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1. INTRODUCTION


1.1. MASTICATORY FUNCTION AND CHEWING 

PATTERN 


1.1.1. FEATURES OF MASTICATORY FUNCTION


Mastication is one of the primary functional movements of the stomatognathic 

system that plays an important role in the quality of life for patients during 

childhood, maturity, and old age. It is a highly coordinated neuromuscular motor 

function that is carried out thanks to quick mandibular movements with continual 

adjustment of applied force. The entire central end peripheral nervous system, 

masticatory muscles, occlusion and temporomandibular joints  are all 

continually involved during mastication. 


It is a functional, rhythmic and semi-automatic movement. (Piancino and 

Kyrkanides 2016)


- FUNCTIONAL: masticatory function is one of the oldest phylogenetic 

functional movements and it is characterized by a high level of precise 

neuromuscular motor control and programming, involving all 

sthomatognathic system and  the entire hierarchy of the central nervous 

system (Takada and Myamoto, 2004; Hirano et al., 2008). That function is  

“genetically pre-programmed” and  inherited by the child but will be 

modified and adapted on the basis of peripheral information to nervous 
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central system during life (ontogenesis). The programming of the 

masticatory movement takes place in the central nervous system and is 

constantly remodulated on the basis of peripheral inputs. The peripheral 

receptors in stomatognathic system are highly concentrated and 

specialized, connected to the central nervous system; the messages sent 

to the central nervous system from this area are quick and detailed, and 

the muscles (by which the brain’s reaction is received) allow an 

immediate and refined control of movement thanks to their particular 

anatomical features (macroscopic and microscopic). In chewing patterns 

the stage near occlusion, dedicated to chewing of the bolus has been 

likened to a ballistic-type movement.  The precise neural control of the 

“occlusal phase of closing”  is intended to ensure the efficiency of 

grinding and the avoidance of traumatic injury and nociceptive stimuli 

from the teeth, in order to preserve and protect the stomatognathic 

system. (Piancino and  Kyrkanides 2016). Knowledge and understanding of 

these mechanisms allow us to comprehend the positive or negative effects of 

occlusion/malocclusion on masticatory function. One example is the functional 

or positional unilateral posterior crossbite, which may develop in early infancy in 

deciduous dentition : the growth of one or more occluded teeth cusp to cusp or 

inverted on one side only of the dental arch, results in an asymmetric 

compensation of masticatory function, with great influence on the memory of 

the masticatory pattern, which will be difficult to modify later. In 

consequence functional and muscular asymmetry,  especially in an early 

stage of growth, will be followed by an asymmetric growth. The structure 

follows to the functional compensation and vice versa (Slavicek, 2002).
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- RHYTHMIC : Mastication is a rhythmic function that is performed with different 

mandibular motor patterns, established on the basis of peripheral information 

from the cortex, and maintained by the rhythmic pattern generator, or central 

pattern generation, in the brainstem.  Research shows that masticatory rhythm 

is maintained by the rhythmic pattern generator (situated in the pons and 

medulla oblongata of the brainstem) and some auto-firing cell groups in the 

nuclei at the base. The RPG is directly linked to neurons of Gasser’s ganglion 

of the trigeminal nerve,  transferring peripheral input from the stomatognathic 

receptors and, above all, from the periodontal mechano-receptors. It seems 

apparently simple to understand how information arriving from the teeth is 

essential for establishing the chewing pattern (via cortical pathways) and 

controlling masticatory movement (Piancino and Kyrkanides, 2016). 

Characteristic of masticatory pattern is the simultaneous presence of variability 

and repetitivity, co-existing within chewing patterns (Lewin, 1985). Repetitively 

allows the detection of the chewing cycle pattern recorded in neural motor 

memory. A well planned chewing pattern is important for efficient grinding of the 

bolus and avoid dental trauma. Variability, on the other hand, represents the 

freedom of mandibular movement (which is a sign of physiological wellbeing), 

muscles that are not overloaded, and articular loads that are symmetrically and 

well distributed (Lewin et al., 1995). Patterns that are totally repetitive (lacking 

freedom of movement and with overloading of the elements) are instead 

pathological conditions, as are patterns that are totally variable (lacking motor 

memory and patterns). An other characteristic of   healthy human’s mastication 

is to be a “alternating” movement. This condition is critical to establish the 

symmetry of the movement, equilibrium in the neuromuscular loading and the 

structural/joint effort.  Bilateral coordination requires, of course, bilateral 

neuromuscular control; this means that to investigate the functioning of the 

stomatognathic system is of great significance studying the relationship 

between the muscle on the bolus side and that on the contralateral side. 
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- SEMI-AUTOMATIC: The term semi-automatic movement is purely 

neurological and indicates a movement managed by automatisms in the 

nervous system (brainstem, cerebellum, basal nuclei, cortex) that is, 

however, voluntarily started and constantly controlled by the cerebral 

cortex. Thus, it can be interrupted or modified at will. On the basis of data 

by peripheral receptors the cerebral cortex sets the most suitable pattern 

that is then maintained by rhythm centers and continually adjusted by 

feedback and feed-forward automatic mechanisms. The automatic 

mechanisms charged to the motor control of masticatory movements, in 

central nervous system, are genetically determined and inherited, and 

are subsequently modified as a result of practice and experience. The 

fine-tuning of automatisms and motor memory (starting with peripheral 

input) begins at birth, and any correction or improvement to these 

requires time and, above all, appropriate treatment. Some precocious 

malocclusions, such as unilateral posterior crossbite, have a strong 

influence on the motor memory of masticatory function, establishing an 

anomalous pattern that is then deeply resistant to change (Throckmorton 

et al., 2001). 


1.1.2. MASTICATORY FUNCTIONS AND CRANIOFACIAL 

GROWTH


The knowledge of the various stages of craniofacial growth and the 

mechanisms that regulate it, are essential for the correct diagnosis in the 

presence of abnormalities and the implementation of appropriate therapies. 
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Growth is a complex mechanism which involves a set of changes that 

accompany the psycho-physical development of the individual.  The growth of 

the craniofacial complex should not be understood only as a process of 

increase in size; the increase in facial volumes is a process of "differential" 

growth in which the various components mature at different times , extent , 

direction and rhythms , involving different organs and tissues that are 

functionally interdependent with each other. As each bone expands it remodels 

itself by processes of apposition and resorption and is built up so that all its 

parts can fulfill its functional role ; at the same time each bone is repositioned as 

a result of the prior growth processes and displaced by the growth of the 

surrounding structures and their associated soft tissues.(Enlow 1986, Thilander 

1076, 1995, 2000).


Maxillary bone develops entirely by intra-membranous ossification and its 

growth occurs through two main mechanisms: by apposition of bone at the level 

of the sutures connecting the maxilla to the skull base and skull and by surface 

remodeling induced by periosteal activity. In particular the transverse growth of 

the upper maxilla is sutural at the level of the median palatine suture .  This is a 

sagittal structure of the hard palate , which allows anterior articulation of the 

palatine processes and posterior articulation of the palatine bones , it is a 

synfibrosis that persists for several years after birth , certainly until 14 to 16 

years of age until it transforms into a synosthosis .  This suture represents an 

important secondary growth site (Alaqeel et al. 2006, Herring et al. 2008, 

Opperman et al. 2000); it is a dynamic structure that responds to different types 

of mechanical stimuli that produce different effects depending on the direction 

and intensity of the applied force. Stroke conversion occurs through the 
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connective tissue fibers that occupy the sutura and connect to the periosteum 

on the two sutural bone fronts. An active suture is richly irrigated and has 

interdigitation of the bone margins that allow for a greater surface area for 

anchoring collagen fibers and thus a greater response to mechanical stresses. 

Tensile forces push away the bony margins of the suture and distend the 

collagen fibers produce bone growth at the level of the suture, compressive 

forces produce ischemia and bone resorption . 


Growth of the mandible occurs through both endochondral and periosteal 

activity. Cartilage covers the surface of the mandibular condyle at the level of 

the temporomandibular joint. All other areas of the mandible are formed and 

grow directly by superficial apposition and remodeling. 


The main growth sites of the mandible are the posterior surface of the ramus 

and the coronoid and condylar processes. Small changes are noted along the 

anterior part of the mandible. The chin represents an almost inactive growth 

site. It moves forward and down, relative to the skull, as a result of growth 

occurring at the condylar and posterior aspect of the ramus. The body of the 

mandible elongates with a mechanism of periosteal bone apposition at its 

posterior end while removal of bone from the anterior surface of the ramus 

takes place; the ramus in turn becomes taller with a mechanism of enchondral 

bone replacement at the condylar level and superficial remodeling.


Condylar cartilage appears different from other cartilage in the skull which 

shows an intrinsic capacity for growth. In vivo and in vitro experiments it has 

been shown that after transplantation the epiphyseal cartilage of the long bones 

grows both in the new location and in vitro, as does the cartilage of the 

synchondrosis of the skull base , if transplanted at the right time, and the 
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cartilage of the nasal septum, while this is not the case for condylar cartilage . 

Condylar cartilage is a secondary cartilage while the others are primary 

cartilages derived directly from primitive embryonic cartilage.  Articular cartilage 

is not a primary growth center and its growth at the level of the 

temporomendibular joint is adaptive . It acts as a secondary cartilage that reacts 

to mechanical stimuli of pressure and movement by producing growth especially 

in the early years of life .  In the early years of life, when mandibular growth is 

rapid, the articular cartilage is rich in vascularized connective tissue that 

nourishes it and presses its rapid growth. With advancing years and maturation 

of craniofacial structures the cartilage the proliferative layer reduces , becomes 

avascular with few cells. At the end of growth a layer of cartilage remains at the 

level of the superior surface and of the condyle and the posterior surface of the 

articular eminence that allows the presence of remodeling processes 

throughout life. At the end of growth, a layer of cartilage remains at the upper 

surface of the condyle and the posterior surface of the articular eminence and 

allows the remodeling processes to continue throughout life. (Thilander ,1976).


Early theories formulated on the factors controlling bone growth want it to be the 

result of genetic expression of all growth sites ( genetic control ) . If this theory 

were correct , sutural growth would be independent of environmental influence 

and therefore very little intervention in growth expression would be possible. 

The growth of the individual while strongly influenced by genetic factors, but 

equally conditioned by environmental conditions such as nutritional status, 

physical activity, disease, health and a host of other factors. 


In 1960 Moss introduced the theory of the "functional matrix " (Moss 1968).  

Moss argued that neither condylar cartilage nor suture activity are determinant 
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and autonomous factors in jaw growth, but that facial growth occurs in response 

to functional needs and is mediated by the soft tissues surrounding the 

maxillae.  Growth and changes in shape , size and spatial arrangement of all 

skeletal units are secondary to changes and evolution of their functional matrix. 

Moss considers genetic factors as important for primary bone formation, but 

argues that skeletal growth is dependent on the functional state of soft tissues, 

i.e., functional matrices. Thus, growth turns out to be a multifactorial process in 

which genetic, neurological and hormonal factors coexist under the influence of 

function, so that when function is altered, growth is also altered. 


