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ABSTRACT 

After facial deformity surgery, long-term skeletal stability relies heavily on the 

structural and functional adaptation of the facial muscles. If these muscles, particularly 

the pterygo-masseteric sling comprising the masseter and medial pterygoid, cannot adjust 

to post-surgical changes in length or orientation, they may exert undesirable forces on 

their attachments. This failure to adapt can cause skeletal instability and compromise 

surgical outcomes. While treatment options have expanded to include myofunctional 

appliances for children and orthognathic surgery for adults, a fundamental principle of 

adult surgery is avoiding the stretching of the pterygomasseteric sling, which increases 

the risk of relapse. If muscles revert to their original functioning length faster than they 

can adapt organically, or if their attachments migrate, bone resorption can occur due to 

inadequate muscle support. Consequently, capturing functional adaptation accurately 

requires multiple sophisticated assessment measures. 

Academic support from UCL Eastman Dental Institute helped identify the project 

topic, structure the four developments presented, define repeatability tests, and conduct 

pilot studies. Technical support from CEiiA supervised the construction of two devices 

used in Phase 1: the Occlusal Force Diagnostic System and the Bite Training Machine. 

The development of the MRI protocol at the John Radcliffe Hospital - MRI Centre, 

presented in Phase 3, enabled the identification and visualisation of muscle fibres and 

their orientation. The Medical, Dental, and Surgical Center – Clitrofa, Portugal provided 

clinical support by selecting patients, performing surgical interventions, and conducting 

follow-ups for the four phases presented. 

The selected patients for the pilot and follow-up studies underwent a bimaxillary 

osteotomy, combining a maxillary Le Fort I impaction procedure and a sagittal split 

advancement of the mandible. 

Future studies with larger patient cohorts are actively assessing surgical efficacy 

further. These evaluations will increasingly employ ultrasonography, a portable, 

radiation-free method that provides real-time, cross-sectional assessment of soft-tissue 

thickness and adaptation. 
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PREFACE 

My journey in Oral and Maxillofacial Surgery began over twenty-seven years ago 

when I had the opportunity to train in this field. I earned a Master of Science degree in 

Oral and Maxillofacial Surgery from the Eastman Dental Institute at University College 

London (UK). The clinical and research experience gained during my studies amplified 

my interest in orthognathic surgery and its surgical management. 

In pursuit of innovation, I expanded my professional horizons by completing a 

Master’s in Laser Dentistry at the Laser & Health Academy in Ljubljana (Slovenia) and 

a second Master of Science degree in Laser Dentistry at the Catholic University of Sacred 

Heart in Rome (Italy). 

As Clinical Director and Oral Surgeon Specialist recognised by the Portuguese 

Dental Association (OMD), I lead a private clinic in Trofa (Portugal), specialised in Oral 

and Maxillofacial Surgery and Oral Implantology. 

Recently, I had the opportunity to participate in a research project that explored 

advanced methods for measuring muscle structure and function. This project specifically 

focused on the importance of muscle adaptation for the effectiveness of therapeutic 

approaches in orthognathic surgery. I believe that assessing masticatory function requires 

multiple evaluation methods; therefore, it is essential to take simultaneous measurements 

whenever possible. 

The studies conducted over the past ten years have afforded me the opportunity 

to deserve recognition and obtain some awards, examples of which are: In 2019, 

“Portuguese of Value” prize by Lusopress, a company based in Paris that aims to 

recognise and reward Portuguese personalities who stand out in various areas of 

professional activity. In 2022, “Honorary Academic” of the Brazilian Academy of 

Dentistry and in 2023, “Personality of the Year” by the Brazilian Society of Dentistry and 

Integrative Health. 

This thesis presents new insights from 12 publications that focus on evidence-

based findings in the diagnosis, therapy, and prognosis of orthognathic surgery. The 

commentary is organised into an introduction and a literature review, followed by four 

chapters that explore studies on the structure (occlusal force and occlusal pressure) and 
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function (area/volume and biomodelling) of the masseter muscle following orthognathic 

surgery. The thesis concludes with an integrated discussion, conclusion, and summary. 

At the end of each chapter, all peer-reviewed research articles included in this thesis are 

presented, along with my contributions to each article and their citation metrics. 

I believe that this body of published work, entitled “Masseter Muscle Adaptation 

Following Orthognathic Surgery”, contributes to knowledge in this field and raising the 

profile and status of clinical evidence-based research.  
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INTRODUCTION 

Orthodontic and surgical technical advances in the last 10 years have created 

treatment opportunities for a wide range of craniofacial skeletal disorders, in both 

adolescent and adult patients. In growing children, interventions may include 

myofunctional orthodontic appliance therapy or distraction osteogenesis procedures, 

whereas in adults, the mainstay approach typically involves orthognathic surgery.  

The literature agrees that, for a change in craniofacial morphology to remain 

stable, the muscles acting on the facial skeleton must be capable of adapting their structure 

and, therefore, their function (Noden, 2006). Failure of the muscles to adapt to the change 

in their length or orientation will place undesirable forces on the muscle attachments, 

leading to potential instability of the skeleton. Adaptation can occur through various 

processes, including those within the neuromuscular feedback mechanism, through 

changes within muscle structure, through altered muscle physiology, and changes at the 

muscle/bone interface. 

Post-surgical stability is a key measure of a surgical procedure’s effectiveness, as 

it directly reflects the ability to maintain desired outcomes over time, whether in the short 

term or long term following surgery. During the first post-surgical year, the surgical 

movements can be placed in four groups, ranging from highly stable to problematic. The 

procedures typically used to treat Class II/long face problems are quite stable in the first 

year; the procedures typically used to treat Class III problems are less so. A surprisingly 

large number of patients experience skeletal changes from one to five years post-surgery, 

when healing is complete, and in that time frame, clinically relevant (>2 mm) changes are 

more likely in Class II/long face patients than in Class III patients. Fewer patients exhibit 

long-term changes in dental occlusion than in skeletal structures because adaptive 

changes often occur in the dentition as skeletal changes occur. In both the post-surgical 

and post-treatment periods, most changes occur in a minority of patients, so it is better to 

consider the percentage of patients with clinically significant changes than the mean 

change. The database makes it clear that clinically satisfactory results can be obtained 

and maintained long-term in the great majority of orthognathic surgery patients, but the 
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differences among various directions of movement must be considered when treatment is 

planned (Proffit et al., 2007). 

It is now accepted that because there is no single method for assessing masticatory 

function, several measures should be taken, and whenever possible, simultaneously (Hunt 

et al., 2006). However, the literature lacks studies that simultaneously evaluate 

masticatory function using multiple methods, thereby justifying this project. 

This research project was designed to apply several newly developed, more 

sophisticated methods for measuring muscle structure and function to a situation in which 

muscle adaptation is pivotal to the success of a therapeutic approach.  

This pilot investigation was subdivided into 4 phases: 

Phase 1: Measurement of occlusal force  

One of the primary objectives of orthognathic treatment for patients with 

dentofacial deformities is to enhance masticatory function and aesthetics. Numerous 

studies have documented masticatory function, including bite force, occlusal contact and 

masticatory efficiency, in patients with mandibular prognathism before and after 

orthognathic surgery (Harada et al., 2000; Nagai et al., 2001), but few reports compared 

the results with those in controls with normal occlusion (Nagai et al., 2001). There have 

also been a few studies that involved the evaluation of these parameters at the initial 

medical consultation for patients undergoing orthognathic surgery (Thomas et al., 1995). 

However, no reports have simultaneously assessed the relationships between bite force, 

occlusal contact, and masticatory efficiency in patients with mandibular retrognathia 

compared to controls with normal occlusion. 

Phase 2: Measurement of occlusal pressure 

Despite its importance, pressure often receives very scant attention. Bite force has 

been used to evaluate masticatory function in patients before and after orthognathic 

surgery (Ellis et al., 1996). Usually, it has been measured using a custom bite-force 

transducer, however tactile pressure-sensor films are an accurate, efficient, and 

inexpensive method to determine pressure. These films offer the converting industry an 

opportunity to determine both the distribution and the magnitude of most operations in 

which pressure is important (Ellis et al., 1996). 



