The following spinal parameters were measured:

1. General inclination (degrees).
2. Bending in the frontal plane (left conventionally expressed as a positive angle and right negative angle; see Fig. 2).

3.3. Statistical analysis

Results from the investigations were stored in spreadsheet files using Excel (Microsoft Corporation, USA) and analyzed using Excel
and Minitab v19 (Minitab LLC, USA). Data were tested for consistency with a normal distribution using the Ryan-Joiner test in Minitab
and parametric or non-parametric tests used as appropriate. A p-value <0.05 was taken to indicate a significant difference.

4. Results

102 UPC patients were potentially eligible for this study; 15 did not complete the exams (5 the chewing analysis, 10 the postural
analysis) and were therefore excluded.

Measurements were recorded from 87 patients with UPC (44 males) with median (IQR) age of 9.1 (7.7-10.6) years, for 51 of whom
the crossbite was on the right side. Of the 87 patients with crossbite, 38 (17 males) had measurements both pre (T0) and post (T1)
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Fig. 2. Example of asymmetrical range of spine flexion in the frontal plane recorded with the spinal mouse system in a right unilateral posterior
functional crossbite (A) and of symmetrical range of flexion in a control subject (B). Plot showing the median flexion difference (left - right) in the
pre-treatment group compared with the control group (C). Plot showing the pre and post treatment median flexion difference for left crossbite and
right crossbite groups (D).
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treatment; in this group, 22 patients had right crossbite; the median time difference (IQR) between pre and post treatment assessments
(TO/T1) was 1.8 (1.3-2.9) years. In addition, there were 53 children (28 male) in the control group with no crossbite with median
(IQR) age of 10.7 (9.3-12.8) years. Of the 53 children in the control group, 35 (19 males) had a second set of measurements (T1) at a
median (IQR) of 7 (6-8) months after the first set.

A summary of descriptive statistics from the patients with two assessments is shown in Table 1. For those children, at the first
recording (T0) the median (IQR) age of the children overall with crossbite was 8.0 (7.3-9.3) years of age and for the control group 11.1
(9.3-13.0) years of age (p < 0.001, Mann-Whitney test). The first weight assessment was 28 (24-33) kg and for height 132 (126-138)
cm in crossbite patients and for the 35 children in the control group, the first weight assessment median (IQR) was 39 (29-45) kg and
for height 145 (134-158) cm.

The pre/post evaluation (T0/T1) was performed to assess the equivalence of the control group with the post treatment group. The
crossbite correction was obtained with a functional therapy with Function Generating Bite [20].

The patients’ group showed a higher percentage of anomalous/reverse chewing patterns during chewing on the crossbite side when
chewing soft and hard boluses (Fig. 1a and b and Table 2a) with significant differences in reverse chewing percentages on the side of
the crossbite when compared with the equivalent side for control group p < 0.001 (Mann-Whitney test); low percentages of reverse
patterns were seen in the control group (Fig. 1¢). In addition, there was higher percentage of anomalous/reverse chewing patterns pre-
treatment (TO0) during chewing on the crossbite side; low percentages of reverse patterns were seen post-treatment (T1) (Fig. 1d and e).

For the complete pre-treatment (T0) crossbite group, when comparing the left and right flexion angle difference compared with the
control group (Figs. 2 and 3 and Table 2b) there was a significant difference for left and right crossbite patient both being p < 0.001
(Mann-Whitney test), the crossbite side being more flexible compared to the non-crossbite side.

Significant differences between pre and post treatment (T0/T1) were seen in the crossbite patients’ group for difference in left and
right flexion angle (Wilcoxon paired test, p = 0.009 left crossbite and p < 0.001 right crossbite) with the crossbite side being more
flexible compared to the non-crossbite side as seen in Fig. 3a.

As seen in Fig. 3b, for patients with right and left crossbite there was a clear difference between left and right flexion angles pre-
treatment (TO; p < 0.001 and p = 0.001, paired t-test) with the crossbite side being more flexible compared to the non-crossbite side.
No such differences were seen post-treatment (T1) for right and left crossbite (p = 0.44 and p = 0.15 respectively, paired t-test). In the
control group there was no significant difference between left flexion and right flexion (first assessment p = 0.88 and second
assessment p = 0.10, Wilcoxon paired test).

5. Discussion

This study aimed to investigate the potential influence of unilateral posterior crossbites (UPC) with functional shifts on the
masticatory function and spine flexion of affected children. This asymmetric malocclusion is known to alter the masticatory function
[20,32] establishing asymmetrical kinematics and an asymmetrical muscular activation between sides [20,34]. No data have been
published to date regarding the flexibility of the column. The results show clear differences between the crossbite group and the control
group for both chewing patterns and flexion of the spine.

Table 1

Summary descriptive statistics from the patients with paired data and control patients. Age, weight and height descriptive statistics for patients with
pre and post treatment assessment data as well as the control group. TO: before treatment; T1: after treatment; UPC: unilateral posterior functional
crossbite group; Control: control group. Q1-Q3: interquartile range.