Slavicek in his "Masticatory Organ " (Slaviceck 2002) describes how the 

development of the structures of the splanchnocranium is intimately 

accompanied by the development of occlusion ; in his text the development of 

the masticatory organ is defined as a continuous exchange between growth and 

functional adaptation, especially at the level of articulation. The dental arches 

dominate the system through their rigid structure and their emission of 

proprioceptive signals determines the creation of functional patterns .  Different 

functional periods of the masticatory organ can be identified and are highly 

correlated with the development of occlusion. Slavicek explains, in each 

functional period , how it is essential to understand that oral functions are 

formative .  Altered function or deforming influences can,  at any stage in the 

evolution of the masticatory organ, but especially in the earliest stages, disturb 

harmonious basal development .


Different studies have investigated the influence of masticatory function on 

craniofacial growth . In vivo studies in animal models have shown that reduction 

of masticatory function by imposition of a soft diet can result in changes in 
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condylar cartilage matrix metabolism composition (Hinton et al. 1993) ,condylar 

growth deficits in width and height (Sceidegger et al. 2018), masticatory muscle 

function not only influences bone remodeling localized at the point of muscle 

action but also influences craniofacial growth pattern with increased anterior 

facial height (hyperdivergence), anter-rotation of the nasal bone and 

premaxilla , less bone remodeling at the mandibular angle, altered occlusal 

plane (Kiliaridis et al. 1989,1993, 1985, Bakke et al. 1992). B. Thilander, 

demonstrated the importance of mastication and bolus consistency, which 

means transmission of muscular force via the teeth, for the development and 

active apposition of bone in the palatal suture during growth. In experimental 

studies on rat fed with soft food compared with those fed with normal food, the 

first group clearly displayed a narrower, less active, and almost calcified palatal 

suture (Kiliaridis et al., 1985; Engstrom et al., 1986). On the basis of studies 

using rabbits and human autopsy remain, it emerged that the palatal suture in 

both cases was characterized by high vascularization and the growth took place 

without the participation of cartilaginous tissue but ossification. Moreover, the 

tensile force stimulates the formation of collagenous bands that foster 

osteogenesis and may be viewed as the precursor of autogenous bone grafting 

(Person et al., 1978). To function as bone growth sites, sutures need to remain 

patent, while allowing rapid bone formation at the edges of the bone fronts 

(Hinton,1988; Opperman, 2000; Katsaros, 2001). Decreased masticatory 

function in the growing animal causes altered bone apposition at the cortical 

bone and upper jaw sutures due to altered tension of collagen fibers at the 

periosteal and sutural levels . The earlier development of osteogenesis 

obliterations (synostosis) at the level of the inter-maxillary suture is also 
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observed in case of impaired masticatory activity. (Enstrom et al 1986, Burn et 

al. 2010). Studies have shown that the reduction of muscle activity results in 

morphological changes in the suture whose fronts appear less jagged with 

fewer collagen fibers; complete removal of muscles in the animal in the earliest 

stages of development, on the other hand, completely prevents suture formation 

; in addition, it has been seen that when a suture is immobilized in a short time 

there is bone bridge formation .


The TMJ also is a structure particularly sensitive to compensation and 

adjustment, and it is fundamental in the future function of child’s cephalic zone. 

In fact, we know that at birth this joint is still to be formed and that the postnatal 

change is huge. From histological studies by Thilander, we know that the THJ is 

characterized by an adaptive type of growth.( Thilander et al. 1976; Ingervall  et 

al.1976; Engstrom et.al 1986; Thilander ad Bjerklin 2012). This mean that 

malocclusion and treatment have influence on the TMJ development. 


In light of this knowledge it is fundamental to understand that an altered 

occlusion through compensation mechanisms leads to an imbalance of function; 

the alteration of the masticatory function can have serious consequences on the 

development of all the structures of the stomatognathic system with further 

worsening of the malocclusion.  


The growth of the craniofacial districts is a balance between the genetic 

information of the subject and the external stimuli recorded through the 

proprioceptive receptors of the teeth. Respect for the physiological mechanisms 

of growth and for the vascularization and viscoelasticity of sutures is an 
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essential basis of the choice of the correct orthodontic treatment, especially in 

younger patients.


1.1.3. MASTYCATORY FUNCTION AND COGNITION 


The new neurological approach and the research of the last decade are 

studying the hypothesis that a motor act such as mastication (which motor 

control involves a large portion of the central nervous system, including 

brainstem, cerebellum, basal nuclei, midbrain and cortex ) (Piancino and 

Kirianides 2016)  may exert a direct influence (particularly during growth) not 

only on the harmonious growth of the craniofacial structures , but also on the 

harmonious cognitive development. The fact that chewing, which involves the 

cephalic muscles in a coordinated, rhythmic and repetitive way, and its balance, 

in the age of development, can be the basis not only of harmonious skeletal 

growth is finally emerging as a focus of clinical research and articulation but 

also of an advanced development of cognitive abilities.


Some articles demonstrate that early extraction and asymmetry of molar tooth 

in growing animals (mouse) determines not only an alteration of masticatory 

function but also cognitive function as well, particularly regarding attention span 

and memory, involving the prefrontal cortex and hippocampus (Kawahata et al., 

2014; Texeira et al., 2014). Moreover, a revision of the literature regarding the 

effects of masticatory function changes on cognitive function in laboratory 

animals and humans concluded that the epidemiological data suggested 
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correlation between alteration to mastication and the mechanisms underlying 

some cognitive skills (Smith, 2010; Davidson, 2011; Onyper et al., 2011; Hirano 

et al.,2013; Yu et al., 2013). Animal studies allow to observe simultaneously the 

outcomes of behavioral tests and the histological and biochemical alterations 

associated with experimentally induced masticatory disturbances. Young, 

middle-aged and senile mice subjected to different forms of masticatory 

imbalances show a lower number of hippocampal neurons, an increased 

number of astrocytes and reduced progenitor cell proliferation in the 

hippocampal dentate gyrus (DG) (Fukushima-Nakayama et al., 2017). A recent 

systematic review described the effects of three forms of experimentally altered 

mastication, namely soft-diet feeding, molar extraction and bite-raising, on the 

trophism and function of the hippocampus in animal models; and the result was 

an agreement between the different studies that a disturbed mastication is 

significantly associated with a reduced number of hippocampal pyramidal 

neurons in Cornu Ammonis (CA)1 and CA3, down-regulation of Brain Derived 

Neurotrophic Factor (BDNF), reduced synaptic activity, reduced neurogenesis in 

the Dentate Gyrus (DG), glial proliferation, and reduced performances in 

behavioral tests, indicating memory impairment and reduced spatial orientation. 


Soft-diet feeding protocols have been introduced as a laboratory model of 

reduced mastication. In this experimental condition, the masticatory function 

and the muscular activation are reduced by means of a soft diet, much easier to 

consume but containing the same nutritional value as the diet of regular, solid 

consistency that is fed to the control group. This kind of experimental condition 

is very important because it is free from confounding factors: the occlusion is 
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stable and preserved and it does not significantly alter the animals’ body weight. 

Y. Fukushima-Nakayama et al. (2017) using pathogen free mice, showed that 

soft-diet feeding does not alter the growth of the animals’ body but, as would be 

expected in conditions of impaired masticatory function, it reduces the 

development of the craniofacial bones and masticatory muscles and reduces 

cell proliferation in the hippocampus. Soft-diet eating feeding may be relevant in 

the analysis of the younger population. While softer, more refined and high-

calorie foods have become prevalent in the industrialized world, the results of 

these researches reinforce the idea that a diet attentive to the correct 

consistency of the foods eaten can be important in promoting the development 

of the craniofacial structure, efficient masticatory muscles as well as 

encouraging the harmonious cognitive development and preserving an 

adequate level of hippocampal neurogenesis to face the challenge of healthy 

aging (Franc ̧a  2019).


Of particular orthodontic interest is bite-raising protocols, that introduce an 

extreme form of occlusal disruption with the sudden elimination of all dental 

contact except for two or three point that turn out in tooth overloading.  A recent 

review on the subject (Piancino et al., 2019), with a high level of agreement in 

different animals, showed that the bite-raised condition is a source of stress, 

inducing increased plasma corticosterone, urinary cortisol and HPA axis 

alterations; it predisposes the organism to react to subsequent stressful 

stimulation with a significantly greater secretion of glucocorticoids, thus inducing 

hypersensitivity to novel forms of stress; the bite-raised condition is, therefore, 

both a cause of acute and chronic stress and, more importantly, reduces the 
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ability of the organism to face new stressful events. In conclusion, therefore, it is 

likely to act not only as a risk factor for hypersensitivity to novel forms of stress, 

but to increase the vulnerability to stressful conditions.  Humans, as well as 

animals, are known to release stress by clenching their teeth, i.d. by reaching 

the occlusal position of maximum intercuspation (MI). When only two premature 

points of contact are present, as in the bite-raised condition, the dental arches 

are effectively prevented from reaching MI, which disrupts the physiology of 

swallowing that occurs with teeth in MI. It is worth underlining that this 

procedure interferes not only with chewing, but with swallowing and other 

parafunctional activities of the jaws as well. Unfortunately, raising the bite is a 

procedure widely used in orthodontics, in both developing and aging patients. 

Its popularity is a consequence of a technical issue, namely avoiding contact 

between the upper and lower teeth by making movements faster and easier 

when using fixed appliances. Usually positioned on the lower and/or upper first 

molars, the most important masticatory teeth, suddenly preventing the occlusal 

contacts that are usually present between the upper and lower arches. 


Also, many articles have been dedicated to proving the clear positive influence 

of mastication in humans, whether with natural dentition or prosthetics, on 

cognitive activity in patients in old age (Narita et al., 2009; Kawanishi et al., 

2010; Ono et al., 2010; Lexomboon et al., 2012; Hansson et al., 2013; Kimura 

et al., 2013; Shoi et al., 2014).In the last few year, the relationship between 

tooth loss and cognitive decline in the elderly has been estabilished in a 

numerous clinical studies (Cerutti-kopplin et al., 2016). However, there is also 

evidence in the developmental age. In fact, study that evalued young patients 
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between 15 and 25 years of age with posterior crossbite, compared with a 

control group without malocclusion, showed a significant association between 

the malocclusion, the functional alteration and cognitive assessment (Jhonston 

et al., 2012; Masdood et al., 2014; Kawahata et al., 2014). A healthy masticatory 

function means a better control of stress impacting the stomatognithic  system, 

greater emotional stability and improved cognitive skills (Masood et al., 2014).


 The details of the motor control of mastication are clear (Paincino 2008, 2016), 

but the influences of mastication on the structure and function of part of the 

central nervous system, site of memory and cognition, are not yet fully 

understand and more reserch is necessary. Anyway, the emerging role of 

chewing in the preservation of hippocampla trophism, neurogenesis, synaptic 

activity and all human psico-physical development it is of fundamental 

importance. The understanding and evaluation of masticatory function 

represents the starting point for the development of orthodontic and prosthetic 

therapies with the aim of improving masticatory activity and creating a healthy 

stomatoglatic system.


