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Changes in the Maxillo-Mandibular Complex of Mice 
on Prolonged Hard vs. Soft Diet 

Allan Y. Wang 

  

The objective of this study was to utilize three-dimensional (3D) semi-landmarks & 

geometric morphometrics (GM) to quantify shape variation in the maxillo-mandibular 

complex of mice on prolonged diets of equivalent nutrition but different consistency. Forty 

three wild type mice (22 males; 21 females) were divided into two groups. For 15 

generations, the control group (6 males; 6 females) was fed a standard hard pellet diet, 

whereas the experimental group (6 males; 6 females) was fed a soft powder diet of the 

same nutritional value. After the 15th generation, 19 more mice were added to the sample 

group but were placed in opposing sample categories (soft vs. hard). Mouse heads were 

collected at 6-weeks of age and fixed in 4% paraformaldehyde for 48h. Specimens were 

scanned using Skyscan 1076 MicroCT scanner at 18-micron resolution (55 kV, 150 mA, 

0.5 mm Al filter) & reconstructed as series of 8-bit grayscale images. Segmentation & 

surface generation from microCT data was performed. Seventy landmarks were placed 

to measure 3D changes and subsequently analyzed by GM to determine shape variation. 

Subtle morphological changes were noted in the skull, mandible, and temporomandibular 

joint (TMJ) using principle components analysis (PCA) and canonical variates analysis 

(CVA). For example, soft diet mice possessed shorter mandibular body lengths and wider 

condylar necks. In addition, sexual dimorphic differences were observed in the TMJ. 

Thus, we demonstrated the impact of changing diet consistency over multiple generations 

on the morphology of the mouse maxillo-mandibular complex using 3D GM analysis. 
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Introduction 

 

The 21st century has been a marked period of cultural and industrial innovation in 

mankind. Profound improvements in all aspects of life, ranging anywhere from 

transportation to education to diet, have altered the environmental landscape of growth 

and development, a key component of orthodontic treatment planning. Mankind’s 

transition from a diet originating from the ancestral hunter-gatherer culture to one of a 

modernized, industrialized species has resulted in corresponding changes to their 

skeletal morphology. As food became more highly processed, applied masticatory 

muscle forces have resulted in diminished functional loading of the maxilla-mandibular 

complex. Consequently, transformations in stress patterns direct growth and remodeling 

of the jaws toward a longer and thinner morphology. This feedback is mediated by 

force-induced molecular signals to proliferating tissues at growth sites. 

Specifically, the human skull has undergone transformations toward a higher and 

narrower skull shape over the past century (Godde 2015; Jantz 2001; Manthey et al. 

2017). Studies of the human mandible in this group follow a parallel transformation 

toward a longer and narrower mandible. The mammalian jaw complex demonstrates a 

wide range of adaptation to changing environmental conditions during post-natal growth 

(Radinsky 1981; Zelditch et al. 2008). It is postulated that changes in human jaw 

morphology over recent history are the direct result of this inherent developmental 

plasticity in the masticatory system (Radinsky 1981; Zelditch et al. 2008). Food 

hardness is sensed during mastication and affects the masticatory force (Hichijo et al. 

2015), the jaw muscle activity (Mavropoulos et al. 2010), and the mandibular functional 
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movements (Mavropoulos et al. 2014). Animal experimental studies on growing rats 

have shown that changes of the masticatory muscle function induced by soft diet lead to 

a reduction of masticatory muscle strength (Anderson et al. 2014). This, in turn, results 

in changes of the mandibular morphology and the alveolar bone architecture (Ochiai et 

al. 2010; Sobue et al. 2011). 

There is sufficient evidence that similar changes occur in adult animals as well. 

Masticatory hypofunction has been shown to result in changes of the lateral morphology 

of the mandible (Utreja et al. 2016), as well as changes of the temporomandibular joint 

and the condyle in adult rats (Chou et al. 2015). The alveolar bone receives indirectly 

(through the periodontal ligament) the forces exerted on the teeth during mastication. 

Significant shape adaptation of the alveolar process to a modified masticatory functional 

environment took place even after growth cessation. Alveolar trabecular bone 

architecture did improve in adult rats after functional rehabilitation although the negative 

effects of hypofunction were not completely reversed during the period under study. 

Extrapolated to humans, this could mean that masticatory functional rehabilitation (e.g., 

orthognathic surgery, implant prosthetic restoration) is expected to lead to 

improvements in alveolar bone quantity and quality. This in turn may have a positive 

impact on the risk or the progression of periodontal disease. 

Class II and class III skeletal disharmonies in the human maxillo-mandibular 

complex pose one of the largest challenges during orthodontic treatment planning. 

These malocclusions prolong treatment times, increase the need for orthognathic 

surgery and/or tooth extractions, necessitate more chair time, and often involve 

adjunctive mechanics (Proffit 2007; Graber et al. 2013). It is estimated that as high as 
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19.2% of patients who present to orthodontists have skeletal disharmonies that need to 

be treated with orthognathic surgery to achieve an ideal result (Posnick 2014). Due to 

monetary reasons, insurance coverage, invasiveness, morbidity and/or mortality a 

significantly lower percentage of these aforementioned patients refuse surgery and 

instead opt to have “camouflage” orthodontic treatment at the compromise of either 

function, esthetics, or both. 

The importance of adequate alveolar bone support on the success of orthodontic 

treatment has been well documented. In terms of morphology, inadequacy of alveolar 

bone dimensions limits the maximum range of tooth movement possible, and increases 

the chances of bone dehiscence and root resorption (Graber et al. 2013; Proffit 2007). 