INTRODUCTION & LITERATURE REVIEW  

15 

 

Phase 3: Use of Magnetic Resonance Imaging (MRI) to individualise the 

masseter muscle and measure its area and volume 

MRI is increasingly used to study the structure of human skeletal muscle in health 

and disease (Clague et al., 1995). MRI offers information on the muscular system in vivo, 

by directly measuring muscle structure with non-ionising radiation. Computer-based 

image analysis systems can quantify the composition of contractile and noncontractile 

(fat or connective tissue) components of human muscles (Clague et al., 1995). As various 

clinical conditions can alter the relative proportions of contractile and noncontractile 

tissue components in human muscle, quantifying these components is of great value 

(Holmbäck et al., 2002). 

The MRI machine used was a Sigma MR/I Twinspeed from GE Medical Systems. 

To standardise the scanning process, a scanning protocol was developed and applied that 

describes the preferred imaging parameters and provides the imaging technician with an 

area to note specifics. Specifications of the applied protocol: T1-FSE (Fast Spin Echo) is 

a rapid type of image contrast that highlights fat, weighted images and is excellent for 

showing anatomical details and, with contrast agents, detecting inflammation or tumors. 

3D Cor T1 Se (3D Coronal T1 Spin Echo): A three-dimensional scan taken from a front-

to-back perspective (coronal) using spin echo, which provides high-resolution anatomical 

detail. The patient must remain completely still during the scan; if the patient moves 

during the scan, it will need to be repeated. Only the original fine slice data must be used 

in the software; reformats will not be accepted. Fine overlapping slices must be used, with 

a thickness of 1 mm (or nearest to) and a spacing of 0.8 mm. The objective was to extract 

the muscle from the image (margin identification, extract the muscle across the 3 spatial 

planes, and calculation of area and volume). For the results, the image with the largest 

muscle area was used. The software allows the correction of limits at any time, which 

gives the observer the capacity of double-check the entire process. 

Phase 4: Analysis of Bio-modelling of the masseter muscle 

Bio-modelling is the generic term describing the ability to replicate the 

morphology of a biological structure in a solid substance. Specifically, bio-modelling has 

been defined as “the process of using radiant energy to capture morphological data on a 

biological structure and the processing of such data by a computer to generate the code 
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required to manufacture the structure by rapid prototyping apparatus”. A biomodel is the 

product of this process, and virtual reality is the generic term coined for the visualisation 

medium (D’Urso et al., 1999). The goal was to develop the system and software to 

produce accurate and reproducible data for masticatory muscles, which not only provided 

data for muscle area and volume, but also was of sufficient detail to enable analysis of 

muscle fibre orientation of masseter muscle. The masseter muscle displays a penniform 

structure typically characterised by the presence of alternating muscular/aponeurotic 

layers. The anatomical sections and the MRI section in the same plane allowed the 

appearance of the intramuscular aponeurotic layers on the MRI to be defined. 

A study group of 10 patients attending the combined orthodontic/orthognathic 

surgery outpatient clinic of Medical, Dental and Surgical Center - Clitrofa, in Trofa, 

Portugal, were selected for the present study by a convenience non-probability sampling 

method. All the selected patients present skeletal class III malocclusion characterised by 

a concave facial profile with lower lip protrusion or upper lip retrusion or a combination 

of the two. The most consistent characteristics of skeletal class III malocclusion seem to 

be the dental Angle’s class III canines and molars, the presence of anterior cross-bite, and 

retroclined mandibular incisors. 

Patients scheduled for a bimaxillary osteotomy, combining a maxillary Le Fort I 

impaction procedure with sagittal split advancement of the mandible were selected to 

form the study group. Vertical moves of 2 mm for minor, 4 mm for intermediate, and 

6 mm for major impactions are appropriate for all cases. These three categories also 

simplify the decision-making process. Before surgery, all patients signed their informed 

consent form. The inclusion criteria were as follows: All patients presenting the joint 

orthodontic/orthognathic clinic for orthognathic surgery and who accepted the treatment. 

Diabetic patients were included but noted. The exclusion criteria were as follows: Patients 

who gave a history of myopathies, endocrine disorders, connective tissue disorders, 

autoimmune diseases, bone disease, bleeding disorders, and regular use of prescribed 

drugs were excluded from the study. 

Ethical approval: This project has approval from the Joint Research & Ethics 

Committee of UCL Hospitals NHS Trust, Reference No.03/E012. 
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Data registration: This project is covered by the UCL Data Protection Registration 

Reference No. Z6364106, Section 19, Research: Health Research. 
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LITERATURE REVIEW 

Muscle Structure and Organisation 

From infancy to old age, significant changes occur in both the quality and quantity 

of the skeletal muscles (Jones & Round, 1990). The skeletal muscle is developed from 

myoblasts, and the number of fibres in each human muscle is more or less, set at birth 

(Saltin & Gollnick, 1983). Muscle fibres, also called muscle cells, are the individual cells 

that make up skeletal muscle tissue, while myofibrils are the smaller contractile units 

within these fibres, composed of repeating sarcomeres that facilitate muscle contraction 

(Goldspink, 1976). Neural influences are necessary for the differentiation and postnatal 

growth of the muscle fibres. As the muscles grow in size and strength, there is an increase 

in the diameter and length of the individual muscle fibres (Schmalbruch, 1985). The 

circumferential growth occurs due to the addition of myofibrils (Saltin & Gollnick, 1983), 

while longitudinal growth and adaptation primarily happen through the addition of 

sarcomeres (a structural unit of a myofibril in striated muscle, consisting of a dark band 

and the nearer half of each adjacent pale band) in series at the ends of the myofibrils 

(Goldspink, 1976). During puberty, the increase in muscle bulk is particularly rapid; 

thereafter, adult muscle fibre cross-sectional areas are reached, with generally larger sizes 

seen in men compared to women (Jones & Round, 1990). 

Sex steroids, growth hormones, and physical activity all play important roles in 

maintaining muscle mass throughout life (Shahid et al., 2024). Inactivity can lead to 

muscle atrophy, while regular training promotes muscle hypertrophy by increasing the 

diameter of individual muscle fibres (Dons et al., 1979; Saltin & Gollnick, 1983; 

Schmalbruch, 1985). The muscle enzymes responsible for energy are released during 

anaerobic and aerobic muscular effort and the number of capillaries adapt to the 

prevailing level of activity (Howald, 1982; Saltin & Gollnick, 1983). However, excessive 

use of muscles, characterised by prolonged activity and high-intensity contractions 

without adequate rest, can result in local ischemia, increased cell membrane permeability, 

oedema, and ultimately cellular damage (Astrand & Rodahl, 1986; Edwards, 1988; 

Sjøgaard et al., 1988). With necrosis of muscle tissue, fibrosis may take place, as well as 

regeneration of muscle fibres from satellite cells, i.e., resting myoblasts (Schmalbruch, 

1985), which also contribute to the muscle growth (Goldspink, 1976). 
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Muscle mass and overall strength gradually decline during and after the fifth 

decade of life (Grimby & Saltin, 1983). This decline is particularly pronounced in women 

following menopause, while men experience a less severe reduction until around the age 

of 60, after which the decrease may be even more significant than in women (Grimby & 

Saltin, 1983; Jones & Round, 1990).  The age-related wasting of muscle is partly caused 

by atrophy of muscle fibres (Grimby & Saltin, 1983; Saltin, 1989). Although ageing 

processes in muscles are inevitable, they can be mitigated by exercise and physical 

activity up until the age of 80, which help keep the remaining muscle fibres functionally 

healthy (Klitgaard et al., 1990a). Thus, one condition for maintaining the function of the 

masticatory muscles is a dentition without significant tooth loss (Feldman et al., 1980). 