1.2. STUDY OF MASTICATORY FUNCTION AND CHEWING 

PATTERN


1.2.1. EVOLUTION OF THE STUDY OF MASTICATORIY 

FUNCTIONS
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Mastication is a complex rhythmic movement that has been refined over millions 

of years and is characterized by strict end precise neuromuscular control. Thus, 

the study of masticatory function is extremely complex and requires advanced 

technological and clinical experience; it needs to be linked to clinical, occlusal, 

cranial, articular, muscular and, in some cases, emotive characteristics of 

patients. (Piancino and Kyrkanides 2016)


 The main international authors who pioneered the research on mastication are:    


−  J. Ahlgren, 1960–1970: one of the first scholars of chewing patterns in 

humans. He studied mandibular jaw movement in its entirety, identifying 

some typical patterns (Ahlgren, 1967).


−  E. Moller 1960–1970: he carried out an electromyographic (EMG) study 

of the masseter and temporal muscles of mastication during chewing in 

order to identify the characteristics of masticatory muscle coordination 

(Moller, 1966). 


− Y. Kawamura 1970–1980: hes book “ Physiology of Masticatio” describes 

neuromuscular control of chewing patterns based on experimental 

research of the time (Kawamura, 1974). 


− C. H. Gibbs and A. Lundeen 1980–1990: these authors studied chewing 

patterns using the “case gnathic replicator,” a device that was difficult to 

use but which allowed the collection of data that are still considered 

accurate and valid today. They described chewing cycles with 
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mathematic precision, making an important contribution to the 

understanding of masticatory function. (Lundeen and Gibbs, 1982). 


− A. Lewin 1985:  He studied chewing patterns with the “Sirognathograph,” 

a less invasive and esier to use tool than the case gnathic replicator. 

Thanks to his experience and intuition Lewin was able to identify the 

clinical features of chewing patterns which are still the basis of the 

diagnosis performed on the masticatory cycle.


− J. P. Lund 1970–1990: he was the first to prove the existence of the 

central pattern generator in the brainstem. (Dellow and Lund, 1971; 

Bernier et al., 2010).


−  A. Woda 1984:  he performed an in-depth study into the characteristics 

of receptors and reflexes of the stomatognathic system, and then 

outlined their clinical significance (Woda, 1984; Witter et al., 2013).


− B. J. Sessle, 1980–1990, studied mastication from an experimental point 

of view, particularly in non-human primate species (Nakamura and 

Sessle, 1990). 


− Y. Nakamura 1980–1990: published a book on mastication, gathering 

together experimental studies referred to in a Tokyo congress in 1990 

(Nakamura and Sessle, 1990). 


− K. Takada 1996: developed a system to calculate the masseter muscle’s 

“silent period” during mastication (Takada et al., 1992).


−  V. F. Ferrario( 1996):  focused on the study of the masticatory muscles 

coordination during chewing (Ferrario and Sforza, 1996). 
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The research carried out at the University of Turin lays fundations has its 

foundations in the study of  C. H. Gibbs and A. Lewin, who conducted their 

research studies during the same period (1980–1990), in very distant 

geographical places (USA and South Africa) with very different tools (Case 

gnathic Replicator and Sirognathograph). 


1.2.2. GIBBS’S RESEARCH. 


The American researcher Gibbs (1985, USA) developed the first machine able 

to record human mandibular movement and to reproduce the recorded 

movement later. The Case Gnathic Generation is a heavy, unwieldy, and 

invasive device, but it had a huge advantage over previous methods in that it 

allowed the recording and the reproduction of chewing patterns in plaster 

models of the dental arches, controlled by six small servomotors which ensured 

precise and reliable results.  Gibbs and Lundeen in their studies collect data on 

chewing cycles at the interincisive level and at the molars on the right and left, 

as well as on bilateral temporomandibular movement. Thanks to his research, 

Gibbs contribute to explain the bilateral characteristics of masticatory 

movements and the process of condylar movement during mastication and hie 

results are of great importance in the field of physiological mastication (Gibbs et 

al. 1981a,b,c, 1922). 


The results of the study at the level of the molars show that during mastication, 

although belonging to the same rigid structure, the molar on the bolus side and 

the contrlateral one perform different movements. During the opening phase, 

the molar on the bolus side moves forward and downward on the sagittal plane, 

while it shift laterally on the frontal plane. In the first phase of closure it moves 
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more laterally and upward and in the final closure (occlusal phase) having 

retreated upwards ,it moves forward and downwards on the sagittal plane, and 

medially on the frontal plane. Instead, the contralateral molar in the opening 

phase moves forward and downward int the sagittal plane, but medially on the 

frontal plane; in closure movement contralateral molar shifts on the sagitta 

plane from an anterior and medial position in backward and upward direction, 

while on the frontal plane it moves laterally.


Also, the tow condyles from different sides register different movement during 

mastication. The condyle on the bolus side moves forwards and downwards on 

the sagittal plane, and laterally on the frontal plane. In the closure phase, at first 

it moves upward and backward on the sagittal plane and more laterally on 

frontal plane, and later it comes back forward, downward and medially. In 

condyle on bolus side the opening and closing path do not overlap. During 

opening the contralateral condyle moves forward and downward in the sagittal 

plane and medially on the frontal plane. During closure, it comes back backward 

and upward on the sagittal plane and laterally on the frontal plane. On the 

sagittal plane, the opening and closing path of contralateral condyle overlap. 

With this studies Gibbs clarified that, during mastication there is no terminal 

hinge axis movement, and the TMJ opening and closing pattern and load is 

different between bolus side and contrlateral side. This finding was confirmed 

by Naeije and Hofman in 2003, which also hypothesized that the load of 

temporomandobular joint movement on the bolus side is less the that on the 

contrlateral side. 
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Gibbs also observed that during mastication, the shape of the sagittal condylar 

pattern in an adult is very different from that of a child with deciduous dentition. 

In fact he showed that the sagittal condylar pattern during mastication for a child 

with deciduous dentition  presents an incline of approximately 15° compared 

with the horizontal axis, whereas an adult with permanent teeth presents a 

sagittal condylar pattern with an incline of approximately 45° compared with the 

horizontal axis (Lundeen and Gibbs, 1982). Such a significant difference in 

sagittal condylar patterns is related to variances in anatomical features, which 

are related to the functional requirements of each period of life/age of the 

patient. In fact, at birth, TMJ movement is undeveloped and accompanied by a 

barely emerged condyle, an inexistent glenoid cavity, and an articular 

prominence that is still almost flat.  This anatomic characteristic thus allows  

mandibular excursions on the sagittal plane, which is necessary for sucking. We 

know from the literature that the development of the TMJ has been defined as 

an “adaptive growth” type (Ingervall et al., 1976; Thilander et al., 1976; 

Thilander, 2000), and that the most development of the TMJ takes place after 

birth, “adapting” itself to the postural, skeletal, occlusal, and neuromuscular 

features of the individual, in close connection with the function of sucking at 

birth, and later of chewing (Katsavrias and Dibbets, 2001). The development of 

the TMJ and the resulting change in incline of the pattern on the sagittal plane 

are influenced by the adaptation of the structure to the changes in function. With 

their occlusal contact and via mechanoreceptors, the teeth acquire a primary 

role in control of masticatory function, which in turn affects skeletal and articular 

development. 
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Gibbs’s study was carried out on a limited number of patients, and, despite the 

author’s intentions, he never managed to make the device feasible for larger-

scale studies. However, as already stated, the results obtained are important 

and still considered valid today (Lundeen and Gibbs, 1982).


1.2.3. LEWIN’S RESEARCH


The principal contribution to the clincal understandig of cheving pattern was 

made by Lewin (1985, South Africa) and  his Sirognathograph, produced by 

Siemens (Germany). This was able to produce less data than Gibbs’s case 

gnathic replicator but  was a much simpler device to use. Lewin’s device 

records the movement from one point of the mandible, using a small magnet 

attached labially between the lower central incisors. The advantage of this 

method lies in the fact that it is less invasive, both regarding the stomatognathic 

system in general and the occlusion itself and it is  also easier to use, allowing 

more cases to be studied (an important factor in developing clinical analysis of 

chewing patterns). Lewin in his studies describe the features of chewing 

patterns, in the sense of mandibular kinetics in opening and closure, and his 

results are the basis for the clinical interpretation of chewing pattern still used in 

masticatory function research. The contribution that Lewin made to clinical 

analysis and definition of  protocol for recording chewing function remains 

fundamental in the research field even today, as his ideas and intuition are 

continually reconfirmed with more advanced equipment (Lewin, 1985).
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1.2.4. THE STUDY OF MASTICATORIY FUNCTION AT THE 

UNIVERSITY OF TURIN


 The masticatory function at University of Turin began in the 80’s with the use of 

the Sirognathograph developed by A.  At first, the Sirognathograph was not 

connected to a computer. It was connected to a plotter and reproduced the 

mandibular movement of single chewing cycles in the three planes but it was 

impossible to process or archive any of the collected data. Furthermore, it was 

not connected to EMG equipment and it was not possible to gain any 

information on masticatory muscle activity.  The need to menage a large 

amounts of numeric data, and also use these data for clinical analysis , 

demanded the connection of the device with pc and the development of 

specialized hardware and software in order to obtain the average chewing 

pattern, with the printing of charts and recorded data storage (Bracco et al., 

1990). The software  was developed and perfected with collaboration of 

bioengineer E. Fabris, A. Merlo e Prof. D. Farina. The difficulty of statistical–

mathematical analysis of chewing cycles lies in the variability of the patterns, 

which is an intrinsic and fundamental feature in physiological conditions. Also, 

thanks to computerization, it was possible to introduce the use of  different 

colors to distinguish opening and closing patterns making data interpretation 

and diagnosis easier


A further technological innovation took place when the Sirognathograph was 

replaced with the K6-I Myotronics kinesiograph (Tukwila, WA, USA). The K6-I 
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system was based on the same principles for recording mandibular movement 

and also offered the possibility of recording muscle activity of the four, aligned, 

masticatory muscles. One important innovation for the reading and 

understanding of chewing cycles was surely the recording of EMG activity of the 

four masticatory muscles aligned to mandibular kinetic motion. Only four of the 

eight masticatory muscles can be recorded with surface electrodes (right and 

left masseters, and right and left anterior temporalis), However, the role of the 

masseters and anterior temporalis muscles during mastication allows to collect 

significant data. It is necessary to specify that the clinical importance of 

muscular activity during mastication is not so much connected to absolute EMG 

values, which are extremely sensitive to individual variables, as to the 

evaluation of muscle coordination on the two sides. Individual variables in EMG 

activity is an intrinsic feature of mastication, whilst muscle coordination is an 

objective point of reference. The statistical evaluation of patients with accurately 

identified malocclusions (from a functional viewpoint) allows the identification of 

pathognomonic EMG features. Understanding neuromuscular activity and 

coordination between the muscles on the side of the bolus and contralateral 

muscle during mastication of hard and soft boluses is of fundamental clinical 

importance for the correct treatment of both youngsters and adults.


 The K7-I  Myotronics Kinesiograph is the latest and most evolved model in use 

today, particularly regarding hardware and EMG recording. It can be connected 

to a laptop via USB, and the K7-I itself can be moved. The device have reduced 

invasiveness and lighte weight and is easy to use. The software for analyzing 

chewing cycles was yet again rewritten  in accordance with the improved 
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understanding of the clinical significance of chewing patterns acquired in the 

meantime. It  represents an important step forward, particularly in calculating 

the mean cycle and in EMG recording. The coordinates of points and angles of 

clinical significance are automatically provided in diagnostic charts to make it 

easier to interpret graphs and statistical analysis of results. The mean cycle and 

EMG activity are presented in linear graph form, whilst standard deviation is 

represented by an area chart.  The shape and position of the area represents 

diagnostic data which can be visually memorized more quickly and easy than 

lines (Piancino et al., 2008) . 