Alveolar bone thickness is furthermore a crucial component in the successful placement 

of orthodontic temporary skeletal anchorage devices (TSADs). Studies in animals 

measuring alveolar bone mass, dimensions, and bone formation/apposition rates have 

further supported the notion that alveolar bone is directly influenced by masticatory 

function (Mavropoulos et al. 2010; Mavropoulos et al. 2004; Denes et al. 2013). In 

humans, positive relationship between masticatory functions, determined by masseter 

thickness and number of occluding posterior teeth, and alveolar bone mass and 

thickness were also reported (Scheidegger et al. 2018). 

Throughout its evolution, craniofacial growth and development theory has 

progressed through various schools of thought – at times, even being contradictory. 

During this period of development, one theme that has consistently prevailed is the 

relative influence of nature versus nurture on one’s physiological development (Carlson 

2015). In the 19th century, malocclusion was thought to be the result of “pressure 
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habits” as well as dietary deficiencies, endocrine malfunction, and even mental 

degeneracy (Carlson 2015). Few dentists considered malocclusions to be hereditary. 

In 1907, Angle published his seminal book on malocclusion where he studied the 

relationship of maxillary and mandibular teeth in 1,000 Caucasian subjects (Angle 

1907). Class II and class III malocclusions comprised 23% and 3.4%, respectively, of 

this group. Since then, many follow-up studies have been published on more diverse 

patient populations – overall, they echoed Angle’s findings in regards to class II patients 

but underestimated the prevalence of class III patients. Thus, an aggregate from 

multiple studies has determined that 27.9% of the US populations have skeletal 

malocclusions with different severity levels (Joshi et al. 2014). It was not until the 1960’s 

that genetics and malocclusion were discussed in the American Journal of Orthodontics 

and the Angle Orthodontist (Carlson 2015). Although preliminary literature exists, the 

precise mechanism of action through which these morphologic changes occur during 

growth remains unclear. Bone morphology is largely determined through an interplay of 

inherited genetic factors and surrounding signals from the mechanical environment 

(Solem et al. 2011; Cowin et al. 1985). Wolff’s law (Greer 1993) predicts that bone 

remodeling and shape follow applied stress patterns. It is hypothesized that this 

observed transformation in jaw shape occurs through feedback between the functional 

force environment and musculoskeletal components during growth. 

          Rehabilitating masticatory function is one of the major tenets in dental therapy. 

The potential to harness the mechanism to modulate the remodeling and growth of 

cranial bones has profound therapeutic applications in not only masticatory 

rehabilitation, but all aspects of dentistry. It has been documented that edentulous adult 
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patients who receive implant-retained bridges and/or over-dentures exhibit a noticeable 

improvement of both masticatory muscle strength and performance (Denes et al. 2018; 

Terhune 2013). Serious maxillofacial discrepancies are often associated with a reduced 

functional capacity of the masticatory system (Spassov et al. 2017) and orthognathic 

surgery has been shown to improve masticatory muscle strength performance in these 

cases (Terhune 2011; Vinyard et al. 2003). In addition to improved function, increased 

loading of the jaws and alveolar bases induces structural augmentations in bone density 

and strength (Wright 2005; Nascimento Falcão et al. 2017), and acts to resist bone 

resorption resulting from edentulism and osteoporosis (Ganugapanta et al. 2017). 

Anabolic molecular pathways that maintain bone in response to mechanical loading 

could be harnessed to enhance bone growth in disease or accelerate healing following 

surgery. These properties could also be harnessed to restore normal jaw growth in 

patients with impaired masticatory muscle function related to pathology or development. 

         The effects of functional loading on jaw growth and remodeling have been tested 

in several animal systems (Dias et al. 2011; Mavropoulos et al. 2010; Mavropoulos et al. 

2014; Anderson et al. 2014; Ochiai et al. 2010; Sobue et al. 2011; Utreja et al. 2016), 

and evaluated in quantitative finite element models (Chou et al. 2015). These studies 

highlight specific regions, which respond to varied loading conditions. In particular, the 

mandibular condyle has been the focus of many investigations. Growth of the 

secondary cartilage of the condyle has been shown to be highly responsive to loading 

conditions. However, relatively less work has been directed toward investigating these 

mechanisms in the mandibular body and alveolar processes. Finite element models of 

the human mandible under decreased functional loading conditions predict a 
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transformation in external and internal morphology (Chou et al. 2015). Simulations of 

mandibular flexure and torsion during mastication predict areas of concentrated stress 

in non-intuitive regions such as the mandibular pogonion and body (Chou et al. 2015). 

These models also predict bilateral bone loss in unilaterally edentulous individuals due 

to a deficiency of muscle loading and transmitted stress to the opposite side. Similarly, 

few studies have investigated the mechanism for appositional bone growth at the 

processes of the temporalis and masseter muscle. These regions of muscle attachment 

or entheses demonstrate a strong and proliferative responsive to mechanical loading 

during growth (Solem et al. 2011; Subramanian and Schilling 2015). 

         Experiments in which masticatory muscles are paralyzed show a decrease in 

size of the jaws, disappearance of prominences for muscle attachment, and reduction in 

vertical and anterior-posterior jaw size (Solem et al. 2011; Matthys et al. 2015; Matic et 

al. 2007). The specific effect of mechanical loading on condylar growth has been 

studied using a number of different experimental approaches. These include studies in 

which the temporomandibular joint (TMJ) is loaded artificially by either posturing the 

mandible forward, applying loaded springs, or by varying dietary hardness. Cellular 

responses to the change in loading were visualized using hybridized in situ probes to 

detect the expression of PTHrP, Sox9, Runx2, Col2a1, and Col10a1 in the transition 

from cartilage to hypertrophic cartilage (Sobue et al. 2011; Utreja et al. 2016). An 

increase in thickness of all regions, and acceleration in chondrocyte proliferation was 

observed in response to increased loading of the TMJ. 