 

Muscle Fibres (Muscle Cells) 

The muscle fibres are cylindrical or spindle-shaped cells with considerable 

variation in size (10-100 m) and length (1-200 mm); some fibres such as those in the 

sartorius muscle of the thigh, can be up to 30 cm long. This variation occurs not only 

between different muscles in the body but also among individuals, influenced by factors 

such as hormones (Saltin & Gollnick, 1983; Astrand & Rodahl, 1986; Jones & Round, 

1990). The average diameter in adult jaw elevator muscles ranges from 20 to 60 m 

(Eriksson & Thornell, 1983), and the length from about 15 to 40 mm (Schumacher, 1961). 

Between the muscle fibres is the endomysium, a thin connective-tissue matrix, with a 

supply of capillaries, of which the density in the jaw muscles is considered to be high and 

uniform (Taylor, 1976). From 10 to more than 100 fibres are bundled in fascicles by a 

thicker layer of connective tissue, the perimysium, while the entire muscle is encased in 

the epimysium, a dense connective tissue layer that protects the muscle and merges with 

the tendinous insertions to the bone (Jones & Round, 1990). The tendinous structure of 

the jaw-closing muscles is complex and large (Schumacher, 1961). 

Based on myosin-ATPase staining of muscle sections at pH 9.4, muscle fibres are 

classified into two main types (Taylor, 1976; Buchthal & Schmalbruch, 1980). Type I 

fibres are characterised by lighter staining and low ATPase activity, which are typically 

associated with longer contraction times (slow twitch) and fatigue resistance. In contrast, 

Type II fibres exhibit darker staining and higher ATPase activity, correlating with rapid 
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contraction times (fast twitch) and greater fatigability. Type II fibres can be further 

subclassified into types IIA, IIB, and IIC (Tuxen et al., 1992), and IIB is taken to be more 

rapidly fatigued than IIA (Buchthal & Schmalbruch, 1980; Schmalbruch, 1985). There is 

a genetic basis for fibre composition of the muscles in the body (Gollnick & Matoba, 

1984), and the main fibre differentiation is completed at about one year of age (Saltin & 

Gollnick, 1983). However, a training-induced adaptation in the fibre type distribution 

between subgroups may occur, especially from IIB to IIA (Buchthal & Schmalbruch, 

1980; Howald, 1982, Klitgaard et al., 1990b). This is probably due to a shift in the 

preponderance of one isoform of heavy-chain peptides in the myosin molecule to another 

with different contractile properties (Saltin, 1989; Klitgaard et al., 1990a; Klitgaard et al., 

1990b). 

In the jaw-closing muscles, there is a significant difference in the diameters of 

type I (40-60 m) and type II fibres. Type II is much smaller (20-30 m) (Eriksson & 

Thornell, 1983; Tuxen et al., 1992), and fibres with ATPase activity intermediate to types 

I and II are frequent. Type I fibres predominate, most markedly in the masseter muscle 

(70-80%) (Eriksson & Thornell, 1983; Tuxen et al., 1992) and to a lesser extent in the 

temporalis muscle (52-90%) (Eriksson & Thornell, 1983). However, the distribution 

varies slightly among the masticatory muscles and in different parts of the muscles 

(Eriksson & Thornell, 1983). The fibre size and distribution seem to influence elevator 

muscle strength during biting and chewing, as positive correlations have been shown 

between the diameter of type II fibres and bite force (Ringqvist, 1974), and between the 

area and diameter of type I fibres and the amplitude of chewing activity (Bakke et al., 

1993). Histochemical analysis of muscle fibres, demonstrating the activity of the enzyme 

adenosine triphosphatase, clearly distinguishes between type I and type II fibres. It also 

indicates the presence of some fibres in an intermediate category, referred to as type IIx 

fibres. Type IIx fibres or fast-glycolytic fibres are the largest, fastest-twitching skeletal 

muscle fibres in humans, designed for explosive, high-intensity, short-duration power 

output. They rely on anaerobic metabolism (glycolysis) rather than oxygen, making them 

highly fatigable, with low mitochondrial density and high myosin ATPase activity 

(Ringqvist, 1974; Schiaffino et al., 1989). 

Voluntary skeletal muscle requires innervation for contraction. A single nerve 

may innervate a single muscle fibre (fibre control) or, through branching, connect to as 
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many as 160 or more muscle fibres. Regardless of the pattern, this arrangement is known 

as a motor unit. Innervation happens at a structure called the motor end plate. At the site 

of innervation, the nerve loses its myelin sheath, although the Schwann cell covering 

remains intact. The nerve terminal forms a dilated ending that fits into a corresponding 

depression on the muscle fibre surface, creating the neuromuscular junction. Between the 

nerve ending and the sarcolemma lies the synaptic cleft, across which neurotransmitters 

are released to initiate muscle contraction. The sarcolemmal surface at this junction is 

organised into junctional folds, which increase the surface area for receptor density and 

enhance signal transmission efficiency. Each motor unit innervates muscle fibres of a 

single type, ensuring coordinated contraction (Wheater et al., 1985). 

Two important neuronal structures associated with the muscle need to be 

described: the muscle spindle and the Golgi tendon organ. Muscle spindles and Golgi 

tendon organs are both sensory receptors involved in proprioception, which is the sense 

of the position and movement of the body. They monitor different aspects of muscle 

function and provide feedback to the nervous system (Zarb et al., 1994; Price et al., 1998). 

The muscle spindle is an encapsulated proprioceptor that detects changes in 

muscle length. It consists of a connective tissue sac approximately 5 mm long and 0.2 

mm in diameter, containing 2 to 12 specially adapted muscle fibres known as intrafusal 

fibres. These intrafusal fibres are narrower than the extrafusal fibres and come in two 

forms. The first type is called a nuclear bag fibre, so named because many nuclei are 

concentrated in the fibre. The second type is called a nuclear chain fibre, as the nuclei are 

aligned in a single row. The nuclear bag fibre receives afferent innervation from a nerve 

that spirals around it, known as the primary afferent. The nuclear chain receives afferent 

innervation from two sources: the primary afferent, which supplies the central regions of 

the chain fibres, and a secondary supply that terminates on each side of the primary 

ending. It is believed that the primary ending is responsible for detecting both the degree 

and rate of stretch, while the secondary afferent responds only to the degree of stretch. 

Additionally, the intrafusal fibres of the muscle spindle retain their afferent nerve supply 

(Zarb et al., 1994). In contrast, Golgi tendon organs are located at the junction between 

muscles and their tendons or aponeuroses, where they exert their pulling force. They are 

about half the size of a muscle spindle and consist of a capsule surrounding a group of 

collagen fibrils. The afferent nerve breaks up within the capsule, and the terminal fibres 
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ramify between the collagen bundles. The nerves are stimulated by tension between the 

collagenous bundles when the tendon is under compression (Zarb et al., 1994; Price et 

al., 1998). It has been argued that the relatively high proportion of type IIC and IM fibres 

in the muscles of mastication indicates that such fibres are permanent residents in the 

masticatory muscle, suggesting special functional characteristics for them. The 

relationship between fibre character and its innervation is significant and merits further 

exploration (Zarb et al., 1994; Price et al., 1998). The periodontal ligament (PDL) acts as 

a crucial sensory organ, containing specialized mechanoreceptors that function as tension 

and pressure sensors to provide proprioceptive feedback for the masticatory system. 

These receptors are vital for coordinating jaw movement, providing unique feedback 

mechanisms that complement, rather than simply mimic, the feedback from the 

temporomandibular joint (TMJ) capsule (Proske & Gandevia, 2012). The TMJ capsule is 

a key receptor, providing information on the joint’s position (joint position sense). 

However, the PDL provides immediate, high-resolution feedback on occlusal forces, the 

pressure exerted on the teeth themselves. While the TMJ capsule provides info on jaw 

position (joint angle), the PDL tells the brain what is happening to the teeth. This is 

crucial for regulating the biting force, which is particularly sensitive to PDL health 

(Proske & Gandevia, 2012). 
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Fig. 1 - Structural levels within a skeletal muscle. The enzyme adenosine triphosphatase 

is located in the heads of the myosin myofilaments (Hunt, 1998). 
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Macrostructure of the Masseter Muscle 

The mandibular elevators, particularly the temporalis and masseter, are the largest 

and strongest masticatory muscles (Schumacher, 1961). 