1.2.5. PROTOCOL TO RECORD CHEWING CYCLES


The main requirements in the development of a reliable study of masticatory 

function is the choice and standardization of the protocol of data recording and 

of the bolus to use. 
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Figure 1.  Myotronics kinesiograph (Tukwila, WA, USA)



	 	 


For with concerns the bolus is important to consider that the morphology of the 

masticatory pattern is directly linked to the chemical-physical characteristics of 

the bolus and its size (Lewin,1985; Plesh at al., 1986; Bishop et al.,1990; Shiau, 

1999; Lassuzay et al., 2000; Miyawaki et al., 2000,2001; Shiga et al., 2001; 

Andreson et al., 2002; Piancino et al.,2008a). From Lewin’s works, it was 

explained that the use of both a soft and a hard bolus type in diagnosis is 

important to compare the different patterns and the capacity of patient’s 

stomatognathic system to adapt to load. Thus, patients are tested with different 

standardized boluses, of same size (20 mm in length, 1,2 mmm in height and 

0,5 mm in width) and different weight (2 gr. soft bolus and 3 gr. hard bolus) and 

consistency.  The soft bolus is a chewing gum, first softened up by the patient; 

the chewing gum does not change in consistency or volume during mastication 

and offers only limited resistance. Thus, the chewing cycles achieved with this 

bolus represent “ideal” mastication and the system is subjected to a low load. 

The hard bolus is a wine-gum that does not to stick to teeth, change in 

consistency and volume as it is chewed; it submits the system to different 

charges during chewing, and demonstrates the real masticatory capacity of 

patient. The comparison of pattern achieved with this two different boluses 

allows the diagnosis of “capacity to adapt to load”, fundamental characteristic to 

evaluate the state of health of the sthomatognathic system. Important attention 

must also be given to knowledge of the patient's tastes in order to choose the 

most suitable taste of bolus (spearmint or strawberry chewing); thanks to the 

influence of the limbic system on mastication, if the patient is given a bolus of a 

taste he hates the recorded chewing cycles should appear falsely pathological 

and of no clinical relevance.
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The instrument currently used at the university of Turin for recording masticatory 

cycles is K7 Myotronics Kinesiograph (Tukwila, WA, USA) that measure jaw 

movements with an accuracy of 0,1 mm.  Multiple bilateral sensors (Hall effect), 

inserted in a light weight array applied to the patient’s head, tracked the 

movements of a small magnate attached at the lower interincisal point. The K7 

also include a multichannel EMG amplificatior, that records the aligned 

electromiogaphIc activity of right and left anterior temporali muscles and of the 

right and left masseteres muscles. The kinesiograph was interface with a 

computer for data storage and subsequent analysis. The kinematic signals were 

later analyzed with custom-made software for easier use in clinical diagnosis 

(Departement of Orthodontics and Gnatology, University of Turin, Turin, Italy). 
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Figure 2.  different standardized boluses of same in size (20 mm in 
length, 1,2 mmm in height and 0,5 mm in width) and different weight and 
consistency used for chewing recording.  The soft bolus is a chewing 
gum, first softened up by the patient; the hard bolus is a wine-gum. 



	 	 


The protocol for recording chewing cycles was defined in collaboration with 

Lewin after long experimentation and remains the same still today. The patient 

during the test is sitting upright in a rigid high-backed chair, legs at 90°, and 

fixing the eyes on a point 1 m away. This position is designed to be replicable 

and to reduce indirect movement to a minimum. 


The test protocol involve deliberate mastication on the right and left side , and  

free mastication. Each chewing set is repeated three time, first with soft bolus 

and then with hard bolus. Each sets starts from a position of maximum 

intercuspation and has a single duration of 10 seconds ( the mean time of 

mastication before swallowing occurs)(Paincino et al,2008a). The number of 

repetitions has been established  in order to collect a sufficient number of data 

for the statistical calculation of the average cycle. For the recording of 

electromyographic data double-channel surface electrodes are applied on the 

masseter and anterior temporals muscles. The location of the electrodes are 

based on anatomical landmarks ( CastroflorioT. et al. 2005). Before electrode 

placement the skin is cleaned with ethanol. 


1.2.6. THE CHEWING PATTERN


A chewing pattern is composed by two phases, opening pattern and closing 

pattern. The pattern’s characteristics on the bolus side are:  opening along the 

vertical axis, lateral movement in the last phase of the opening and the first 

phase of closing, medial movement during the occlusal phase of closure until 

functional intercuspation. During the mastication of a bolus on the right-hand 

side, chewing cycles are developed along the vertical axis on the right side, 
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viceversa, during mastication of a bolus on the left-hand side, the chewing 

cycles take place in the left side. The morphology of the chewing pattern is a 

“semi-loop" during mastication on one side end the other half “loop” occurs 

during mastication on the other side. In healthy mastication, spontaneous 

chewing is an alternate movement and chewing cycles with ride-side bolus are 

numerically balanced and symmetrical to those with a left-side bolus.  The 

concept of symmetry in the chewing pattern is an important sign of balance and 

good health of stomatognathic system. In an alternate and symmetrical  

masticatory movement, the stomatognathic structure are rhythmically and 

alternately involved and able to exercise maximum force homogeneously 

distributed. Two main features of healthy masticatory function are variability and 

repetitivity. Repetitivity of the chewing cycle constitutes a chewing pattern and it 

requires rhythm, well-defined motor programming, firm dental contacts, correct 

frontal-canine guidance and ballistic-type mandibolar movement. If repetitivity is 

absent, the chewing pattern becomes random, lacking motor programming and 

highly inefficient. This was observed for example immediately after 

orthognatgodontic surgery, following sudden chenges in peripheral input ( Lewin 

1985, Ferraio et al. 2006). On the other hand the presence of variability 

indicates freedom of movement, health functioning and appropriate load applied 

to muscle. Freedom of movement is essential to avoid neuromuscolar fatigue 

and overloading of TMJ that would cause alterations to anatomical structures 

and synovial fluid (Nitzan 2002, 2003, Nitzan et al. 2004). Pathologies that 

“imprison” the mandible in an enforced position often cause neuromuscolar 

overloading. On example can be observed in deep bite, characterized by 

significantly high amplitude of emg activity in masticatory muscles which cause 
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both functional and structural changes in stomatognathic system. (Piancino et 

al., 2013, 2023)


An important aim of the research was the identification of numerical indices with 

clinical significance in the masticatory pattern. 


- Closure direction : the direction of closure is represented by the vector of 

the closing pattern in the last  phase of cycle on the frontal plane. In 

physiological pattern during mastication, on the right-hand side chewing 

cycles display clockwise closure direction, while during mastication of 

bolus in left-hand side cycles have clockwise direction. The direction in 

the last phase of closure is an important index of health and balanced 

masticatory pattern. When the closure direction changes or inverts on 

one side only is lost the symmetrical movement and function. If closure 

direction is inverse, the chewing pattern becomes completely anomalous, 

developed along the vertical axis, with conflict and often cross-over  

between the opening and closing paths. A single or few inverted cycles 

are not pathognomonic and have no significance, instead a hight 

percentage of revese-cycles is a proven diagnosis of impaired 

masticatory function. 


- Closing Angle : It’s the angle identified by the tangent line in the last part 

of closing pattern and the horizontal or vertical axis. The closing angle 

corresponds to the inclination with which the mandibular and vestibolar 

cuspid of lower molar and premolars approach the bolus and the occlusal 

surface of teeth on the upper arch, before entering the transcuspid end 

intercuspid stage of mastication.  This is an important clinical indicator as 
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it reveals the angle with which the mandible reaches maximum 

intercuspation. The further the closing angle moves away from the 

vertical axis, the more efficient the masticatory function will be. The 

nearer the closing angle remains to the vertical axis the less efficient 

mastication will be. To support this point, we know that the amplitude of 

the closing angle changes according to the type of bolus:  during 

mastication of a hard bolus, which requires extra masticatory effort, the 

closing angle is wider  (with the size of the angle depending on how 

much effort is required for mastication), on the contrary, during 

mastication of a soft bolus, the closing angle is closer and  nearer the 

vertical axis. 


- Dimensional indices: Height end width describe morphological 

characteristics of the chewing pattern and are indicators of efficiency and 

capacity to adjust to load of the stomaognathic system. The height is the 

distance between the point of functional intercuspation and the point 

where the opening turn to closing. The width is the distance between 

opening end closing tracks at the point of maximum width of the cycle, 

perpendicular to the axis of chewing cycle. Specularity end symmetry in 

height and width are a significant clinical indicators of functional 

equilibrium. Furthermore, the maximum height and width parameters 

change and adapt to the characteristics of the bolus and the efficiency 

requirements of mastication. Adaptation of the masticatory pattern with a 

hard bolus (which involves a greater height and width of the cycle to 

achieve improved efficiency and greater force in grinding the bolus) can 
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occur only if the stomatognathic structures are biologically healthy and 

physiologically coordinated (correct dental guide, symmetrical occlusion, 

symmetrical muscular activity, homogeneous and symmetric glide 

movement of the joint). A  tight chewing cycle – limited in height and 

width – indicates a stomatognathic system with severely limited 

movement, that is immobilized in a pattern unable to change or adapt to 

load. 


- Lateral shift : This value is the most distant point of the closure track from 

the vertical axis. It defines the capacity of the mandible to move on the 

bolus side on the frontal plane. In physiological condition, mandible shifts 

laterally, proportionally to the width of cycles, and during free mastication 

directed alternately and specularly to both right and left. However, in 

abnormal conditions, there may be a very tight pattern with a fixed level 

of lateral shift. Cases may occur when the chewing pattern displays 

normal morphology but the mandible shifts on one side only. In such 

cases, the “lateral shift” positional index will reveal evident asymmetry 

between the sides, indicating that the mandible is functionally unable to 

move towards one side. This positional asymmetry in the chewing pattern 

often appears in the presence of crossbite due to the altered chewing 

cycle and  in other occlusal and articular conditions, and may be an early 

warning sign of imbalanced masticatory function. 


Lewin identified the angle of closure, area, height end width as parameters of 

masticatory efficiency ( Wilding and Lewin, 1994). Efficiency is certainly an 

important parameter, but the evaluation of symmetry and neuromuscular 
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equilibrium are of vital importance, for preserving a healthy stomatognathic 

system. Considering solely the parameters on side of mastication is of little 

clinical relevance, instead, it is necessary performed a bilateral comparative 

evaluation of chewing pattern that reveal symmetry or asymmetry of a pattern, 

and the neuromuscular effort involved. Fhurtermore, the exam of mastication 

cycles involves recording results with both a soft and hard bolus analysis of the 

patterns and the comparative analysis of the two patterns  shows the patient’s 

capacity to adjust to load (Pianino et al., 2005, 2006, 2007, 2008). 