         Artificial force models can define the level and nature of force loading, however 

these systems are not comparable with natural loading conditions for several reasons. 
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The nature of the force vectors utilized does not represent the natural system. 

Furthermore, the duration of loading in these artificial systems is relatively short, 

spanning 1-2 weeks, which does not provide sufficient time for long-term changes to 

develop. Variation in dietary consistency can be sustained over the majority of post-

natal development, and represents natural loading conditions found in normal TMJ 

function. 

         Significant morphologic changes in response to force modulation have also been 

observed at entheses (Solem et al. 2011; Thomopoulos et al. 2010). Remodeling of 

bone at muscle attachment sites is modulated through the enthesis, a transitional region 

of fibrocartilage that responds to the loading environment. These changes are driven by 

mechanotransduction pathways, whereby receptors for extracellular forces induce 

transcriptional changes and signaling cascades. In secondary cartilages such as 

articular cartilage, mechanical loading enhances the rate of chondrocyte proliferation 

and delays endochondral ossification of the cartilaginous matrix (Ochiai et al. 2010; 

Sobue et al. 2011; Utreja et al. 2016). At the entheses, forces transmitted to the 

periosteum increase the rate of bone apposition, particularly at regions subject to tensile 

loading such as the attachment of the coronoid process (Subramanian and Schilling 

2015; Thomopoulos et al. 2010). Expression of PTHrP is associated with mechanical 

loading, and it is thought to regulate bone formation through the Hedgehog pathway 

(Sobue et al. 2011). 

         Previous low-powered studies in animal models show changes in size and shape 

of the mandible in response to differential loading (Dias et al. 2011; Hichijo et al. 2015; 

Mavropoulos et al. 2014; Anderson et al. 2014). Over a period of 11 weeks, rats fed on 
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a soft diet exhibited significant changes in mandibular height and length (Hichijo et al. 

2015). Notably, two separate experiments exhibited similar morphologic changes, 

whereby the mandible became thinner, with reduced height of the condyle and 

processes for muscle insertion (Hichijo et al. 2015; Anderson et al. 2014). Interestingly, 

these findings parallel observed changes in the human mandible over the past century 

in industrialized populations (Martin and Danforth 2009). 

Quantifying mandibular condyle shape variation among different subjects and/or 

in response to changes in function due to environmental factors such as diet or 

orthodontic intervention has been a challenge for many years. Shape variation of living 

beings has been matter of permanent study in biology generally and in orthodontics 

specifically. In relation to orthodontics and craniofacial orthopedics, craniometrics and 

cephalometrics are methods that have been used during the last century by traditional 

morphometrics to study malocclusion and dentofacial anomalies. 

Conventional cephalometric analysis, based on angular and linear 

measurements are used mainly as shape descriptor. Various linear and angular 

analyses have been used to achieve comprehensive description of the craniofacial 

pattern and to classify each patient. These analyses facilitate the identification of 

treatment goals, choose proper treatment options, and prognosis. 

Although most of the orthodontic field accepts lateral cephalometric 

measurements as reliable guidelines to aid in diagnosis and treatment planning, the 

conventional 2D cephalogram has many problems regarding their usage as shape 

measures. Moyers et al. (1979) summarized the disadvantages of the conventional 

cephalometric analyses in the following points (Moyers and Bookstein 1979): 
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1. They may have little basis in either biology or biometrics. 

2. There is no theory of cephalometrics, only conventions which involve landmarks and 

straight lines only. These fail to capture the curving of form and its changes, and 

misrepresent growth, portraying it as vector displacement rather than a generalized 

distortion. 

3. Finally, Conventional cephalometric procedures misinform by fabrication of 

misleading geometric quantities, by camouflage, particularly of remodeling, by confusion 

about what is happening (analysis of rotations, treating shape separately from size, and 

registering angles on landmarks as vertices), and by subtraction as a representation of 

growth. 

Additionally, the anterior cranial base (sella-nasion) while originally thought to be a 

stable landmark for superimposition, is not biologically as stable as it was originally 

thought to be. The changes, though sometimes minor can have significant effects on 

the validity of these measurements, as a reference structure which in turn will affect the 

orientation and the superimposition of the cephalometrics. Halazonetis (2004) further 

explained the problems resulting from the relying on questionable superimposition 

reference structures in the conventional cephalometrics. This bias will lead to 

(Halazonetis 2004): 1) The measurements or interpretations being confusing or 

nonsensical; 2) Requiring further cephalometric analysis to elucidate the points of 

confusion; 3) It may render the comparison of two different patients impossible; 4) 

Classification of patients is based on limited subset of all possible measurements and 

might be biased by that particular selection. 
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Another limitation of conventional cephalometric analyses is the ignorance of 

direction during calculating the magnitude of vectors between landmarks. Cheverud et 

al. (1983) did notice an increase in the ANS-PNS measurement during the evaluation of 

anteroposterior growth of the maxilla, but they couldn't localize the region of change 

within the maxilla, or detect positional change in relation to the surrounding anatomical 

structures due to growth (Cheverud et al. 1983). 

Finally, one of the most significant limitations of cephalometric analyses is the 

lack of objectivity. Orthodontist or researcher can pick the set of landmarks to be 

recorded and select the variables to be measured without any clear guidelines. These 

landmarks may be selected to demonstrate the results desired by the investigator, and 

research result will be biased as a consequence of the investigator selection. 