The masseter muscle is a quadrilateral muscle, with three layers blended 

anteriorly, and the fasciculi have a multipennate arrangement with three to five tendinous 

septa (Schumacher, 1961). The superficial layer is the largest and attached by a thick 

aponeurosis to the maxillary process of the zygomatic bone and the anterior two-thirds of 

the inferior border of the zygomatic arch. It descends posteriorly to the mandibular angle 

and lower posterior half of the lateral surface of its ramus; intramuscular tendinous septa 

in this layer mark the ramus. The middle layer extends from the medial aspect of the 

anterior two-thirds of the zygomatic arch and the lower border of its posterior third to the 

central part of the mandibular ramus. The deep layer arises from the deep surface of the 

zygomatic arch and extends to the upper part of the mandibular ramus and its coronoid 

process (Williams et al., 1989). Together, the middle and deep layers make up the deep 

part (MacDougall, 1955). 

 

General Muscle Growth 

The dimensions of the muscles in living adults have been assessed by 

computerised tomography, magnetic resonance imaging and ultrasound scanning. The 

cross-sectional thickness is just under one cm for the masseter muscle (Raustia et al., 

1986; Bakke et al., 1992) with a 15-50% increase during contraction (Kiliaridis and 

Kälebo, 1991; Bakke et al., 1992). Cross-sectional areas have been determined to be 

approximately five cm2 for the temporalis, six cm2 for the masseter, and about four cm2 

for the medial pterygoid muscle (Weijs & Hillen, 1986; Gionhaku & Lowe, 1989; 

Hannam & Wood, 1989; van Spronsen et al., 1989). Estimates of the physiologic 

muscular cross sections, i.e., the total cross-sectional area of all fibres, are larger, about 

11, 9, and 6.5 cm2, respectively (Weijs & Hillen, 1986). The corresponding value for the 

brachial biceps is about 10.5 cm2 (Saltin & Gollnick, 1983). 

The primary factor determining overall muscle strength is the physiological cross-

sectional area. Approximately 50% of the intraindividual variation in strength can be 
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explained by differences in muscle size (Astrand & Rodahl, 1986; Jones & Round, 1990). 

In jaw-closing muscles, both thickness and area have been linked to strength and activity-

related variables. These variables include sex, growth, ageing, bruxism, as well as, 

skeletal shape and occlusion (Newton et al., 1987; van Spronsen et al., 1989; Sasaki et 

al., 1989; Kiliaridis & Kalebo, 1991). 

 

Development and Ageing 

Generally, muscle fibres attach directly to bone or cylindrical, ovoid, or elongated 

tendons. Complex skeletal muscles often contain large internal aponeuroses (comprising 

sheets of compact collagen fibres) to which muscle fibres attach, and it is common for 

these aponeuroses to differ in orientation and size within the same muscle. Fibres may lie 

parallel to the line of action of the muscle if it is simple, or at angles to its internal 

aponeuroses if it is complex. In the latter case, the muscle adopts a feather-like (or 

“pennate”) appearance, with fibres radiating at narrow angles from each aponeurosis. 

Fibres in parallel-fibred muscles produce only translational motion. Those in pennated 

muscles must rotate about their attachments, increasing their pennation angle as they 

shorten, and the attached tendon or tendon sheet translates in the desired direction. When 

one of the attachments is to a tendon sheet and the other to an area of bone, translation 

and rotation of both bone and aponeurosis are possible due to the action of an induced 

force couple (Zarb et al., 1994; Trawitzki et al., 2011). 
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Masseter Muscle Function 

Altered muscle function is implicated in the aetiology of vertical facial 

deformities. The contractile properties of skeletal muscle are largely determined by the 

expression of various myosin heavy chain (MyHC) isoforms, and the specific pattern of 

MyHC gene expression serves as an indicator of the muscle’s phenotype and functional 

capacity (Raberin, 2000). Two extremes of vertical facial forms have been described: 

Long Face Syndrome and Short Face Syndrome (Opdebeeck & Bell, 1978). The Long 

Face Syndrome (LFS) is characterised by the clinical and radiographic features of 

Fig. 2 - Lateral and frontal views of mean displacement trajectories for four attachment sites of the masseter 

muscle when four jaw movements are made towards the dental intercuspal position. In each case, the initial 

jaw locations are the turnaround points between jaw opening and closing during chewing when the muscle 

is on the working (W) and the balancing (B) sides, in edge-to-edge incisal contact (I), and at 10 mm 

interincisal separation in the midline (10). The apex of each cluster represents the intercuspal position. 
Different trajectories for the same act are evident in different muscle regions, and each act causes a given 

attachment site to move differently. The outlines of intramuscular aponeuroses are shown in the frontal 

projection. From this aspect, jaw muscle fibres are poorly aligned to displace the ramus during working-

side movements (W), since they run approximately perpendicular to the line of movement. Nevertheless, 

they can still contribute to bite force by coactivation with other muscles. The data shown were derived from 

simulations in 14 adult skulls, and are reproduced from Tonndorf (Zarb et al., 1994). 
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increased lower anterior face height, an increased maxillary/mandibular plane angle, an 

increased gonial angle, and a tendency toward anterior open bite. The Short Face 

Syndrome (SFS) exhibits the opposite features, including a reduced lower facial height 

and a decreased mandibular plane angle. These morphological differences reflect distinct 

craniofacial growth patterns, where LFS is associated with downward and posterior 

growth rotation of the mandible, while SFS is linked to anterior growth rotation (Björk, 

1969). A significant proportion of the patients presenting with extreme vertical facial 

discrepancies require surgery to correct their jaw relationship, for both functional and 

cosmetic reasons. The two are often inextricable, as the severe skeletal deformity causes 

significant, chronic functional deficits that, if left untreated, lead to long-term health 

issues and low quality of life, alongside obvious aesthetic concerns (Proffit & White, 

1990; Trawitzki et al., 2010). It has been proposed that the muscles of mastication are 

important determinants of vertical facial growth (Ingervall & Thilander, 1974; Invergall 

& Helkimo, 1978; Kiliaridis et al., 1985). Studies of masseter muscle function have 

shown significant differences between LFS and SFS subjects concerning 

electromyographic (EMG) activity and the magnitude of maximum voluntary bite force; 

SFS subjects demonstrate higher EMG activity and exert greater bite forces than LFS 

subjects (Ahlgren, 1966; Sassouni, 1969; Ingervall & Thilander, 1974; Proffit et al., 1983; 

Ferrario & Sforza, 1996). Whether the observed differences in muscle function are 

primary causal factors or are secondary to the development of vertical facial form (Proffit, 

1978; Kiliaridis et al., 1989). Furthermore, changes in vertical facial form have been 

induced by either increasing or decreasing the normal activity of the elevator muscles 

during postnatal growth (Kiliaridis et al., 1985; Ingervall & Bitsanis, 1987). 

The molecular motors responsible for muscle contraction are the myosin heavy 

chains (MyHC), which are found in the myofibrillar apparatus of muscle fibres 

(Schiaffino & Reggiani, 1996). Muscle fibres serve as the functional and contractile 

components of muscle, and their physiological properties are largely determined by 

various MyHC isoforms, distributed among fibres with different contractile 

characteristics. The masseter muscle differs from other somatic skeletal muscles in the 

variety of MyHC isoforms expressed in adult muscle (Thornell et al., 1984; Sciote et al., 

1994). Myosin heavy chains are encoded by a multigene family, and the principal adult 

isoforms found in human skeletal muscle include the slow or ß-cardiac, IIa, and IIx 
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MyHCs, which correspond to type I, type IIa, and type IIb fibres, respectively (Schiaffino 

& Reggiani, 1996). A human counterpart to the IIb MyHC isoform identified in rats and 

other species has yet to be discovered (Smerdu et al., 1994). Furthermore, the adult human 

masseter expresses embryonic, perinatal, and α-cardiac MyHCs (Soussi-Yanicostas et al., 

1990). 