The main characteristic of masticatory muscle to consider in order to 

understand masticatory function is coordination between sides. In fact, the 

absolute EMG values have little clinical significance, as these are extremely 

sensitive to individual variables and too vulnerable to external factors to be 

considered as reliable data. On the contrary, coordination between muscle of 

the bolus side and the contralateral represents the physiological aspect of the 

neuromuscular control of mastication (Paincino and Kyrkanides, 2016), as well 

as the response of muscular activity to different bolus consistency. 


In mandibular movement masseter muscle and anterior temporal muscle 

perform two different roles. The anterior temporal muscle are responsible for 

controlling the position of the mandible in the space, and we can view them as 

dynamic postural muscles , rather than power muscles. One other hand, 

masseter muscles are true power muscles, able to grinding the bolus and to 

regulate their force thanks to high neuromuscular control.


In physiological conditions the functional characteristics of each muscles are:
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- Anterior temporalis muscle on the bolus side: it activates before the 

contralateral muscle but with similar maximum activity level. The peak 

activity lasts for a short period.


- Anterior temporalis on the contralateral side: it is activated after the 

muscle on the opposite side, with similar maximum activity level. The 

peak activity lasts for a short period.


- Masseter muscle on the bolus side: this achieves twice the activity of the 

contralateral side; activity increases gradually until a definite peak is 

reached and then decreases quickly.


- Masseter muscle on contralateral side: this actives before the muscle on 

the bolus side and achieves significantly lower electrical activity then the 

ipsilateral side. Its activity decreases slowly.  


The masseter is then characterized by an asymmetrical activation during 

mastication which depends on the bolus side. The masseter of the bolus side is 

the real power muscle, responsible for bolus grinding, whilst the contralateral 

masseter performs a regulatory role of the mandibular position in the space, 

being the first to activate, and counterbalancing the prevailing masseter action 

on the bolus side. In a healthy system, alternating effort and muscular 

involvement in mastication resulting in muscle symmetrical activation on the two 

side. When, as in the case of crossbite, physiological coordination between the 

muscles is lost or chewing becomes unilateral, instead of fictional symmetry, an 

asymmetry of muscle activation is established with a prevalence of one muscle 

of two sides over the other and imbalance of masticatory loads. 
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Another important aspect fo masticatory function is the change and adjustment 

of neuromusclural coordination to different loads. (Moller, 1966, 1969, 1974; 

Mioche and Peyron, 1995; Mioche et al., 2001). The comparison of mastication 

of hard bolus with that of a soft bolus demonstrates an increased EMG 

amplitude for both masseters : masseters of the bolus side increased 

significantly, the contralateral masseter increased significantly more in 

comparison with that of the bolus side; the masseter of the bolus side remains 

dominant over the contralateral masseter. To adapt its neuromuscular 

coordination to requirements of a more solid bolus, which needs stronger 

muscle force, different muscle coordination for grinding, and more efficient 

pattern of motion. Knowing that the contralateral masseter plays a role of 

control fon mandibular position in space, and knowing that the contrlateral TMJ 

in the one that support the greater load during mastication ( Naeji and Hofmn 

2003), it is clear how the role of controlateral masseter is extremely important 

for the control of mandibular position in conditions of stress as the grinding of a 

hard bolus. (Piancino and K  2016, Tonni et al. 2020)


In occlusion we can say that  the study of chewing pattern must always refer to 

the characteristics of the physiological masticatory function, such as repetitivity, 

variability, symmetry between the bolus side and contralateral side and ability to 

adapt to load, in order to assume a clinical significance. Asymmetrical matters 

and differences between chewing a soft or a hard food , both in terms of 

kinematics and muscles, cannot be produced without influencing the growth and 

the basal development. Asymmetry of the chewing pattern must always be 

seriously evaluated because it may be a condition that continues to worsen over 
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time and, as mastication is a daily action, this may damage the system and 

allow the arrival of painful and dysfunctional pathologies. When this happens 

during the age of growth and development, the therapeutic priority will be to 

reset this un-physiological coordination in an attempt to regain functional 

equilibrium and growth. Analysis of mastication, correlated with the occlusal, 

cephalometric and postural diagnostic data of the patient, has a fundamental 

clinical importance in choosing the correct orthodontic therapy and in monitoring 

the results.
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Figure 3. Physiological chewing pattern and massetere muscles activation during 
mastication in right and left side of an hard and soft bolus.



	 	 


1.3 CROSS BITE


Crossbite is a worsening malocclusion characterized by inverse relationship 

between upper and lower teeth.  


Bjork et al. (1964) defined crossbite as a malocclusion that may affect “the 

canine, premolar and molar region, characterized by the buccal cusps of the 

maxillary teeth occluding lingual to the buccal cusps of the corresponding 

mandibular teeth.” The advantage of this “archaic” but clinically significant 

definition is that it subdivides the teeth regions according to different functions.  

More recently, in 2002, the Glossary of Orthodontic Terms describes crossbite 

as an anomalous relationship of one or more teeth with one or more elements 

of the opposite dental arch, in the buccal–lingual or labial–lingual direction 

adding that a crossbite may be either dental or skeletal in origin 

(Daskalogiannakis, 2002). This “modern” definition recognizes that the skeletal 

role plays an integral part in the malocclusion. 


Crossbite is first diagnose through the teeth, although the effects and symptoms 

related to dental malposition represent just a small part of the impact of this 

malocclusion; in fact crossbite affect masticatory function, neuromuscular 

condition, neural motor memory, the inner skeletal structure, the 

temporomandibular joint, and all of the stomatognathic system and its related 

structures (Moller and Troelstrup, 1957; Bracco et al., 2002). For this reason, 

we can consider crossbite a neuromuscular syndrome characterized by 

asymmetry - dental, skeletal and/or positional- (it may originate from an altered 

skeletal or dental relationship, or both, and may led to a mandibular 

displacement), early age development (during eruption of primary dentition and 
	 	  



39



	 	 


it can involve the permanent dentition in later stage of development) and 

ingravescence ( it has an influence on masticatory function and the effects will 

worsen over time and are irreversible once the growth stage is complete) 

(Piancino and Kyrkanides, 2016).


1.3.1 EPIDEMIOLIGY


In literature, the prevalence of crossbite is reported to be between 8 and 22% 

(Harrison & Ashby, 2001). According to a study carried out at the C.I.R. Dental 

School of the University of Turin, Italy (Piancino et al., 2006a) on 5300 patients, 

aged between 6 and 16 years old and requiring orthodontic treatment, crossbite 

was diagnosed in 19% of the subjects. The 49% of the cases displayed 

unilateral posterior crossbite, the remaining was subdivided in this way: 17% 

unilateral anterior crossbite, 16% bilateral posterior crossbite, 15% unilateral 

anterior and posterior crossbite, 2% bilateral anterior and posterior crossbite 

and 1% total crossbite. According to da Silvia Filho et al. (2007) 20% of cases of 

children between 3 and 6 years old in deciduous dentition displayed crossbite, 

11% of witch regarded unilateral posterior cross bite; the results are different 

regarding bilateral posterior crossbite: in children aged between 6 and 16 years 

old, bilateral crossbite was recorded only in the 1,19% of patients with 

deciduous dentition, instead it was observed in 16% of patients in mixed or 

permanent dentition. Furthermore, in children with deciduous dentition it was 

observed the presence of functional positional crossbite in 91%of cases as 

opposed to the 70% of patients aged between 7 and 12 years old with mixed 

dentition (Pinto et al. 2001). The results of these studies show that posterior 

crossbite affects patients at a very early age and that the most common cross 
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bite condition is unilateral posterior crossbite. In later childhood, the cases of 

bilateral crossbite become more common; the greater prevalence of bilateral 

crossbite in the mixed dentition is probably explained by the large 

maxillolandibular transverse discrepancy associated with this malocclusion, 

which manifests later in the course of development (Miner RM et al., 2012; 

Piancino and Kyrkanides, 2016).


1.3.2. ETIOPATOGENESIS


Cross bite malocclusion has a multifactorial etiology. Hereditary factors and 

genetic predisposition are often the basis of this malocclusion which is 

characterized by the presence of maxillary hypoplasia and mandibular 

prognathism. Moreover, alterations in function, such as oral breathing, impaired 

swallowing, and protracted bad habits (thumb sucking, use of pacifiers and 

bottles), can play an important role in the occurrence of malocclusion and its 

evolution on time.


Other causes include congenital alterations such as labial palatal clefts, 

dystrophic alterations, metabolism disorders, infections or trauma (all 

pathologies and condition that alter the growth of the upper maxillary causing 

the hypoplasia). Environmental factors also play a part, such as the agenesis or 

premature extraction of one or more teeth, which decreases the functional 

matrix of upper maxillary during childhood development. (Piancino and 

Kyrkanides, 2016)
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1.3.3. CLASSIFICATION


Crossbite is characterized by an inverse relationship (on the frontal and/or 

sagittal plane) of one or more teeth in which the buccal cusps and/or upper 

incisal margins occlude palatally with the buccal cusps and/or lower incisal 

margins, on either one or both sides of the dental arches. 


The classification of  crossbite conditions is complex because it  stated earlier 

and affect patient in deciduous, mixed and permanent dentition, it involves  

different types and numbers of teeth and involves also cranial structures and 

neuromuscular and articular function. 


Dental classification is not sufficient and must be combined with functional and 

basal classification if a correct diagnosis is to be made, but it is helpful knowing 

that this condition may affect any number and any type of teeth and that 

depending on the region of the malocclusion the effects on function may differ. 

To understand functional classification of crossbite, we need to remember that 

the functional role of teeth in humans differs according to the region in question. 

According to Slavicek (2002) (Figure 4.) the dental arches may be divided into 

two main areas, anterior and posterior, with the functional roles in 

stomatognathic system.
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 The anterior dental region - from upper and lower canine to canine- can be 

considered as a real sensory organ that perform a role of “sensory control” and 

guidance of the movements of mandible in space, as well as protecting the 

diatoric contacts thanks to the laterotrusive and protrusive gliding areas. The 

guide function takes place in the frontal area – in fact, the majority of contacts 

during activity are to be found in the functional lingual surface of the upper 

incisors. The posterior region (upper and lower molars) is the region directly 

involved in mastication; posterior teeth make intercuspid contact with each 

other, helping support occlusion during functional movements and grinding of 

the bolus during mastication. The middle dental region (upper and lower 

premolars) has an important intermediary function contributing laterotrusive 

movements control, occlusal support and grinding.


On the basis of this knowledge, it is easy to see that the alteration of 

masticatory function correlates to the functional region involved by the 

malocclusion.


	 	  


43

Figure 4. Anterior and posterior functional region of the occlusion. The diagram in two 
colours demonstrates the dual role of premolars, which provide support as well as 
dynamic control. Source: Slavicek (2002).




	 	 


 Based on these gnathological concepts, tables for dental classification of 

crossbite have been produced. These subdivide the malocclusion into:  anterior, 

middle, and posterior, and it must be added that crossbite may affect just one 

hemiarch (unilateral) or both (bilateral) , with significant different functional 

effects and impact on functional structural development. 


Dental classification of crossbite regards just one aspect of the malocclusion. 

Crossbite is a complex and ingravescent malocclusion that, starting with the 

teeth involves all the elements of stomatognathic system in the three spatial 

planes and all its functions. A basal classification is necessary for the precise 

identification of the cross bite tipe which is fundamental for a correct diagnosis 

and therapy. 