Other morphometric methods have overcome many of the conventional 

cephalometric analyses and are successfully widely used for describing biological 

shapes. Methods such as geometric morphometrics, Euclidean distance matrix 

analysis, finite-element analysis are actively used in different aspects of biological 

research but still not widely used in the field of orthodontics. 

  

Geometric Morphometrics 

By definition, morphometrics is a branch of biology that deals with the characterization 

of organismal form and quantifying morphological variation. It is derived from a greek 

words which mean measuring form. Morphometrics has been used for long time in 

different biological fields such as systematics, evolutionary biology and physical 
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anthropology. With time, it became a powerful research tool in other fields such as 

ecology, developmental biology. Recently, Morphometrics have been used in different 

medical disciplines such as orthodontics. 

Morphometrics is dealing with the quantification of the morphological structure of 

organisms and then presenting and the explaining the shape differences. There are 

three main important terms should be known to understand geometric morphometrics; 

shape, size and form. It’s quite normal to describe the geometry of structures by size 

and shape. However, it's not that easy to apply those terms into living organisms 

because there is need to move these terms from its solid mathematical definitions. 

That's why it will be important to begin by defining these three terms and the differences 

in between them. 

  

Size 

Size refers to a proportional increase or decrease in all dimensions of the form under 

examination. Size may refer to the spatial extent of part of organism, its magnitude, bulk 

or dimensions. Actually, size can be measured in different ways. For example, the size 

of triangle may be calculated as its air, its width, the sum of height and width. It's easy to 

talk about strict mathematical view of the size, but it gets more complicated when we 

compare for example between the mandible in patients with skeletal class III and class 

II. Klingenberg (2010) facilitated the definition of size and describe it as feature of scale 

of an object, size is what changes when you magnify or reduce a photograph 

(Klingenberg 2010). 



 
 
 
 

12 

  

Shape 

Kendall (1989) defined shape ‘as the information remaining when location, size, 

and rotational factors are all removed (Kendall 1989). This definition was been more 

advanced by Lele (1991) to encompass: ‘that which remains invariant under scaling, 

translation, rotation, and reflection (Lele 1991). Again, Klingenberg (2010) explains 

shape as proportions of a structure. It's easily to identify a picture available in two forms, 

one small and the other is bigger, because whatever the size is, you automatically 

exclude the size of the picture and focus on the shape of the objects inside the picture. 

So, any changes in the size, position and orientation of an object will not alter its shape 

(Klingenberg 2010). 

  

Form 

Richtsmeier and Lele (1993) defined the form as a combination of size and shape 

(Richtsmeier and Lele 1993). However some authors as Klingenberg used the word 

morphology as referral to size and shape too (Klingenberg 2010). 

  

Landmarks 

Geometric morphometrics is based on landmark data. A lot of work has been done on 

landmarks and how they affect morphometric analysis. Morphological landmark is a 

point that can be located precisely on each specimen under study and clearly 
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correspond in a one-to-one manner from specimen to specimen. However, Dryden et al. 

(2002) define the anatomical landmark as a point assigned by an expert that 

corresponds between organisms in some biological meaningful way. Bookstein (1997) 

developed a classification based on anatomical and geometric criteria and proposed 

three different types of landmarks that have been widely used (Bookstein 1997a; 

Bookstein 1997b)) 

1- Type 1 Bookstein Landmarks: The juxtaposition of different tissues. Example, 

different distinct bones meet in a single point. (e.g., Nasion: the frontonasal suture on 

the curve at the bridge of the nose). 

2- Type 2 Bookstein Landmarks: Points of maximum curvature. (e.g., Subspinale: 

The deepest point on the curve between Anterior Nasal Spine and Superior Prosthion; 

Supramentale: the deepest point of the bony curvature of the mandible below the 

Infradentale and above Pogonion). 

3- Type3 Bookstein Landmarks: Landmarks are extreme points in various 

dimensions, the anteriormost or the posteriormost points of structure. (e.g., Pogonion: 

the most anterior point on the contour of the chin. It is usually located by erecting a 

tangent perpendicular to the mandibular plane or by a tangent dropped to the chin from 

Nasion).  

After picking the proper landmarks based on the posed research question, two 

main questions arise. First, how many landmarks should be used? Second, what is the 

proper distribution of landmarks over the structures under study? 
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Sample size is the main key to decide the number of needed landmarks. Sample 

size should be greater than the number of variables included in the study. For two-

dimensional data such as cephalometric radiography, the number of individuals should 

be more than twice the number of landmarks. For three-dimensional data such as 

computerized tomography (CT), the sample size should be more than three times the 

number of landmarks. These numbers provide good statistical testing. However, such 

specimen numbers are not always available, and in these cases, caution will be needed 

during the interpretation of the results. 

The distribution of landmarks is the other important point. Landmarks should 

cover the entire structure under study as regular as possible so that all changes can be 

detected. Removal of one landmark may alter the whole results. On the other hand, too 

many landmarks may not provide relevant information about variation in the whole 

structure. 

  

Concept 

The core of morphometrics is based on two abstractions to translate from the 

original form to the morphospace. The morphospace is space in which each point 

represents the form of an object. The first abstraction is to transfer the whole object into 

a set of landmarks that is used to represent the form of entire or partial objects, such as 

the mandible. This step includes loss of many information related to the objects under 

study, since color and texture for example will not be included in the analysis. The 

second abstraction is to transfer the set of landmarks into a morphospace in which each 
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object will be represented by a single point. The distribution of these points in the 

morphospace to each other represents the relationship in between the forms of the 

objects under study. This abstraction is reversible. Since, every point in the 

morphospace represents a form, it is also feasible to transform the abstract 

morphospace back to the physical space of objects and their landmark representation. 