A few studies examining the distribution of fibre type in the muscles of subjects 

with extremes of vertical facial form suggest that the contribution of different fibre 

components to the masseter phenotype may vary between normal subjects and those with 

vertical facial deformity (VFD). Research comparing the distribution of fibre types and 

cross-sectional areas in biopsies of the anterior deep masseter has shown that individuals 

with long facial syndrome (LFS) have a reduced proportion of type II fibres in the total 

cross-sectional area (Boyd et al., 1984; Hunt, 1992). In contrast, subjects with short facial 

syndrome (SFS) either show no significant differences compared to a control group 

(Hunt, 1992) or exhibit an increased contribution of type II fibres in the same region of 

the muscle (Boyd et al., 1984). 

The differential increase in the anterior and posterior face heights that occurs 

during surgery may not only stretch the muscle attachments but also alter the orientation 

of the muscle fibres relative to the occlusal plane. Adaptation is necessary concerning 

both the resting length and the altered functional activity of these muscles. Research by 

Hunt and Cunningham (1998) indicated that such adaptation may occur up to 12 months 

after surgery. In their study, surgical changes in vertical facial height were associated with 

immediate adaptation of the clinical freeway space, likely mediated by the proprioceptive 

system. The physiological rest position can be determined by eliminating sensory 

feedback from the teeth, allowing the mandible to adopt a position based on the resting 

length of the elevator muscles. This position is partially adjusted to the skeletal changes 

immediately after the operation but continues to adapt for up to 12 months post-surgery, 

particularly in patients with vertical excess (Hunt & Cunningham, 1998). 

Any increase in posterior vertical facial dimension is prone to relapse in the long 

term. Three potential mechanisms can explain this phenomenon. Firstly, stretching of the 

pterygo-masseteric sling may increase pressure at the osteotomy site, leading to bone 

resorption and a subsequent loss of vertical dimension. The stretching of a muscle beyond 

its resting length reduces its ability to produce active tension due to decreased actin-
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myosin cross-bridge overlap (the sliding filament theory). However, the reason an 

increased vertical dimension of occlusion (VDO) leads to bone resorption is not solely 

due to active muscle power, but rather the total tension (active + passive) and, more 

importantly, the continuous, chronic nature of the loading on the bone (Ferri et al., 2008; 

Hunt & Cunningham, 1998). 

Secondly, condylar remodelling/positioning changes the mechanical alteration of 

the facial skeleton and can induce remodeling, flattening, or erosion of the mandibular 

condyles (temporomandibular joint). Additionally, improper or unintentional rotation or 

displacement of the condyles within the glenoid fossa during fixation can lead to long-

term relapse (Ferri et al., 2008; Hunt & Cunningham, 1998). 

Thirdly, soft tissue resistance/memory, the soft tissue surrounding the mandible, 

including the suprahyoid muscles and the facial skin, exerts a "recoil" effect. These tissues 

resist the new vertical position and attempt to return the mandible to its original, shorter 

position, leading to skeletal relapse (Ferri et al., 2008; Hunt & Cunningham, 1998). 

Regarding the laryngopharyngeal structures, specifically the suprahyoid muscles 

(digastric, geniohyoid, mylohyoid) hanging off the mandible, they are key contributors to 

relapse in the following ways: muscle stretching and increased tension, active counter-

reaction, mandibular "sling" resistance, airway, and swallowing changes (Van den Bempt 

et al., 2022). 

 

Stability and Relapse 

Skeletal relapse, or a change in the corrected jaw position, is one of the most 

notable complications following orthognathic surgery. Measurable skeletal relapse occurs 

after the correction of mandibular retrognathia through ramus surgery, not only after the 

release of intermaxillary fixation (referred to as later relapse) but also during the fixation 

period (known as early relapse). During this fixation period, the distal segment of the 

mandible that has been setback rotates backwards and downward around a fulcrum 

located at the molars. This rotation increases the steepness of the mandibular plane, 

characterised by an inferoposterior shift of the symphyseal region and an upward shift of 

the segment's gonial region. The pharynx and larynx are directly affected and often 



INTRODUCTION & LITERATURE REVIEW  

30 

 

disturbed by the posterior and downward rotation of the distal segment of the mandible 

during a setback, contrary to the idea that they remain undisturbed (Komori et al., 1989; 

Coclici et al., 2019). 

Rigid fixation of bony segments has become standard practice in orthognathic 

surgery. This shift can be attributed to several factors, including shorter hospital stays and 

increased patient convenience. With minimal or no immobilisation of the jaws, patients 

can function and resume their daily activities much sooner, leading to an earlier return to 

work. Improvements in early function and airway management have transformed hospital 

practices, allowing procedures that were once performed in an inpatient setting to be 

conducted on an outpatient basis (van Sickels & Richardson, 1996). The results generally 

show no significant difference in the amount of postsurgical change between 

maxillomandibular fixation (MMF) and rigid internal fixation (Skoczylas et al., 1988; 

Marchetti et al., 1999). Poor treatment planning, compromise of the blood supply to the 

osteotomy site, inadequate transosseous fixation and condylar distraction are among the 

factors causing relapse following mandibular advancement. Several factors have been 

identified as contributors to postsurgical skeletal instability. These include a divergent 

facial pattern, the direction and amount of correction applied, the displacement of the 

proximal segment, and the resulting change in facial height. However, specific parameters 

that reflect the degree of early relapse during the fixation period have not yet been 

established. Determining these parameters could enhance surgical outcomes and refine 

the surgical techniques involved (Komori et al., 1989; Coclici et al., 2019). 

The stability and predictability of orthognathic surgical procedures vary with the 

direction of surgical movement, the type of fixation, and the surgical technique employed, 

mainly in that order of importance. The most stable orthognathic procedure is superior 

repositioning of the maxilla, closely followed by mandibular advancement in patients, in 

whom anterior facial height is maintained or increased (if facial height is decreased by 

upward rotation of the chin, stability is compromised). Moving the maxilla upward and 

the mandible forward is significantly more stable when rigid internal fixation is applied 

to the mandible. The forward movement of the maxilla tends to be reasonably stable, 

regardless of whether rigid internal fixation is used. However, mandibular setback often 

lacks stability, and mandibular downward rotation is typically unstable. For mandibular 

setback surgery, the inclination of the ramus appears to significantly influence stability. 
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Research suggests that both interpositional synthetic hydroxyapatite grafting and 

simultaneous ramus osteotomy may enhance the stability of the downward movement of 

the maxilla, but this has not been thoroughly documented. In two-jaw Class III surgery, 

the stability of each jaw is comparable to that observed with isolated maxillary 

advancement or mandibular setback procedures. Among orthognathic procedures, 

transverse maxillary expansion is the least stable. Although surgically assisted rapid 

maxillary expansion has been suggested as a more stable alternative to segmental Le Fort 

I osteotomy, the patterns of movement resulting from the two procedures are different.  

Rapid maxillary expansion can be made more stable by timing treatment before the 

pubertal growth spurt, utilising overcorrection, using rigid appliance designs like bone-

anchored, and ensuring an adequate retention period to allow for new bone formation 

(Proffit et al., 1996; Marewski et al., 2017). 

The publications for this project will be presented following a phased structure, 

so in Phase 1: Measurement of Occlusal Force using a prototype system, included its 

description and potential application in orthognathic surgery (Paper 1), repeatability study 

(Paper 2), the pilot study (Paper 3) and the follow-up study (Paper 4). Phase 2: 

Measurement of Occlusal Pressure using the Pressurex® system, included the 

repeatability study (Paper 5), pilot study (Paper 6), and follow-up study (Paper 7). In 

Phase 3: Magnetic Resonance Imaging, the acquisition and identification protocol for the 

masseter muscle was published in a pilot study (Paper 8) and in a follow-up study (Paper 

9). Finally, in Phase 4: Bio-Modelling, the protocol for superimposing the masseter 

muscle onto the reference bone structures was published (Paper 10), the repeatability 

study (Paper 11), and the pilot study (Paper 12). This description is presented 

schematically. 
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Duarte F., Silva JN., Hopper C., Hunt N. The importance of Occlusal Force 

Measurement in Orthognathic Surgery - A pilot study. Journal of Surgery, Periodontology 
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Post-Viva Addenda: 

-The three-region model aligns with the natural arch anatomy, where the posterior teeth 

are designed for higher vertical loads and the anterior region is designed for lighter, 

guidance-related forces. The results of this repeatability test demonstrated high 

reproducibility of the tested system and a high degree of similarity to natural occlusion.  