Basal classification involves the dominance of one skeletal feature over another. 

In the early stages of development the most common condition is positional or 

functional and  evolves gradually in stages to become dento-alveolar crossbite 

and, eventually if untreated, dental-alveolar-basal crossbite.


The basal classification of  posterior crossbite is:


- Positional or Functional crossbite : This condition emerges during early 

infancy (between 2 and 5 years of age) and results in a deflected dental 

contact that causes an asymmetric lateral shift of the mandible. When 

the first contact position is in place and  the mandible is in a centered 

position, cuspid-to-cuspid dental contacts are established between the 

upper and lower teeth. The inputs generated by the dental 

mechanoreceptors are received and elaborated by the central nervous 

system, activating masticatory muscles and deviating the mandible in 
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order to find a  position of maximum intercuspation that unstable and 

necessary for  the vital functions of the stomatognathic system ( speech, 

swallowing and mastication). In other words, the system “compensates”

for the occlusal error and  tries to obtain the best function. However, it is 

not able to correct the defect and the resulting biological consequences 

over time are very serious.  The persistent displacement of the mandible 

and the inversion of the relationship between dental cusps and 

asymmetric functional compensation causes a growing child to suffer 

disharmonious development. This is the developmental stage during 

which a child learns all the motor skills, such as walking, climbing, 

chewing, deeply influencing and adapting the inherited automatism of the 

motor control of the central nervous system to the peripheral inputs. 

According to Slavicek (2002) oral functions are “formative,” and any 

dysfunction of these may influence the development of the masticatory 

system, disturbing its morphological and functional growth. One of the 

structures most involved is certainly the TMJ, because it is practically 

unformed at the time of birth. As histological studies have shown 

(Thilander et al., 1976; Enlow, 1986; Thilander, 1995), the growth of the 

TMJ is of adaptive type and this means that such asymmetrical 

malocclusion as crossbite and unbalenced masticatory function, as well 

as inflammatory systemic diseases, causes considerable effects on 

growing structures, from both static and dynamic points of view (Piancino 

et al., 2015a). On the basis of this knowledge, it is of primary importance 

to perform an early diagnosis and intercept this type of malocclusion. An 

early and appropriate orthodontic treatment in these cases can not only 
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correct the malocclusion but also rebalance all the functions of the 

stomatognathic system and the development of all its structures.  If 

positional or functional crossbite in not  corrected, structures will be 

encouraged by the functional asymmetry into growing asimmetrically and 

the condition evolves into a dentoalveolar crossbite.


- Dento-alveolar crossbite: in this malocclusion the position of maximum 

intercuspation becomes increasingly asymmetric, the deflected contact 

from centered position to maximum intercuspation reduces gradually and 

may be minimal or totally absent and the mandible is definitely off center. 

This condition generally affects patients during the period of mixed 

dentition, later than the period in which the functional cross bite occurs. 

Dento-alveolar occlusion and tissue support are asymmetric, just like the 

masticatory function. The first period of mixed dentition is very important 

from a developmental and functional point of view and is characterized 

by the eruption of permanent incisors and first permanents molars in a 

flat occlusal plane associated with an immature TMJ.  The new teeth are 

rigid structures and represent interferences in a system free to move.  

The adaptation happens initially muscularly and then structurally, 

resulting in an increased steepness of the articular eminence. The first 

molars are involved in the growth of the posterior regions of the upper 

maxilla  and in the protrusion of the mandible that stimulates its growth. 

When the molar relationship is altered, both on the frontal and sagittal 

planes, functional compensations occur and asymmetric growth happen.  

If first molars are affected bilaterally, as in bilateral posterior crossbite,  
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this will result in a serious impairment of the growth of the upper jaw. The 

appropriate orthodontic treatment of dento-alveolar crossbite requires the 

same features as that for a positional crossbite condition, but the 

duration of therapy is generally longer because growth and asymmetries 

are more advanced. Therapy must restore the correct development of 

upper maxilla as soon as possible, before the pubertal growth spurt. 


- Dento-alveolar-basal crossbite:  in this stage of malocclusion, through 

function, dental and alveolar alterations have come to influence the basal 

structure; skeletal alterations evolves during growth, worsening until 

adulthood and becoming irreversible. At the end of growth the various 

districts compensate each other and the correction of the unilateral 

posterior crossbite becomes difficult or impossible with orthodontic 

appliances. Although rarely, in some cases, a skeletal crossbite can also 

be present in younger patients, in the initial stage of growth; in other 

cases the patient has a genetic predisposition to impaired skeletal 

growth. In such cases, it is of utmost importance  a complete diagnosis 

that must include a precise family evaluation in order to predict the 

potential growth of patients as accurately as possible and identify the 

most appropriate orthodontic treatment.
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2. AIM OF THE STUDY


Posterior crossbite (PXB) is a frequent and severe malocclusion, with a worldwide 

prevalence of 8% in mixed dentition children . Bilateral Posterior Crossbite (BPXB) 

represents a fraction of all crossbites in the primary dentition (1.2%) , but its 

prevalence increases in the mixed dentition to account for 16-20% of all crossbites 

(Lombardo et al. 2020).


BPXBB is a severe malocclusion which involves the dental arches bilaterally, often 

presenting with severe skeletal and dental involvement and manifesting with large 

maxillomandibular transverse discrepancy. Due to the severe hypoplasia of the upper 

jaw, orthodontic treatment that is not correctly performed often does not produce 

sufficient expansion of the palate resulting in unilateral posterior cross bite. 

Furthermore, failure to treat this malocclusion early during growth requires 

orthognathic surgery to resolve the severe transverse skeletal discrepancy.
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Figure 5. Patient with severe bilateral posterior cross bite and open bite in mixed 
dentition.




	 	 


In letterature, the bilateral posterior crossbite are often considered in association with 

unilateral posterior crossbite, and only a few papers focus exclusively on the treatment 

of  BPXBB may be found in the literature  (Halıcıoğlu  et al. 2014, Kiliç et al. 2008.


The masticatory alterations in UPXB are well described (Trockomorton et al.2001, 

Piancino et al. 2006,2009) and it was closely related to the presence of reverse 

chewing cycles and therefore to the alteration of the activation and coordination of the 

masticatory muscles. However, the effects on the masticatory function of BPXB  have 

not been previously investigated. Indeed, in a recent systematic review on the 

relationship between malocclusions and mastication, the Authors could identify only 

one study on BPXB  (Alshammari A et al., 2022), and the few data available on the 

chewing kinematics of BPXB suggest that mastication might be altered in this 

malocclusion ( Nie Q et al., 2010). 


However, many issues of interest regarding BPXB remain unclear. The first issue 

concerns the prevalence of reverse chewing cycles (RCCs ) in BPXB, as well as the 

degree of variability between cases, that are not described in the literature. RCCs are 

anomalous chewing cycles characterized by the inversion of the direction of closure of 

the cycle’s trace, and they are considered an important and reliable marker of altered 

mastication (Throckmorton et al. 2001, Piancino et al. 2006, Sever et al. 2011, Lewin et 

al. 2011). The second issue concerns the functional implications of the occlusal 

features of BPXB on the masticatory function. BPXB may affect the same type and 

number of teeth on both sides of the dental arches, or it may be occlusally asymmetric 

and involve fewer teeth on one side than the other. Moreover, it may involve the molar 

region of the occlusion or be limited to the premolar region. In UPXB, it was reported 

that the presence of molar teeth in crossbite is associated with a higher rate of RCCs 
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compared to crossbites limited to the premolar region (Tomoari et al., 2014) , but no 

such information is available on BPXB. These issues are clinically relevant, because a 

greater understanding of the masticatory dysfunction in BPXB may help the clinician to 

identify the cases at greater risk of relapse due to the severity of the functional 

alteration. 


This study’s main objective was to evaluate the masticatory function in BPXB patients 

by comparing the prevalence of RCCs in children with BPXB to malocclusion-free 

controls. The secondary objective of this study was to investigate the association 

between the occlusal features of the malocclusion on the prevalence of RCCs 

comparing bilateral posterior symmetric (S-BPXB) and asymmetric (A-BPXB) crossbite.


3. MATERIALS AND METHODS


3.1. STUDY GROUP SELECTION


This observational study was part of the research on the masticatory function in 

patients with dental malocclusion, begun at the University of Turin in 2014 and still 

ongoing. This study included patients referred to the Orthognathodontics Department 

at the Dental School, University of Turin, Italy, between 2019 and 2022. The study was 

conducted in accordance with the Declaration of Helsinki, and approved by the Ethics 

Committee of Turin University Hospital Health and Science Complex—University 

Hospital Ordine Mauriziano—A.S.L. (Local Health Authority) City of Turin (protocol 

code 0069193 date of approval 7 July 2014). Informed consent was obtained from all 

legal guardians of included patients. This study was structured following the STROBE 

guidelines (Von Elm et al. 2007).
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The inclusion criteria was the presence of bilateral posterior crossbite (defined as the 

presence of at least one posterior tooth, i.e. deciduous or permanent molar or 

premolar, on both right and left side of the dental arches). 


Exclusion criteria were:


- previous orthognathodontic treatment


- signs and symptoms of temporomandibular disorders


- hereditary or congenital syndromes (e.g. cleft lip and palate), 


- pain of dental origin at the moment of chewing cycles recording.


Patients fulfilling the same criteria but with no posterior or anterior crossbite, IOTN 

score (Brook et al. 1989) ≤2 and with molar class I relationship were selected as a 

control group (C), among those referred to the Orthognathodontics Department for the 

assessment of treatment needs. 


Occlusal diagnosis was carried out clinically and on study casts by an experienced 

Orthodontists (MGP). The occlusal features (number of teeth in crossbite on each side 

of the dental arches and occlusal region affected by the crossbite) of included patients 

were evaluated on study casts and confirmed with objective examination of the dental 

arches.


After the evaluation of study casts, patients with BPXB were further classified as 

follows: 


1. Occlusally symmetric BPXB: patients presenting with the same number and 

type of posterior tooth or teeth in crossbite on both the left and right sides of 

the dental arches.
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2. Occlusally asymmetric BPXB: patients presenting with a different number of 

posterior teeth in crossbite on the left and right sides of the dental arches. 


a. Prevalent side of occlusally asymmetric BPXB: the side with more 

posterior teeth in crossbite (left and right sides pooled);


b. Non-prevalent side of occlusally asymmetric BPXB: the side with fewer 

posterior teeth in crossbite (left and right sides pooled).


3.2. INSTRUMENTATION


The masticatory function of all included patients was recorded during initial case 

evaluation with a kinesiograph (K7-I, Myotronics Inc. Tukwila, WA, USA), which 

measures jaw movements with an accuracy of 0.1 mm. This device includes a 

lightweight (4 oz.) head-worn gear, with multiple bilateral sensors that track the 

motion of a tiny magnet attached to the lower inter-incisal point, by means of food-

safe sticky wax. The K7 also include a multichennel Emg amplifie, that records the 

aligned electromiogaphyc attivity of rigth and left anterior temporali muscles and of 

the rigth and left masseteres muscles. It was interfaced with a computer for data 

storage and subsequent analysis. 