  

Procrustes Superimposition 

Procrustes superimposition starts by scaling objects to a standard size and moving 

them to a standard position. Size is quantified as centroid size, which is computed as 

the square root of the sum of squared root of the sum of squared distances of the 

landmarks from the center of gravity of a configuration. As a result, all objects are 

converted to an identical size. To remove variation in position, all objects are translated 

so their centers of gravity are at the origin of the coordinate system. Finally, all samples 

are rotated about this common center of gravity to bring all objects into an optimal 

orientation, in which the sum-squared deviations between corresponding landmarks are 

minimal. 

Procrustes superimposition programs compute, visualize, and test the 

significance of the quantitative and qualitative difference between morphologies. Each 

form is represented by a series of landmark coordinates forming a figure. For 

visualization purposes only, the landmarks can be linked by straight lines. Multivariate 

analysis then is used to consider the covariation of all landmark analysis. A variety of 

multivariate methods are available to answer different questions. For example, principal 
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components analysis (PCA) is a multivariate analysis that provides a new coordinate 

system whose axes successively accounts for the maximum amount of variance and is 

not correlated to each other. Canonical variate analysis (CVA) is a multivariate analysis 

that finds new shape variables that maximize the separation between groups relative to 

the variation within a group. 

  

Euclidean Distance Matrix Analysis (EDMA) 

Lele et al. (1995) quantitatively compared biological shapes using landmark coordinate 

data, this was performed by mathematically identifying the morphological differences 

between two forms using a proportionate technique (Lele and Richtsmeier 1995). Lele 

(1991) discussed the advantages and disadvantages of this methodology of shape 

analysis, and explained that the superimposition method involves an arbitrary choice of 

fitting criteria that can affect the result of the study (Lele 1991). 

The numerical output from EDMA is a series of Euclidean distance ratios 

between the two averaged forms. All Euclidean distances between the landmark pairs 

for the numerator and denominator morphologies are calculated and a mean form 

matrix is generated for each morphology. The comparison of homologous pairs of linear 

distances as ratios will produce a form difference matrix (FDM). This procedure will 

facilitate the comparison in between the numerator and denominator morphologies by 

identifying the linear distances that differ most and least between the forms. 

Lele et al. (1995) mentioned that if all the elements in the FDM equal 1, both 

objects are identical. Consistent differences are attributable to size differences only. For 
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ratios less than 1, the denominator distance is larger, the converse being true for ratios 

greater than 1. A variety of values greater and less than 1 in the FDM means the 

morphological differences involve size and shape. If Procrustes superimposition is 

conducted before EDMA, only shape is under investigation (Lele and Richtsmeier 

1995). 

  

Applications of Geometric Morphometrics in Orthodontics 

During the last century, most publications in orthodontics were based on the 

conventional cephalometric analysis (CCA). Its user-friendly simplicity allows it to 

continue in routine clinical use. In addition, the comparison of cephalometric data of 

individual patients to referent data can only be conducted using CCA. Despite its 

simplicity, the usage of geometric morphometrics is a powerful tool to study shape and 

growth differences that has increased in popularity during the last decade. 

For example, Singh (2002) studied soft-tissue profile changes in patients treated 

with twin block appliances (TBA) for correction of Class II division 1 malocclusions. 

Digitized pre- and post-treatment soft-tissue profiles were traced then analyzed by 

EDMA and thin plate spline (TPS). Both methods successfully were able to demonstrate 

the significant improvement in soft-tissue facial profile that may be associated with TBA 

treatment (Singh 2002). Halazonetis (2004) traced and digitized 150 pretreatment 

cephalograms (Halazonetis 2004). The tracings were then superimposed by Procrustes 

method and shape validity was assessed by PCA. He discovered that ~70% of sample 

variability was incorporated in the first 5 principal components. He recommended the 
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usage of Procrustes superimposition and PCA during cephalometric analysis since it 

provides more valid and comprehensive shape assessment. McIntyre et al. (2003) 

described the advantages and disadvantages of geometric morphometrics. In addition, 

the possible usage of its different methodologies in orthodontics and how it can 

overcome conventional cephalometric analysis deficiencies were also mentioned 

(McIntyre and Mossey 2003). Pan et al. (2006) evaluated deformations that contribute 

to Class III mandibular configuration employing geometric morphometric analysis. The 

Thin-plate spline revealed an anteroposterior elongation of the mandible, which leads to 

the appearance of a prognathic mandibular profile (Pan et al. 2006). Chang et al. (2006) 

localized the morphological characteristics of the craniofacial complex in adult males 

with mandibular prognathism using Procrustes analysis and thin-plate spline analysis, in 

addition to CCA. Thin-plate spline analysis provided a valuable supplement for CCA 

because the complex patterns of craniofacial shape changes were visualized suggested 

by the means of grid deformations. Tessler et al. (2011) compared craniofacial 

differences between 19 monozygotic, 10 dizygotic twins discordant for surgically 

repaired unilateral cleft lip and palate during developmental ages and tested the effect 

of zygosity on the shape and size of the craniofacial skeleton on the same twins using 

geometric morphometrics. This analysis showed that surgically repaired cleft lip and 

palate does not produce significant change in shape or size of the craniofacial features 

of monozygotic and dizygotic twins (Tessler et al. 2011). 

Recently, Alarcon et al. (2011) used geometric morphometrics to evaluate 

changes in the shape of the mandible of prognathic children treated with a chincup 

(Alarcón et al. 2011). Twenty-one two-dimensional mandibular landmarks from 
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cephalograms of 50 prognathic children treated with chincups and 40 untreated 

matched controls taken before and after 36 months of treatment or observation were 

analyzed by Procrustes superimposition and thin plate spline. The thin plate spline grid 

deformations indicated more rectangular mandibular configuration, forward condyle 

orientation, condyle neck compression, gonial area compression, and symphysis 

narrowing. Finally, Chang et al. (2014) studied the cranial base morphology of Asians 

and its relationship with mandibular proganthism and Class III malocclusion etiology. 