Variable Crossbite N Q1 Median Q3
Age TO (UPC) Right 22 7.1 8.9 11
Left 16 7.4 7.9 8.3
Height TO (UPC) [cm] Right 22 122 132 139.8
Left 16 126 132 137.5
Weight TO (UPC) [kg] Right 22 25 28.3 35.5
Left 16 24.2 26 32.4
Age T1 (UPC) Right 22 9.6 10.7 13.5
Left 16 8.8 9.4 10.5
Age TO/T1 (UPC) Right 22 1.3 2 3.8
Left 16 1 1.6 2.2
Height T1 (UPC) [cm] Right 22 133 144 152.5
Left 16 133.5 140.5 145.3
Weight T1 (UPC) [kg] Right 22 28.5 35.1 46
Left 16 28.3 33.4 36.2
Age TO (Control) n/a 35 9.3 11.1 13.0
Height TO (Control) [cm] n/a 35 134.0 145.0 158.0
Weight TO (Control) [kg] n/a 35 28.6 38.5 44.5
Age T1 (Control) n/a 35 10.2 11.5 13.6
Age TO/T1 (Control) n/a 35 0.5 0.6 0.6
Weight T1 (Control) [kg] n/a 35 31.0 41.5 44.7
Height T1 (Control) [cm] n/a 35 135.0 147.0 158.0
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Table 2

(a) Descriptive statistics for percentage reverse chewing pattern. Median (Q1-Q3: interquartile range) percentage reverse chewing pattern in left and
right crossbite patients as well and the control group. (b) Median (Q1-Q3: interquartile range) Left — Right flexion difference in pre-treatment
crossbite patients and first measurement in the control group.

Crossbite Reverse Pattern Side Bolus N Q1 (%) Reverse Pattern Median (%) Q3 (%)
Left Right Soft 36 1 4 18

Left Left Soft 36 18 46 89

Left Right Hard 36 1 5 15

Left Left Hard 36 24 83 97
Right Right Soft 50 16 44 70
Right Left Soft 50 3 9 22
Right Right Hard 50 25 69 93
Right Left Hard 50 0 9 18
Control Right Soft 50 0 6 16
Control Left Soft 50 2 7 21
Control Right Hard 50 0 3 9
Control Left Hard 49 0 3 8
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Fig. 3. Individual value plots for flexion angle for left (A) and right crossbite (B) patients pre and post treatment. The light grey symbol indicates the
mean angle for that group.

Regarding masticatory function, the chewing patterns of the crossbite group showed a higher percentage of anomalous and
reversed chewing cycles during chewing on the crossbite side compared to the non-crossbite side, especially during chewing a hard
bolus. There was no clear difference in the percentage of reverse chewing patterns between either side in the control group, nor after
treatment (TO/T1) in the crossbite patients.

Posterior crossbite in the mixed dentition is a serious malocclusion that poses significant clinical challenges. It has been suggested
that during growth the stomatognathic system compensates the malocclusion to obtain the best function [43,44]; in turn dental oc-
clusion influences function [45]. Because UPC develops during eruption of the primary dentition, it has an influence on the developing
central motor control establishing the reverse sequencing type of chewing pattern [30]. Also, as described in the introduction, uni-
lateral posterior crossbite alters the kinematic of the mandible and the coordination of the masticatory muscles during chewing on the
crossbite side. In the absence of effective treatment, a severe functional asymmetry is established, which may lead to skeletal asym-
metries, irreversible when maturity is reached [46]. The related important muscular asymmetry [20] is likely to correlate with the
most nearby muscles of the spine.

Indeed, the lateral spine flexion of the crossbite group showed significant differences between sides, being the crossbite side more
flexible. Non-significant differences were observed in the control group. After functional UPC correction treatment (T1), both the
chewing patterns and the spine flexibility were consistent with what would be expected in symmetry and seen in the control group.
Interestingly, the effects of functional treatment of UPC were not restricted to the symmetrisation of the masticatory function after the
correction of the malocclusion but extended as far as the re-balancing of spinal flexion between the sides. More research is needed to
clarify the chain of causality at work and the clinical implications of these results.

Nevertheless, these results suggest that mandibular position, rather than a single tooth or teeth alone, affects the dynamic range of
movement of the spine. UPC is a dental malocclusion that alters relationships in the three x, y and z spatial planes [45] requiring
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complex compensation that involves functional alteration and muscular activation. Not all malocclusions are able to alter masticatory
function in such an important way. If we think of the mandible as linked to the spine, it is conceivable that it plays a synergistic role
with the spine, especially when an asymmetrical function disturbs the balance of the system. The relationship between the masticatory
muscles and the muscles of the neck during chewing is known [47] and could explain the muscular reaction of the spinal column
muscles to the presence of UPC, which was shown to influence both masticatory patterns the spinal curvatures. These children were not
affected by a structural asymmetry of the spine, but by a functional imbalance.

The awareness of the relationship between malocclusion and spine dynamics may be helpful to highlight the importance of the
multidisciplinary approach to therapies, especially during development.

In a recent study by Zurita-Hernandez et al., no significant association between untreated UPC in adult subjects and postural al-
terations was found [48]. This study is interesting, but the postural evaluations were performed with a photographic protocol and
static postural platform.

A limitation of our study is the lack of radiographic imaging, which remains the gold standard for assessment of postural de-
formities, but this would raise ethical issues due to exposure to radiation in children.

As mentioned in the Introduction, bilateral posterior crossbite (BPC) patients may display a less asymmetrical mastication
compared to UPC. However, there is little information in the literature concerning the prevalence of RCCs in BPC patients. As a future
direction of this research, it would be interesting to investigate the masticatory function and the postural balance in BPC patients, and
to research this topic further by assessing vertebral alignment and spine flexibility in untreated adult UPC patients.

6. Conclusions

This study suggests the association between unilateral posterior crossbite and asymmetrical flexion of the spine, increased on the
crossbite side, as well asymmetrical chewing patterns.
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