Each registration session was performed as previously described. The patient was 

seated comfortably on a high backed-chair and instructed to look steadily at a target 

affixed on the wall, 90 cm away from the eyes, to avoid movement of the head. The 

measurements were performed in a quiet and comfortable environment. Each 

recording began with the largest number of teeth in contact and the test bolus (soft or 

hard) positioned on the centre of the surface of the tongue; subsequently, the patient 

was instructed to start chewing and, after 10 s, to stop. Each session comprised the 
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following 18 different recordings: 9 recordings with a soft bolus (3 sets of 3 recordings, 

as follows: 1 chewing on the right side, 1 chewing on the left side, and 1 chewing 

freely), and 9 recordings with a hard bolus (3 sets of 3 recordings, as follows: 1 chewing 

on the right side, 1 chewing on the left side, and 1 chewing freely). The soft bolus was 

represented by a sugar-free chewing gum (chosen in mint or strawberry flavour by the 

patient), chewed by the subjects until a uniform soft consistency was achieved prior to 

the beginning of recording; the hard bolus was represented by a wine gum of similar 

size (cola flavoured), replaced with a new gum after each of the 9 recordings in order 

to preserve its physical characteristics. The dimensions of both soft and hard boluses 

were 20 mm × 1.2 mm × 5 mm; the soft bolus weighed 2 g and the hard bolus weighed 

3 g. 


The kinematic signals were analysed using custom-made software (University of Turin, 

Italy) that allows for automatic data segmentation and analysis. The chewing cycles 

were divided into non-reverse and reverse (RCCs), based on the vectorial direction of 

closure, following the definition proposed by Lewin (1985). The closure angle was 

measured between a straight line obtained by a robust regression procedure on the 

last part of the curve (from 2.0 to 0.1 mm, from the closing point in the vertical 

direction) and the horizontal line of the side of mastication. Next, cycles with a closure 

angle larger than 90° relative to the horizontal reference line were considered RCCs 

and therefore grouped in the reverse set. This analysis was performed separately for 

left and right sided mastication, as well as soft and hard bolus chewing. 


3.4. STATISTICAL ANALYSIS


Data is shown as median (25th-75th percentiles), unless otherwise specified. Sample size 

estimation was based on a previously published work15 and on some preliminary 
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results. Based on preliminary results, assuming conservatively a mean rate of RCCs of 5 

± 5 in control subjects and of 20 ± 20 in bilateral XB patients, a minimum total sample 

size of 44 was estimated to provide a 90% power with 0.05 probability level. Normality 

of distribution of parametric variables was assessed with the Shapiro-Wilk test; the 

appropriate parametric or non-parametric tests were performed accordingly. 

Significance level was set at p<0.05. Statistical analysis was performed with the 

software STATA 17 (StataCorp, 4905 Lakeway Drive, College Station, Texas, 77845, USA).


4. RESULTS


This study included 170 participants: 130 patients with BPXB (65 with occlusal 

symmetric BPXB, F=33, M=32, median age 9.6 (8.2-13) [years.months]; 65 patients with 

occlusal asymmetric BPXB, F=30, M=35, median age 9.9 (8.3-13.6) [years.months],  and 

40 control subjects (F=25, M=15, median age 10.2 (9.4-11.6) [years.months]), in excess 

of minimum sample size estimation. The three groups (symmetric BPXB, asymmetric 

BPXB and control subjects) did not show significant age differences (Kruskal-Wallis 

test). 


Among symmetric BPXB patients, the prevalence of 1 posterior tooth in crossbite was 

32.3%,  of 2 posterior teeth was 29.3%, of 3 posterior teeth was 32.3%, and of 4 

posterior teeth was 6.1%; the molar region was affected by the crossbite in 53 out of 

65 patients.


Among asymmetric BPXB patients, on the prevalent sides (i.e. the sides with more 

posterior teeth in crossbite) the prevalence of 2 teeth in crossbite was 40%, of 3 teeth 

was 53.9% and of 4 teeth was 6.1%, whereas on the non-prevalent sides the 
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prevalence of 1 posterior tooth in crossbite was 67.7%, of 2 posterior teeth was 29.3% 

and of 3 posterior teeth was of 3%. The molar region was affected by the crossbite in 

57 out of 65 patients on the prevalent side and in 35 out of 65 patients on the non-

prevalent side. 


Comparison of the rate of RCCs between BPXB patients and control subjects.


The comparison between BPXB patients (N=130) and controls (N=40) showed that the 

median rate of RCCs in BPXB patients (soft bolus chewing: 36.5% (12-68); hard bolus 

chewing: 56.5% (22-84)) was significantly increased (soft and hard bolus chewing, 

p<0.0000) compared to controls (soft bolus chewing: 3% (0-6); hard bolus chewing: 0% 

(0-4)). See Figure 6 and Figure 6 (A, B).
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Figure 6. Recording of the chewing pattern in the frontal plane during chewing on the right side. A. 
Normal chewing in a control patient, showing a physiological direction of closure (clockwise for right-
sided chewing, green arrow). B. Altered mastication in a bilateral posterior crossbite patient, showing a 
reverse direction of closure (RCCs, counter-clockwise for right-sided chewing, red arrow). 


The graphs show the movement of the inter-incisal magnet during deliberate right-sided chewing. Green 
trace, opening movement; red trace, closing movement. The darker lines indicate the average of the 
chewing cycles and the lighter bands indicate the standard deviation. X-axis, right/left displacement 
[mm]; Y-axis, caudal/cranial displacement [mm]. 



	 	 


Comparison of the rate of RCCs between soft and hard bolus chewing in symmetric and 

asymmetric BPXB patients.


Table I shows the within-group comparison of the median rates of reverse chewing 

cycles (RCCs) during soft and hard bolus chewing. The rate of RCCs was significantly 

increased during hard bolus chewing compared to soft bolus chewing in both 

symmetric BPXB patients (left and right sides, p<0.001; N=65) and asymmetric BPXB 

patients (prevalent side, p<0.00001; non-prevalent side, p<0.05; N=65).
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Rate of RCCs

Symmetric BPXB Soft Bolus Hard Bolus p-value

Right side 30% (10-60) 43% (21-72) 0.0009***

Left side 43% (17-71) 65% (30-86) 0.0003***

Asymmetric BPXB Soft Bolus Hard Bolus p-value

Prevalent side 62% (35.5-90) 82% (56.5-96) 0.0000****

Non-prevalent side 22.5% (5.5-41.5) 29% (4-57.5) 0.0182*

Table I. Comparison of the rate of RCCs between soft and hard bolus chewing in 
symmetric and asymmetric BPXB patients.

Notes: Wilcoxon's sign-rank test, p<0.05*; p<0.001***; p<0.0001****.



	 	 


Comparison of the rate of RCCs between the sides of symmetric and asymmetric BPXB 

patients.


Table II and Figure 7 (C, D) shows the comparison of the rate of RCCs between 

symmetric BPXB (left and right sides) and asymmetric BPXB (prevalent and non-

prevalent sides) during soft and hard bolus chewing.


In symmetric BPXB (N=65) patients, the difference in the rate of RCCs between sides 

was not significant (soft and hard bolus chewing), even if the rate of RCCs was 

increased on the left side compared to the right side. 


In asymmetric BPXB (N=65) patients, there was a significant difference in the rate of 

RCCs between the sides, with the prevalent side (left/right pooled) showing an 

increased rate of RCCs compared to the non-prevalent side (left/right pooled; 

p<0.00001, soft and hard bolus chewing; N=65). 


Moreover, the rate of RCCs was significantly increased on the prevalent side (left/right 

pooled) of asymmetric BPXB compared to symmetric BPXB (soft bolus: left side p<0.05, 

right side p<0.0001; hard bolus: left side, p<0.05; right side, p<0.00001). The rate of 

RCCs on the non-prevalent side (left/right pooled) of asymmetric BPXB was reduced 

compared to symmetric BPXB (soft bolus: left side p<0.001 right side not significant; 

hard bolus: left side p<0.0001, right side p=0.071, not significant).
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A. Soft bolus chewing

Rate of RCCs

S-BPXB-R S-BPXB-L A-BPXB-P

Rate of RCCs 30% (10-60) 43& (17-71) 62% (35.5-90)

S-BPXB-L 43& (17-71) 0.51 - -

A-BPXB-
P

62% (35.5-90) 0.0001**** 0.019* -

A-BPXB-
NP

22.5% 
(5.5-41.5)

0.108 0.001*** 0.0000****

B. Hard bolus chewing

Rate of RCCs

S-BPXB-R S-BPXB-L A-BPXB-P

Rate of RCCs 43% (21-72) 65% (30-86) 82.5 (56.5-96)

S-BPXB-L 65% (30-86) 0.17 - -

A-BPXB-
P

82.5 (56.5-96) 0.0000**** 0.016* -

A-BPXB-
NP

29% (4-57.5) 0.071 0.0001**** 0.0000****

Notes: Comparison of the rate of RCCs between symmetric BPXB (S-BPXB-R: right side; S-BPXB-L: 
left side) and asymmetric BPXB (A-BPXB-P: prevalent side; A-BPXB-NP: non-prevalent side). A. soft 
bolus chewing; B. hard bolus chewing. Dunn test with Bonferroni correction after significant 
Kruskal-Wallis test, p<0.05*; p<0.01**; p<0.001***; p<0.0001****.

 Table II. Comparison of the rate of RCCs between symmetrical and asymmetrical BPXB 
patients during soft and hard bolus chewing.



	 	 


Rate of RCCs between BPXB patients with and without the molar region in crossbite.


Table III shows the comparison of the rate of RCCs between the sides with and without 

the molar region in crossbite in symmetric and asymmetric BPXB patients, during soft 

and hard bolus chewing. The rate of RCCs was always increased when the molar region 

was affected by the crossbite, but the difference was significant only in symmetric BPXB 

during soft bolus chewing (p<0.05).
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Table III. Comparison of the rate of RCCs between PBXP patients with and 
without molar crossbite during soft and hard bolus chewing.

A. Symmetric BPXB, with and without molar crossbite

Molar crossbite No molar crossbite p-value

Table III. Comparison of the rate of RCCs between PBXP patients with and without molar 
crossbite during soft and hard bolus chewing.

Soft bolus 40.5% (12-71) 19% (8-51) 0.02*

Hard bolus 58% (25-83) 40% (17.5-69) 0.17

Obervations (N) N=106 N=24

B. Prevalent side of asymmetric BPXB, with and without molar crossbite

Molar crossbite No molar crossbite p-value

Soft bolus 64% (36-90.5) 50.5% (28.5-79.5) 0.39

Hard bolus 83.5% (66.5-97) 55% (44.5-94) 0.11

Obervations (N) N=56 N=8

C. Non-prevalent side of asymmetric BPXB, with and without molar crossbite

Molar crossbite No molar crossbite p-value

Soft bolus 23% (6-40) 21% (5-43) 0.78

Hard bolus 39% (3-68) 23% (11-35) 0.17

Obervations (N) N=35 N=29

Notes: A. symmetric BPXB (left/right sides pooled). B. prevalent side of asymmetric BPXB (left/
right sides pooled). C. Non-prevalent side of BPXB (left/right sides pooled). Mann-Whitney-U 
test, p<0.05*.



	 	 





Rate of RCCs between asymmetric BPXB patients with left and right prevalence of 

malocclusion.