Thin-plate spline graphical analysis of lateral cephalograms of the cranial base and the 

upper midface configuration were compared between a European-American group and 

four Asian ethnic groups of young adults with clinically acceptable occlusion and facial 

profiles. The TPS graphical analysis showed that the significant differences of Asians 

were the horizontal compression and vertical expansion in the anterior portion of the 

cranial base and upper midface region. The most posterior cranial base region also 

revealed horizontal compression. The temporomandibular joint anterior displacement 

resulted from relative retrusion of the nasomaxillary complex and relative mandibular 

protrusion. These results illustrated the interrelationship between cranial base 

morphology and incidence of a prognathic mandible and/or retruded midface indicated 

morphologic predisposition of Asian populations for Class III malocclusion. 

  

  

  

 

  



 
 
 
 

20 

  



 
 
 
 

21 

Central Hypothesis 

We hypothesize that functional masticatory forces induce both localized and global 

changes in the morphology and internal architecture of the maxilla and mandible. Global 

changes in morphology occur through the feedback of forces to principle growth sites, 

specifically the condyle, circumaxillary sutures, and entheses of the masticatory 

muscles.  
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Specific Aims 

Evaluate adaptive changes in the musculoskeletal system of developing jaws in 

response to variation in mechanical loading due to changes in hardness of diet. 

Specifically, we will measure three-dimensional morphological changes in the skull 

including the mandible and mandibular condyle. 
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Material and Methods 

Animals 

Two mating pairs of wild type C57BL/6J mice (The Jackson Laboratory) were 

either fed normal mouse chow (i.e., hard diet or HD) or powdered soft diet (SD) for a 

period of one to 15 generations (F1 to F15). HD and SD are equivalent in nutrient 

content, differing only in hardness (PicoLab 5058, LabDiet, Deans Animal Feeds, 

Redwood City, CA, USA). With each generation, non-littermate males and females (two 

mating pairs) were randomly selected (runts were excluded) and paired for mating to 

continue the HD or SD mouse lines. We collected F15HD (control), F1SD, and F15SD 

mice (Fig. 1A). F15SD mice were switched to HD for one generation and collected. 

(F15SD-F1HD) (Fig. 6A). All mice were sacrificed at 6-weeks of age, weighed, and fixed 

in 4% paraformaldehyde at 4ºC for 48h. All aspects of animal care and experiments 

were approved by the Institutional Animal Care and Use Committee (IACUC) at UCSF 

and performed under animal research protocol number AN164201. 

 

Micro-computed Tomography and Segmentation 

Mouse heads were scanned using a SkyScan 1076 MicroCT at the Small Animal 

Tomographic Analysis Facility (SANTA) located at Seattle Children’s Research Institute, 

Seattle. Specimen numbers were: F15HD (control) - 7 males, 4 females; F15SD - 5 

males; 5 females; F15HD-F1SD - 4 males; 6 females; F15SD-F1HD - 5 males; 5 

females. Specimens were scanned at 17.2 micron resolution (55 kV, 150 mA, 0.5 mm Al 

filter). All data were reconstructed using NRecon (Version 1.6.9.4) with consistent 
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thresholding parameters. Reconstructions were converted to 3D volumes and visualized 

using  Drishti (version 2.6).(Limaye 2012)  

 

Morphometric Data Collection 

Mandible and skull segmentation were performed using Avizo Lite (v 9.1.1). To 

quantify 3D shape and size variation of the skull and mandible between control and 

experimental mice, we characterized the craniofacial morphology using 3D landmark 

coordinates. Three sets of landmarks were defined (Fig. 1): Set 1 included 43 

landmarks that characterized the morphology of the skull; Set 2 included 13 paired 

bilateral landmarks that characterized the morphology of the mandible; Set 3 included 

50 sliding semi-landmarks were distributed across the right condyle of all specimens 

along the condyle head and the external surface of the condylar neck until an imaginary 

line passing from the tip of the coronoid process to the gonial angle (i.e., tip of the 

mandibular angle), using Landmark software (Wiley et al. 2005). 

 

Statistical Analyses 

All landmark coordinates of each set were imported to MorphoJ software  

separately to perform statistical shape analyses (Klingenberg 2011). First, mean forms 

for each group were calculated and superimposed using generalized procrustes 

analysis to remove information about location and orientation, and scale all specimens 

by centroid size. Second, shape variation between groups was analyzed by principal 
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component analysis (PCA) and canonical variate analysis (CVA) - PCA simplifies the 

dimensionality of data variation amongst individuals by reducing the data into a smaller 

number of orthogonal dimensions, whereas CVA is a method used to find shape 

features that maximize the separation between groups. 

As in all complex morphological traits, a substantial component of the variation in 

craniofacial morphology is directly correlated with size. To determine whether allometry 

or size influenced shape variation between groups, we removed size-related variation 

from the coordinates using multivariate regression of shape on centroid size. The 

residuals of this regression were used in PCA and CVA, then we compared the results 

to our pre-regression analysis. Descriptive statistics were calculated for centroid size. 