-It was decided to create this system because there was no device available on the market 

that could be used in this type of clinical situation.   



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

35 

 

 

 

 

 

 

 

 

 

 

 

     

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

36 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

37 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

38 

 



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

39 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

40 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

41 

 

 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

42 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

43 

 



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

44 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

45 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

46 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

47 

 

 



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

48 

 

  



 CHAPTER 1 - OCCLUSAL FORCE MEASUREMENT 

49 

 

ARTICLE 2 

 
Duarte F., Silva JN., Ramos C., Hopper C. Measurement of Occlusal Force in 

Orthognathic Surgery using Force Sensing Sensors. Int J of Dent & Ora Hea 2021; 

7(8):94-108 

 
Authors  Duarte F., Silva JN., Ramos C., Hopper C. 

Journal  International Journal of Dentistry and Oral Health 

2021; 7(8):94-108 

DOI    

Contribution by F Duarte Concept 

Performance of systematic review of literature 

Appraisal of included studies 

Development of recurrence risk stratification 

Manuscript writing & editing 

  

ISSN 2471-657X 

IF  5,91 

 

Post-Viva Addenda: 

-In conclusion, the distance of the sensor from the occlusal plane means the distance from 

the fulcrum of motion of the mandible. 

-In conclusion, the surgery was successful, and the bilateral contacts are accurate in the 

new Intercuspal Position, with no discrepancy in the inclination between the maxilla and 

mandible during the operation. 
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Post-Viva Addenda: 

-The masseter muscle was chosen because of its penniform structure, specifically due 

to the presence of alternating muscular and aponeurotic layers. Anatomical sections 

and magnetic resonance imaging in the same plane allowed us to define the appearance 

of the intramuscular aponeurotic layers on magnetic resonance imaging. 
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Post-Viva Addenda: 

-A convenience non-probability sampling method is a research technique that selects 

participants based on their immediate availability, proximity, and ease of access to the 

researcher, rather than random selection. 

-In results, Q3 is the lowest force, which means closer to the fulcrum, the higher the 

force. 
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-The observed differences in statistical significance (p < 0.05 vs. p > 0.05) regarding 

occlusal deformities are explained by the severity and functional impact of the specific 

bite patterns being compared.  
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Post-Viva Addenda: 

-In the background, the results of Lee and Yu’s (2012) study suggest that patients, prior 

to treatment, may experience differences in sensory feedback or have lower motivation 

to generate large forces due to pain and discomfort. 

-It is not a surprise to researchers and clinicians that the masseter muscle thickens and 

expands laterally during contraction. While the complex internal, multipennate 

architecture (fibres running obliquely between tendon sheets) makes it difficult to 

predict exactly how different parts of the muscle will behave, the general phenomenon is 

consistent with muscle mechanics and the conservation of volume. 
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Post-Viva Addenda: 

-The study evaluated two primary angular relationships: The angle formed between the 

long axis of the masseter muscle and the zygomaxillary-mastoid plane (defined by the 

inferior border of the zygomatic bone and the mastoid process). The angle formed 

between the long axis of the masseter muscle and the mandibular plane. Measurements 

were performed by two independent observers. Data were collected at three time points: 

baseline (TO), one-hour post-measurement (T1) to assess intra-examiner reliability, and 

6 to 12 months postoperatively (T2) to evaluate long-term surgical outcomes. 

-Standard clinical MR scans do not possess the spatial resolution to image individual 

muscle fibres in the masseter. Instead, they visualise muscle fascicles, connective tissue 

septa, and the "grain" (pinnation angle/fibre orientation) of the muscle bundles. MRI 

scanners used for muscle imaging typically have an in-plane resolution of 0.5mm to 1mm 

(500-1000µm). 
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Post-Viva Addenda: 

-Individual Fibre Diameter: Human skeletal muscle fibres, including those in the 

masseter, are generally 10 to 100 micrometers (µm) in diameter. Studies specifically on 

the human masseter have shown that average fibre diameters can range from 

roughly 17.9µm (Type II) to 46.7µm (Type I), with hybrid fibres falling in between. 

Fascicle Size: Muscle fibres are grouped into fascicles, which are surrounded by 

perimysium. These fascicles are significantly larger than individual fibres. Sarcomere 

Length: The sarcomere, the fundamental contractile unit, is roughly 2.27-2.55µm in 

length, depending on whether the jaw is open or closed. 

-We are looking at the macro-architecture (muscle fascicles and connective tissue) rather 

than the micro-architecture (individual muscle fibres). 
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INTEGRATED DISCUSSION 

Several studies have reported an increase in bite force, occlusal contact area, 

electromyographic (EMG) activity, and improved masticatory efficiency following 

surgery; however, the reasons for these improvements remain unclear (Lee & Yu, 2012). 

Previous research indicates that the improvements in muscular activity after surgery are 

primarily attributed to improved occlusal stability rather than direct biomechanical 

benefits from the surgery itself (Throckmorton et al., 1996; Throckmorton & Ellis, 2001). 

A study investigated the significance of the occlusion in preserving neuromuscular 

balance and offering dental support for patients undergoing orthognathic surgery. Factors 

proposed to influence occlusal force postoperatively include changes in muscle size, an 

increased occlusal contact area that enhances dental support, sensory feedback from teeth, 

muscles, and the temporomandibular joints, as well as the patients' willingness to exert 

maximum effort (Lee & Yu, 2012). 

 

Factors proposed to influence postoperative occlusal force 

Relapse is a potential risk after orthognathic surgery (Minervini et al., 2023). The 

incidence of relapse following orthognathic surgery has been the subject of extensive 

research in recent years. This ongoing process necessitates continuous assessment now 

and in the future (Sahoo et al., 2022). Patients with cleft lip and palate (CL/P) have a 

higher risk of relapse compared to the general population, mainly due to the presence of 

additional risk factors like scarring (da Silva et al., 2018). While the precise causes of 

this increased susceptibility are not fully understood, the association between CL/P and a 

higher likelihood of relapse is well established (da Silva et al., 2018). In a study by da 

Silva et al. (2018), patients with cleft lip and/or palate (CL/P) relapsed an average of 

12.48 mm after surgery. In contrast, patients without cleft conditions exhibited 

significantly lower relapse. The groups had identical overjet values and maxillary 

advancement before surgery, ensuring a reliable comparison. An unstable, constricted, or 

hypoplastic maxilla in patients with cleft lip and palate is considered an iatrogenic 

consequence of previous surgical repairs (specifically palatoplasty and cheiloplasty) that 

create significant scar tissue, which in turn restricts, pulls, and inhibits normal maxillary 

growth. 
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The initial postoperative days can be particularly difficult for patients, and the 

healing process may take several weeks or even months (Inchingolo et al., 2023). To 

reduce the risk of relapse and its associated complications, it is crucial to identify the 

underlying causes (Inchingolo et al., 2023). Among these factors, the restoration of 

normal occlusal function and masticatory forces play a crucial role in maintaining 

postoperative stability. For this reason, the relationship between occlusal and bite forces 

before and after orthognathic surgery has been extensively studied (Ueki et al., 2014; 

AlQahtani et al., 2023). Most of these studies have evaluated bite force using different 

approaches and have reported varying outcomes (AlQahtani et al., 2023). 

However, the sensor positioning had a notable impact on the recorded occlusal 

forces, independent of the examiner or the postoperative period. This suggests that minor 

variations in sensor placement can lead to substantial differences in measured force 

distribution, potentially due to uneven contact pressure across the dental arch or the 

sensitivity of specific teeth to load. Sensor thickness is also very important as the more 

distal and thicker the sensor, the lower the anterior load will become by disocclusion and 

fulcrum physics/ geometry. Consequently, standardising sensor positioning protocols is 

essential to ensure accurate, reproducible assessments of occlusal force, particularly in 

patients recovering from orthognathic surgery, where small measurement discrepancies 

may obscure early signs of relapse or functional imbalance. 