Table IV shows the comparison of the median rates of RCCs between the left and right 

prevalent sides and between the left and right non-prevalent sides of asymmetric BPXB 

during soft and hard bolus chewing. The left prevalent sides (N=36), i.e., the prevalent 

sides in asymmetric BPXB with more teeth in crossbite on the left side, showed a 

significantly higher prevalence of RCCs compared to the right prevalent sides (N=29; 

p<0.05, soft and hard bolus). The left non-prevalent sides (N=36) showed a higher rate 

of RCCs compared to the right non-prevalent sides (N=29), but the difference was not 

significant (soft and hard bolus chewing).
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Notes: Prevalent sides pooled by right and left; non-prevalent sides pooled by right and 
left. Mann-Whitney-U test, p<0.05*.

Soft bolus chewing Right side Left side p-value

Prevalent crossbite side 50% (21-81) 71.5% 
(43.5-92.5)

0.017*

Non-prevalent crossbite side 19% (7-32) 22.5% (4-45.5) 0.45

N=29 N=36

Hard bolus chewing Right side Left side p-value

Prevalent crossbite side 65% (35-94) 89.5% (71-97.5) 0.017*

Non-prevalent crossbite side 21% (13-48) 29% (2-57.5) 0.56

N=29 N=36

Table IV. Comparison of the rate of RCCs between right-prevalent and left-prevalent 
asymmetric BPXB patients during soft and hard bolus chewing.



	 	 


Correlation between the rate of RCCs and the number of posterior teeth in crossbite in 

symmetric and asymmetric BPXB patients.


Spearman correlation analysis showed that the rate of RCCs was positively but 

moderately correlated with the number of teeth in crossbite in symmetric BPXB 

patients (soft bolus chewing, ρ=0.19, p<0.05; hard bolus chewing, ρ=0.27, p<0.01) and 

in asymmetric BPXB patients on the prevalent side (soft bolus chewing, ρ=0.28, p<0.05; 

hard bolus chewing, ρ=0.31, p<0.05), but not on the non-prevalent side. 
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Figure  7. Box-plots showing of the rates of RCCs (%) in the study groups. 


Comparison of the rate of RCCs between bilateral posterior crossbite (BPXB, N=130) and 
malocclusion-free controls (CTR, N=40) during soft bolus chewing (A.) and hard bolus chewing 
(B.). Comparison of the rate of RCCs between symmetrical bilateral posterior crossbite patients 
(S-BPXB-R, pooled right sides; S-BPXB-L, pooled left sides) and asymmetrical bilateral posterior 
crossbite patients (A-BPXB-P, pooled right/left prevalent sides; A-BPXB-NP, pooled right/left non-
prevalent sides) during soft bolus chewing (C.) and hard bolus chewing (D.).


*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001



	 	 


5. DISCUSSION


To the best of the Authors’ knowledge, this is the first study to investigate the 

masticatory function with standardized soft and hard boluses in BPXB patients 

compared to control subjects. This study’s main objective was to assess the 

masticatory function in BPXB by evaluating the rate of RCCs. In this study, Lewin’s 

definition of RCCs was adopted: RCCs are characterized by the inversion of the 

direction of closure of the cycle, and are associated with an abnormal, narrow 

kinematic pattern in the frontal plane and limited lateral displacement of the mandible. 

Occasional RCCs may occur physiologically in malocclusion-free individuals 

(Throckmorton et al.2001, Lewin 1985, Piancino et al. 2016) and confirmed in this 

study by the very low prevalence of RCCs found in the control group, which has no 

clinical relevance. On the other hand, a high prevalence of RCCs is associated with 

masticatory dysfunction and this kinematic condition is characterized by reduced 

activation of the masticatory muscles (Piancino et al. 2016). Unilateral posterior 

crossbite has been thoroughly studied and has been significantly correlated to the 

presence of a high percentage of reverse cycles on the side of the crossbite and 

hypoactivation of the ipsilateral masseter muscle and loss of muscular coordination 

between the sides. The reduced muscular activation and the imbalanced coordination 

between the sides has been shown to be associated with microstructural alteration of 

the masticatory muscles in PXB patients (Cutroneo G et al. 2012, 2016; Isola G et al. 

2018). This altered masticatory activity constitutes a reduction in the functional 

stimulus to growth (Thilander ,1995 ) of the upper maxilla , which is consistent with the 

reduced transversal maxillary dimension that has been shown in patients with BPXB in 

CBCT studies (Miner et al., 2012).
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The results of this study showed that the prevalence of RCCs in BPXB patients was 

significantly increased compared to malocclusion-free controls (p<0.0000). The median 

rate of RCCs in BPXB was high (soft bolus chewing: 36.5% (12-68); hard bolus chewing: 

56.5% (22-84)), but very low in control subjects (soft bolus chewing: 3% (0-6); hard 

bolus chewing: 0% (0-4)). Furthermore, the rate of RCCs in BPXB patients was 

significantly increased during hard bolus chewing compared to soft bolus chewing 

(symmetric BPXB, left and right sides, p<0.001; N=65; asymmetric BPXB, prevalent side, 

p<0.00001; non-prevalent side, p<0.05; N=65). The very high rate of RCCs found in this 

study suggests a serious alteration of the masticatory function in BPXB.


Following the results that showed a high prevalence of RCCs in BPXB patients, it was 

investigated whether the symmetric or asymmetric occlusal features on the two sides 

of the dental arches could have an effect on the rate of RCCs in BPXB patients. For this 

reason, the BPXB group was divided between patients with an occlusally symmetric 

malocclusion (i.e., the same number and type of posterior teeth in crossbite, N=65) 

and patients with an occlusally asymmetric malocclusion (i.e. a different number of 

posterior teeth in crossbite, N=65). The results showed that in symmetric BPXB there 

was no significant difference in the rate of RCCs during chewing between the left and 

right sides. On the contrary, in asymmetric BPXB patients the rate of RCCs during 

chewing on the prevalent side (i.e. the side with more posterior teeth in crossbite, left/

right pooled) was significantly increased compared to the non-prevalent side (left/right 

pooled, p<0.00001). These results indicate that the masticatory function was altered in 

all BPXB patients but was differently affected by symmetric or asymmetric occlusal 

features.
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Further comparison of symmetric and asymmetric BPXB patients showed that the rate 

of RCCs in symmetric BPXB was significantly reduced compared to the prevalent side 

(left/right pooled) of asymmetric BPXB (soft bolus: left side p<0.05, right side p<0.0001; 

hard bolus: left side, p<0.05; right side, p<0.00001). Moreover,  the rate of RCCs in 

symmetric BPXB was increased compared to the non-prevalent side (left/right pooled) 

of asymmetric BPXB, although this difference was significant only during chewing on 

the left side of symmetric BPXB (soft bolus, p<0.001; hard bolus: p<0.0001) and there 

was a tendency (p=0.071) during chewing on the right.


The observed differences in the rate of RCCs between symmetric and asymmetric BPXB 

may be explained, at least in part, by the number of posterior teeth in crossbite, which 

was found to be positively (albeit not strongly) correlated with the rate of RCCs. The 

prevalent side (left/right pooled) of asymmetric BXPB showed, on average, a higher 

number of posterior teeth in crossbite, followed by the left and right sides of 

symmetric BPXB and, lastly, by the non-prevalent side (left/right pooled) of asymmetric 

BPXB.


In a study on UPXB, Tomonari et al. (2014)  described a significant association between 

RCCs prevalence and the occlusal position of the teeth in crossbite (molar, premolar or 

anterior). An increased prevalence of RCCs when the molar region was affected was 

observed in the present study as well, even though it was significant only in symmetric 

BPXB patients during soft bolus chewing (p<0.05). The comparison between the 

patients with and without the molar region in crossbite suffered from a very 

unbalanced group composition in both symmetric BPXB and asymmetric BPXB 

(prevalent sides), which may be the reason why no significance was found even though 

the median rates between the groups were quite different. These differences in the 
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distribution of cases with and without molar crossbite may be characteristic of the 

malocclusion, which becomes more prevalent in the mixed dentition, with the eruption 

of the permanent molars and the lengthening of the dental arches in the context of 

increasing discrepancy between the growth of maxillae and the mandibular bases3,4,6. 

Very interestingly, however, the comparison between the non-prevalent sides of 

asymmetric BPXB showed very similar rates of RCCs, regardless of the presence or 

absence of molar crossbite, with well-balanced group sizes.


In their study on the masticatory kinematics of crossbite patients, Nie et al. found a 

greater prevalence of reverse patterns on the left side of BPXB compared to the right 

sides (Nie et al. 2010), but no information was given as to the occlusal symmetry or 

asymmetry the malocclusion and a different definition of reverse chewing patterns was 

used. The present study found that the rate of RCCs was significantly increased on the 

left prevalent sides compared to the right prevalent side (p<0.05, soft and hard bolus) 

in occlusally asymmetric BPXB, and that it was increased on the left non-prevalent 

sides compared to the right non-prevalent sides, although this difference was not 

significant. Moreover, the rate of RCCs was increased during chewing on the left side of 

occlusally symmetric BPXB patients, albeit not significantly. Directional asymmetries, 

intended as a systematic trend towards an increased dimension of one side in a sample 

or population, have been previously reported between the dental arches, with 

increased arch dimensions on the left side, independently of Angle class relationship, 

and are generally explained as compensatory adjustments to right-sided dominance 

during growth(Harris et al. 2007, Keles et al. 1997). Asymmetric dental malocclusions 

such as unilateral Angle class II and unilateral posterior crossbite have been found to be 

more prevalent in nonright-sidedness (Heikknen et al. 2004, 2005),  and chewing side 

preference has been found to be positively but weakly associated with functional 
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sidedness in the mixed dentition ( Barcellos et al. 2012). The results of the present 

study suggest that the masticatory function may show a degree of directional 

asymmetry: the masticatory function might be, on average, more susceptible to be 

disrupted on the left side in patients with BPXB. It would be interesting to investigate if 

the increased rate of RCCs on the left side, particularly in occlusally asymmetric BPXB, 

could predispose to a higher relapse rate of this malocclusion. 


The main limitation of this study was that only the rate of RCCs was considered due to 

the important data volume and to the fact that these results have never been 

published in the scientific literature. Another limitation of this study is that the 

functional sidedness among the participants was not recorded.


Knowing that the muscular activation is altered in RCCs, as a future direction of the 

study, the masticatory muscles will be investigated in BPXB, together with the 

kinematic parameters of the chewing patterns.


6. CONCLUSIONS


The following conclusions on the masticatory function in BPXB patients may be drawn 

from the results of this study: 


1. The rate of RCCs in BPXB was significantly (p<0.0000) increased compared to 

subjects without the malocclusion, indicating that the masticatory function is 

altered in BPXB. 


2. The masticatory function was differently affected by symmetric or asymmetric 

occlusal features of the malocclusion: in occlusally symmetric BPXB, the rate of 

RCCs showed no significant difference between the sides, whereas in occlusally 
	 	  



67



	 	 


asymmetric BPXB the side with more teeth in crossbite showed a significantly 

higher rate of RCCs compared to the side with fewer teeth in crossbite. 


3. The rate of RCCs was positively but moderately correlated with the number of 

posterior teeth in crossbite.


4. There might be a component of directional asymmetry in the masticatory 

function of BPXB patients.
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