Independent-samples t-test was conducted to compare centroid sizes using RStudio 

version 1.1.419.(Core Team 2012) To establish the reliability of landmarks and evaluate 

intra-observer measurement error, three observers (HK, AW and MGH) independently 

located the landmarks of 10 randomly selected samples. A 1,000 round permutation test 

was performed on the Procrustes distance between the three observers landmarked 

samples test for mean overall shape differences between them. 
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Results 

Skull 

Using landmarks (Fig. 1B,D) and GMA to analyze skull morphology of control 

(F15HD), F1SD, F15SD, and F15SD-F1HD mice, the first and second principal 

components (PC1 and PC2) were responsible for 17.5% and 14% of the total variance, 

respectively (Fig. 2A). PC1 was largely attributed to the widened transverse dimension 

of F15SD mice compared to the narrowed transverse dimension of control, F1SD, and 

F15SD-F1HD mice (Fig. 2B). F15SD-F1HD mice, which were fed HD for one generation 

after 15 generations on SD, largely clustered with F1SD mice. CVA revealed significant 

differences between the mean shape configurations of each group (Mahalanobis 

distances; P < 0.001).  

Multivariate regression of Procrustes coordinates (dependent variables) on 

centroid size (independent variables) showed a significant influence of allometry on the 

differences in skull morphometry between the 4 groups (Fig. 5A). These sources of 

allometry were removed by using the regression residuals to examine variation within 

samples.  

 

Mandible 

Using landmarks (Fig. 2B,D) and GMA to analyze mandible morphology of 

control (F15HD), F1SD, F15SD, and F15SD-F1HD mice, the first and second principal 

components (PC1 and PC2) were responsible for 32% and 14% of the total variance, 

respectively (Fig. 3A). There was little difference in PC1 values amongst the 4 clusters 
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but F15SD mice trended towards increased PC2 values, which was associated with 

shortened mandibular body length (Fig. 3B). CVA revealed significant differences 

between the mean shape configurations of each group (Mahalanobis distances; P < 

0.001).  

Multivariate regression of Procrustes coordinates (dependent variables) on 

centroid size (independent variables) showed a significant influence of allometry on the 

differences in skull morphometry between the 4 groups (Fig. 5B). These sources of 

allometry were removed by using the regression residuals to examine variation within 

samples.  

 

 

Mandibular Condyle 

Using semi-landmarks and GMA to analyze condyle morphology of control 

(F15HD), F1SD, F15SD, and F15SD-F1HD mice, the first and second principal 

components (PC1 and PC2) were responsible for 28% and 14% of the total variance, 

respectively (Fig. 4A). Procrustes ANOVA indicated significant shape differences 

between clusters (P < 0.001). PC1 was largely attributed to the wide condylar neck in 

the anteroposterior dimension of F15SD mice compared to the narrow condylar neck in 

control mice (Fig. 4B). In addition, control condyle heads were more elongated and oval 

in shape, whereas F15SD condyle heads were narrow and teardrop-shaped (Fig. 4B). 

F15SD-F1HD mice, which were fed HD for one generation after 15 generations on SD, 

tended to cluster between control and F15SD mice.  
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CVA revealed significant differences between the mean shape configurations of 

each group (Mahalanobis distances; P < 0.001). We also observed sub-clustering 

based on gender demonstrating effects of sexual dimorphism in control and F15SD 

groups (Fig. 4E). Male mice tended to possess wider condylar necks in the 

anteroposterior dimension and constricted condylar heads relative to female mice (Fig. 

4F). 

Multivariate regression of Procrustes coordinates (dependent variables) on 

centroid size (independent variables) showed a significant influence of allometry on the 

differences in condyle morphometry between the 4 groups. Multivariate regression of 

shape on centroid size revealed that 6.8% (P < 0.006) of shape variation within the 

dataset was due to static allometry (Fig. 5C,D). Overall, the condyles of control and 

F15SD-F1HD groups were slightly larger than F15SD and F1SD, respectively. Control 

condyles were significantly larger than those of F1SD mice; F15SD condyles were 

significantly larger than F1SD condyles. These sources of allometry were removed by 

using the regression residuals to examine variation within samples. Despite significant 

multivariate regression values, PC1 and PC2 after regression still accounted for ~42% 

of total shape variance.  
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Discussion 

 

Despite the ongoing debate about the involvement of heredity and environment 

contributions (e.g. diet, medications and life-style) to the etiology of skeletal 

malocclusion, the definite etiology of malocclusion remains unclear. Malocclusion is a 

group of common multifactorial craniofacial phenotypes derived from a disproportionate 

relationship of the jaws and/or teeth due to complex interactions between genetics and 

environmental factors that affects populations worldwide (Moreno Uribe and Miller 

2015); (Alvarado et al. 2017; Fontaine-Sylvestre et al. 2017; Ferro et al. 2016; Baeshen 

2017). The roles of, and crosstalk between genes and environment during and after 

craniofacial development have been a subject of discussion for many years (Mossey 

1999; Manjusha et al. 2017). 

The genesis of this projects was in the hopes of visualizing in real time, size and 

shape changes to mouse skulls and mandibles over multiple SD generations. Although 

we chose to analyze mice over 15 generations on SD, the number of generations was 

arbitrary, roughly representing 300 human years or 20 generations. The aim of this 

multigenerational study was to evaluate the 3D craniofacial shape variation associated 

with prolonged soft diet consumption using 3D GMA. GMA, and PCA and CVA analyses 

in particular, provide useful research tools to study shape variation and interlinkage of 

shape covariation between diet-consistency and the craniofacial morphology. Although 

covariation patterns can be visualized and described, the functional significance of the 

observed shape covariation remains unclear. 
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Animal studies have shown that the craniofacial growth, mandibular morphology and 

bony architecture are affected by the consistency of diet and mastication (Kono et al. 