In a recent systematic review and meta-analysis, a protocol was developed based 

on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Protocols 

(PRISMA-P) and identified a total of 978 studies related to postoperative functional 

changes following orthognathic surgery (AlQahtani et al., 2024). The review concluded 

that occlusal strength generally increases after orthognathic surgery, though it does not 

reach the levels observed in healthy control groups. Conversely, maximum bite force did 

not show a significant improvement, whereas chewing and swallowing forces increased 

immediately after surgery. Occlusal strength/contact area: generally, increases and shows 

long-term improvement (stable at 6 months to 3 years) as the occlusion is anatomically 

corrected, improving interdigitation and skeletal stability; however, it often fails to reach 

the high levels of healthy control groups. Maximum bite force often shows little 

significant, immediate improvement, and in some cases, may even decrease temporarily 

due to nerve trauma or changes in muscle lever systems. While it shows improvement 
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over the long term (1–2 years), it rarely reaches the level of control groups. Chewing and 

swallowing forces, show an immediate increase after surgery; this is largely due to the 

improved occlusion, which allows patients to achieve better tooth contact and stability 

during functional, low-intensity, or moderate-intensity tasks (mastication) even if they 

cannot generate maximum voluntary force. The analysis revealed a significant reduction 

in postoperative occlusal contact pressure areas (AlQahtani et al., 2024). These findings 

are consistent with the results of our study, particularly regarding occlusal force 

behaviour. 

Throckmorton and Ellis presented a study comparing sagittal split ramus 

osteotomy with and without Le Fort I osteotomy. This article evaluated two variables: lip 

closing force and occlusal force. The occlusal force was evaluated using a dental prescale 

and occluzer, which was connected to a computer interface, and they inferred that occlusal 

force improved postoperatively after orthognathic surgery (Throckmorton & Ellis, 2001). 

Harada et al. (2003) reported that performing Le Fort I and bilateral sagittal split 

osteotomy using an occluzer improved bite force postoperatively after orthognathic 

surgery. These authors agreed with the study published by Throckmorton and Ellis, which 

opined that increased bite force after orthognathic surgery could be due to a difference in 

the morphology of dentoskeletal structure (Throckmorton & Ellis, 2001; Harada et al., 

2003). 

In our study, surgery recovery time affects the occlusal force measured by FSS 

sensors, irrespective of the examiner selection and/or the sensor position. The duration of 

recovery of bite force has not been consistent among various studies (AlQahtani et al., 

2024). The recovery was assessed in most of the studies using variables including 

asymmetry, EMG activity of the temporalis and masseter muscle attachments, 

dentoskeletal abnormalities, and lip function tests. In all these studies, the recordings were 

performed preoperatively and at 1, 3, 6, and 12 months postoperatively (AlQahtani et al., 

2024). 

The piezoelectric sensors used in the present studies have demonstrated high 

reliability and measurement validity. The selection of the examiner does not affect the 

measurement of occlusal force (N), which shows a good inter-examiner reliability. The 

sensor position influences the occlusal force (N) that is measured, with the increase in 
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sensor/temporomandibular joint distance increasing the occlusal force (N) measured, 

which is related to the complex dynamics of the human masticatory system. The surgery 

recovery time impacts the occlusal force (N), with a 50% increase in occlusal force (N) 

measured after 6 months post-surgery, with the value remaining stable at 36 months. This 

suggests that muscular adaptation is crucial, but does not inherently mean that reducing 

intermaxillary fixation is the sole cause of relapse. While muscle forces influence 

stability, relapses are more heavily influenced by factors like the magnitude of skeletal 

movement, specifically mandibular setback, rather than just the lack of intermaxillary 

fixation. 

In terms of the advantages of the device presented, we can highlight the high 

repeatability as well as the sensitivity in measuring pre- and postoperative occlusal 

changes. From the point of view of limitations, we must mention the small number of 

clinical cases in which it was tested, which does not allow us to assess strong correlations. 

  
 
Measurement of Occlusal Pressure 

The Pressurex® positions used in the present studies have shown poor reliability 

and validity. Although the selection of the examiner does not affect the measurement of 

occlusal pressure (Psi) by pressure indicating films, which is positive, this method lacks 

sensitivity in detecting variations caused by the pressure indicating film position and the 

recovery surgery time. 

This inferior performance compared to piezoelectric sensors makes Pressurex® 

operations, less suitable for studying the follow-up period of patients undergoing surgical 

dental procedures. However, this difference in pressure results may be related to the 

system’s smaller dimensions in clinical cases of anterior bite. It is also important to 

emphasise that these were pilot studies and, as such, comparison of the results obtained 

in these studies with similar ones is not possible. 
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MRI and Bio-Modelling 

The architecture of the masseter muscle has been studied for a long time, but the 

lack of clinical applications led to descriptions which were often global or contradictory, 

giving the muscle sometimes two bundles, or sometimes three. The successive studies of 

Gaspard (Gaspard, 1987; Gaspard et al., 1976; Gaspard et al., 1973), Yoshikawa 

(Yoshikawa, 1961; Yoshikawa & Suzuki, 1962) and Gaudy (Gaudy et al., 1982) allowed 

the definition of the arrangement of the muscular aponeurotic layers making up the human 

masseter muscle. Unger affirmed the value of magnetic resonance imaging in the oro-

facial field for the study of the musculature of the tongue and the walls of the oral cavity, 

but gave only very general information on the masticatory muscles (Unger, 1985). 

Several studies investigated the changes in the size and masticatory force of the 

masticatory muscles after orthognathic surgery. Katsumata et al. indicated that in 

mandibular prognathism, the cross-sectional area of the masseter decreases after 3 months 

of mandibular setback but shows a tendency to return to normal after 1 year (Katsumata 

et al., 2004). In addition, Ueki et al. reported that there are no significant differences in 

the cross-sectional area of the masseter in mandibular prognathism 1 year after SSRO in 

comparison with the preoperative area (Ueki et al., 2009). Trawitzki et al. also reported 

that when mandibular setback was conducted on patients with a class III dentofacial 

deformity, the thickness of the masseter muscle increased (Trawitzki et al., 2011). The 

study by Kang et al. showed that the volume-to-length ratio of the masseter and lateral 

pterygoid muscles at 1 year after mandibular setback did not differ significantly from the 

preoperative value (Kang et al., 2022). 

In our study, significant differences (p < 0,05) were identified between Time 0 

(pre-op) and Time 1 (6-12 months post-op) in the mean left masseter area (mm2). It is 

interesting to notice, however, that the differences against Time 0 (pre-op) seem to 

disappear at Time 2 (3 years post-op), which may reveal the long-term decrease in the 

mean left masseter area (mm2) or relapse Our results agree with those obtained by 

Katsumata but disagree with those reported by Ueki and Trawitzki. The masseter muscle 

generally takes 6 months to over 1 year to significantly remodel and realign to the new 

skeletal reality after orthognathic surgery, with substantial structural changes still 

occurring up to 4 years postoperatively, though key adaptation occurs in the first 6-12 

months. This adaptation is crucial because surgery changes the length and orientation of 
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the mandible, requiring the muscles to adjust to new functional demands, such as 

corrected bite, altered chewing forces, and improved facial symmetry (Lee & Yu, 2012). 

Continuous changes in masseter muscle size in our study indicate that not only 

was the skeletal environment altered by surgery, but additional adaptation to new 

stomatognathic environments also occurred over time, with improved occlusion and 

masticatory activity by orthodontic treatments. Our results partially agree with those 

reported by Katsumata (Katsumata et al., 2004). 

Kikuta et al. reported that occlusal force was decreased 3 months after 

orthognathic surgery but increased 6 months after the surgery (Kikuta et al., 1994). The 

results of this study suggest that particular attention should be paid to the masseter muscle 

atrophy in patients with a worse open bite after preoperative orthodontic treatment and in 

those with maxillary undergrowth. However, in our opinion, it is unclear whether 

masticatory ability would be compromised by masseter muscle atrophy immediately after 

surgery, however, the biological response appears to have an important role to play. 