2017; Spassov et al. 2017). Larsson et al. (2005) studied the craniofacial and 

dentofacial development in pigs and observed that the pigs fed with soft diet exhibited a 

greater tendency of post-normal occlusion while pigs fed with hard diet exhibited a 

greater tendency of pre-normal occlusion in the canine region (Larsson et al. 2005). The 

hypothesized relationship between diet and craniofacial shape covariance patterns is 

evident from our data. Our findings revealed that both skull and mandible shared the 

same allometric trend among groups. Interestingly, the skulls and mandibles of F15-HD 

and F15-SD were larger than F1SD and F15SD-F1HD. These results explain the 

outcomes of previous studies which found a significant decrease in the size of the 

craniofacial structures as a result of the muscular hypofunction. But since no one 

studied the multigenerational effect of muscular hypofunction on the craniofacial shape 

before, our results showed it’s a temporary decrease, followed by steady size increase 

till there is no difference between F15-HD and F15-SD (Scheidegger et al. 2018). 

GMA showed that the SD suppressed growth in the anteroposterior direction in both 

skull and mandible. In the skull, SD altered the shape of neurocranium, which was oval 

with a depressed posterior cranial vault, outward displaced zygomatic arches, and 

backward displaced alveolus. While in the mandible, SD decreased the anteroposterior 

dimension of the mandible. These anteroposterior changes were associated with an 

increase in the transverse dimension, decrease in the alveolar bone height, increase in 

the anteroposterior dimension of the condylar process, and accentuated anti-gonial 
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notch. In both, skull and mandible GMA, F1-SD and F15SD-F1HD were placed in 

between F15-HD and F15-SD, respectively.  

Our findings agree with other investigators, who found that muscular 

hypofunction may alter the morphology of the neurocranium and mandibular condyle. 

Spassov et al. (2017) compared the effects of reducing muscular function on skull and 

mandibular shapes before and after weaning (Spassov et al. 2017). The mice with 

muscular dystrophy showed a flattened neurocranium and anteriorly placed mandibular 

condyle, which are matching the phenotypic characteristics of F15SD mice. 

Furthermore, pigs subsisting on soft diet had a significantly wider arches than hard diet 

fed animal, and posterior crossbite was more common amongst the hard diet fed mice 

(Larsson et al. 2005). These results are coincident with our findings, where we noticed 

an outward displacement in the transverse dimension in both skull and mandible. 

Our results revealed that size and shape does not transfer equally through each 

generation. Regarding size, we believe that the switch in diet consistency may have an 

acute effect on size of the craniofacial system, whereas shape variation expressed a 

“longer” pattern of inheritance. This may explain the results of previous studies which 

find a significant decrease in the craniofacial dimensions of animals fed on soft diet. 

However, our results showed this decrease is temporary, then the craniofacial 

structures regain their original size in the following generations. F15SD-F1HD and 

F1SD mice tended to cluster closer to the opposing diet ancestors (i.e. F15SD and 

control, respectively), sharing phenotypic characteristics. These results suggest 

epigenetic heritability of craniofacial morphology rather than genetic heritability or 

functional adaptation because reversion of phenotype to the original shape was 
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observed after one generation but was not complete. If variation craniofacial shape was 

due to genetic inheritance, selection for gene variants that influence craniofacial 

morphology would be implicated, which is improbable for a trait with little to no impact 

on short-term survival under highly-controlled experimental conditions where mates 

were randomly chosen. Furthermore, changes would be irreversible. The heritability of 

mammalian traits determines body morphology through dynamic gene/environment 

interactions, and the craniofacial complex is not an exception (Trerotola et al. 2015; Lim 

and Brunet 2013). Interestingly, several studies reported the inheritance of acquired 

metabolic phenotypes resulting from altering nutrition in parents (Lumey et al. 2009; 

Carone et al. 2010). Here we believe that epigenetic inheritance from environmental 

changes (e.g., diet consistency) over multiple generation led to morphological changes 

in the craniofacial morphology.  

For ethical and practical reasons, we decided to use mice over other 

experimental animal model to carry out this study. Although the choice of breeding mice 

over 15 generations on SD was arbitrary, but it is roughly representing 300 human 

years or 20 generations, which would take an unreasonably long time to conduct using 

other mammal models. The craniofacial anatomical changes associated with food 

consistency have been examined using various experimental animal models, such as 

monkey, pigs and rats (Corruccini and Beecher 1982; Dias et al. 2011; Denes et al. 

2013).  Animal models provide a vital tool for understanding key processes during 

development, delivering generally consistent genetic backgrounds, multiple replicates, 

and extensive information concerning their embryology and the impact of environmental 

factors (Fish 2016; Van Otterloo et al. 2016; Liu 2016).  
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Figure 1. (A) Study design. (B) Landmarks of the skull including mandible. 
(C) Semi-landmarks of the TMJ. (D) Description of landmarks.
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Figure 2. (A) Principle components analysis (PCA) of skull. (B) Wire frames 
showing morphology changes with increasing and decreasing PC1 and PC2 values. 
(C) Canonical variates analysis (CVA) of skull. (D) Wire frames showing 
morphology changes with increasing and decreasing CV1 and CV2 values.
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Figure 3. (A) Principle components analysis (PCA) of mandible. (B) Wire frames 
showing morphology changes with increasing and decreasing PC1 and PC2 values. 
(C) Canonical variates analysis (CVA) of mandible. (D) Wire frames showing 
morphology changes with increasing and decreasing CV1 and CV2 values.
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Figure 4. (A) Principle components analysis (PCA) of the TMJ. (B) Wire frames showing 
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Figure 5. (A-C) Correction for size differences of the skull (A), mandible (B), and TMJ (C). (D) 
Total centroid as a reflection of size differences. 
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