Decreased maximum occlusal force has been reported in patients with open bite, 

supporting the finding that increased open bite was associated with decreased masseter 

muscle cross-sectional area (Piancino et al., 2012; Jokaji et al., 2022). 

An adequate sample size makes the investigation more representative: the data 

generated is reliable, the investment of resources is as limited as possible, while 

complying with ethical principles. The sampling design directly influences the research 

results. The sample of 10 patients shows that this is an uncommon type of surgery, 

performed in most cases in private health services and requiring the patient's financial 

means. 

MRI therefore seems to be a valid tool for measuring differences in the masseter 

muscle area and volume associated with high-severity occlusal deformities (maxillary Le 

Fort I impaction of 6 mm), although showing not to be as efficient in detecting the same 

differences in cases of low-severity occlusal deformities (maxillary Le Fort I impaction 

of 2 mm for minor and 4 mm for intermediate cases), perhaps based on the limitations in 

detecting subtle, small-scale anatomical variations. 
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The explanation for the results obtained may lie in the following factors: a) High-

Severity vs. Low-Severity Differences: In cases of high-severity malocclusion, the 

adaptation of the masseter muscle (changes in volume and cross-sectional area) is 

significant enough to be clearly distinguished from normal, pre-operative conditions. In 

contrast, for low-severity cases, the muscle alterations are more subtle, making it harder 

to differentiate these changes from the background noise. b) Resolution and Signal-to-

Noise Ratio Limits: While MRI provides excellent soft-tissue contrast, the ability to 

measure minute variations depends on the voxel size (spatial resolution). If the physical 

change in the muscle size (e.g., a slight decrease in thickness) is smaller than the MRI's 

resolution limit or falls within the acceptable range of measurement error, the device 

cannot accurately detect it. c) Imaging Segmentation Challenges: Accurate measurement 

requires identifying the boundaries of the masseter muscle (segmentation). With minor 

atrophy or hypertrophy of low severity, it can be technically challenging to segment the 

muscle from surrounding fat and connective tissue, thereby reducing the reliability of the 

measurements. 

 

Future Statistical Evaluation 

In some of the publications, significant standard deviations were found, which can 

be explained as follows: On the one hand, in the repeatability studies, patients with 

different occlusal conditions were included, and the intended occlusal force and pressure 

measurement protocols were explained. The construction of a training machine was one 

of the ways found to minimise this discrepancy. On the other hand, in the group of patients 

undergoing surgery, with similar occlusal conditions, pilot and follow-up studies 

expected these types of results, given the skeletal changes that would be reflected in 

measurements of occlusal force and pressure. 

Future studies should place special emphasis on reliability and validity, as these 

are fundamental criteria for evaluating the quality of measurements in surveys and 

statistical inferences. Reliability refers to the consistency, stability, and repeatability of 

measurements, while validity refers to the accuracy and truthfulness with which an 

instrument measures what it is intended to measure. 
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CONCLUSION & SUMMARY 

All methods discussed demonstrate at least one aspect of their effectiveness in 

detecting changes in the structure and function of masticatory muscles. However, the 

limitations of each method suggest that a combination of approaches would provide 

optimal sensitivity and reproducibility. 

The piezoelectric sensors utilised in Phase 1 have demonstrated high reliability 

and validity in measurements. The examiner selection does not affect occlusal force 

measurement, indicating strong inter-examiner reliability. However, the sensor's position 

affects the measured occlusal force (N); specifically, increasing the distance between the 

sensor and the temporomandibular joint results in higher occlusal forces. Sensor thickness 

is also very important as more distal and thicker the sensor, the lower the anterior load 

will become by disocclusion and fulcrum physics/ geometry. This phenomenon is linked 

to the complex dynamics of the human masticatory system. The pterygomasseteric sling 

(composed of the masseter and medial pterygoid muscles) and the temporalis muscle act 

as powerful elevators of the mandible, creating a lift force that is optimised based on the 

distance from the temporomandibular joint (TMJ). In essence, the sling is most efficient 

at lifting when the jaw is positioned to capitalise on the maximum vector of the muscle, 

usually behind the incisors, where the lever arm is shorter than at the very tip, allowing 

for greater force. 

The surgery recovery time impacts the occlusal force, with a 50% increase in 

occlusal force measured after 6 months post-surgery, with the value remaining stable at 

36 months. This suggests that the patient is only fully recovered from the functional point 

of view at 6 months, having from that point on an improved and stable masticatory 

function. 

The pressure-indicating film positions used in Phase 2 have demonstrated poor 

reliability and validity. While the choice of examiner does not influence the measurement 

of occlusal pressure (Psi) using pressure-indicating films—a positive aspect—this 

method lacks the sensitivity required to detect variations arising from the positioning of 

the pressure-indicating films and the timing of recovery surgery. Compared with 

piezoelectric sensors, the performance of pressure-indicating films is inferior, making 
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them less suitable for studying the postoperative period in patients who have undergone 

orthognathic surgery. 

On the other hand, MRI, employed in Phases 3 and 4, appears to be a valid tool 

for assessing differences in the area and volume of the masseter muscle associated with 

high-severity occlusal deformities (such as a maxillary Le Fort I impaction of 6 mm). 

However, it has shown reduced efficiency in detecting similar differences in cases of low-

severity occlusal deformities (with maxillary Le Fort I impactions of 2 mm for minor 

cases and 4 mm for intermediate cases). 

Even with an identical diagnosis, surgeons may have different treatment goals 

based on their treatment philosophy and patient desires. Each surgeon has a unique 

cultural perspective on ideal aesthetics, balancing it with improvements in occlusion, 

skeletal discrepancies, and airway changes. Despite the publication of normal values, a 

degree of facial aesthetics will always be qualitative and will vary with age, sex, and 

culture. 

Post-surgical stability is a key measure of a surgical procedure’s effectiveness, as 

it directly reflects the ability to maintain the desired outcomes over time, whether in the 

short- or long-term. Relapse, defined as the loss of skeletal or dental corrections that were 

aimed for and achieved during the surgical procedure, is a significant concern and one of 

the most challenging post-surgical complications to manage. The causes of relapse are 

multi-factorial, encompassing both short-term and long-term factors. Short-term relapse 

may result from condylar dysmorphology, muscular tension due to significant surgical 

movements, and improper positioning of the condyles in the glenoid fossa. Since these 

issues can arise almost immediately after surgery, the initial post-operative phase is 

critical for monitoring and intervention. Long-term relapse, on the other hand, in adult 

orthognathic surgery is primarily associated with biological remodelling and structural 

changes rather than active facial growth. While skeletal growth is mostly complete, the 

mandibular condyle remains a dynamic, adaptable, and susceptible structure that can 

undergo progressive remodelling in response to modified loading conditions or systemic 

factors (Sahoo et al., 2022). 
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In most scientific publications, there is a predominant focus on bone tissue, often 

overlooking the study and evaluation of muscle tissue. In the literature, there are no 

studies that simultaneously evaluate masticatory function using multiple methods, 

thereby justifying this project. This research project was conceived to combine several 

recently developed, more sophisticated methods to enable surgical planning to also 

consider muscle function, which is essential for the success of the treatment. 

The masseter muscle is critical in orthognathic surgery because it dictates 

postoperative stability, functional recovery, and facial aesthetics. Studying the masseter 

muscle alone is justified because it is the primary masticatory muscle that determines 

external facial width and aesthetics. It undergoes significant, measurable structural 

changes (volume and thickness) that directly correlate with facial asymmetry correction 

and surgical stability, unlike the more deeply located medial/lateral pterygoids that are 

harder to isolate. 

We therefore believe that assessing the area, volume, and fibre orientation of the 

masseter muscle should be included as parameters in the development of a treatment plan. 

Ongoing studies with larger patient samples are evaluating the effectiveness of 

orthognathic surgery changing masticatory muscle structure and function. 
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