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better patient outcomes” – Dr Jerome Groopman (2007), How Doctors Think, 
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Abstract   

The temporal bone contributes to the walls and floor of the cranium, houses the organs 

of hearing and balance, and is perforated by numerous foramina and canals for the 

passage of nerves and blood vessels.  The aim of the current study was to analyse 

morphological variation in the human cranium and particularly the temporal bone in a 

normal population of Australian adults by morphometric techniques as an aid to a better 

clinical understanding of their anatomy.  As such, many issues were explored but there 

was no unifying hypothesis.   Computed tomography scans of 101 adult human crania 

were loaded into the Amira medical imaging software to extract three-dimensional 

coordinates of 130 landmarks on the temporal bone and cranium.  These data were 

subjected to traditional morphometric and geometric morphometric analyses (GMA) to 

explore patterns of shape variation with respect to differences in cranial size, sex and 

age.  It was found that GMA is a more sensitive discriminator of shape differences than 

is traditional morphometric analysis.  The results indicate that most measurements of 

the cranium scale with size, but some parts of the middle and inner ear are relatively 

constant irrespective of cranial size.  The GMA also found that large crania tend to be 

more extensively pneumatised than small crania.  Moreover, while the centroid size of 

temporal bone pneumatisation is not sexually dimorphic, there are subtle sex differences 

in the posterior and inferior limits of pneumatisation  A finding of the age analysis was 

that the lateral portions of the temporal bone tend to undergo an inferior displacement in 

the elderly.  The GMA found there were some areas where age and sex interact in 

unusual ways such that sex differences are either reduced or became more marked with 

age.  The conjunction of the arcuate eminence and superior semicircular canal was 

found to be coincidental rather than direct; and that in some older individuals the 

relative positions of these structures predisposes them to semicircular canal dehiscence.  

It was shown that the ipsilateral semicircular canals were not orthogonally orientated, 
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and the contralateral canals had no consistent pattern of orientation with respect to 

either the parallel or orthogonal nature of the planes in which they lie.  The findings of 

this study are novel and relevant to the clinical understanding of temporal bone 

anatomy.  The use of geometric morphometric analysis on data from computed 

tomography scans can reveal novel findings regarding shape and anatomy, as well as 

shed new light upon the clinical issues that are currently only partially understood. 
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Chapter 1 – Introduction 

The temporal bone is a complex three-dimensional structure that forms part of the 

cranial vault and base, contains the structures of organs of hearing and balance, and is 

perforated with numerous foramina for the passage of blood vessels and nerves.  The 

greater portion of the temporal bone is hidden within the cranium, leading Spoor and 

Zonneveld (1995) to describe it as one of the most difficult skeletal elements to 

investigate.  With the advent of three-dimensional computed tomography imaging 

techniques, these hidden portions can be examined in a manner that preserves their 

topographic relationships in vivo. 

The purpose of this study is to investigate shape variation in the human temporal bone 

in a normal population of Australian adults, with respect to cranial size differences, 

sexual dimorphism, age-related changes and asymmetry.  As such there are many issues 

explored but no central hypothesis.  The study will be done using three-dimensional 

traditional morphometric and geometric morphometric techniques to advance the 

anatomical and clinical understanding the morphological characteristics of the „normal‟ 

temporal bone.  While the techniques of geometric morphometric analysis (GMA) are 

no longer “new” or “revolutionary” (Rohlf, 1993, Adams et al., 2004), they are not 

widely used in the investigation of issues of clinical anatomy.  Studying the temporal 

bone from a clinical perspective using these techniques may therefore yield novel 

results. 

Knowledge of the morphology of the „normal‟ temporal bone in healthy human adults 

who are free of congenital deformation and the effects of disease is essential to 

clinicians as an aid to the diagnosis and repair of pathological and injurious insults upon 

the individual.  The temporal bone is a region that is susceptible to ear diseases and 
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sensory impairment, is a site of entry for neurological surgery, and may be traumatised 

by injuries to the cranium, face and jaw.  Knowing the morphological features of a 

healthy temporal bone is therefore a useful step in the repair and treatment of illness or 

injury. 

Because of these issues, the temporal bone has been studied as an entry point for 

neurosurgery and for otological surgery (Eby and Nadol, 1986, Day et al., 1994, 

Fournier et al., 1994, Eliashar et al., 1997, Kennedy and Rassekh, 1997, Cross et al., 

1999, Aslan et al., 2001, Dammann et al., 2001, Page et al., 2002, Crovetto-de-la-Torre 

et al., 2005).  Because it is both part of the brain case and the structure that contains the 

organs of hearing and balance, it has been intensively studied from evolutionary and 

comparative anatomy perspectives (Spoor and Zonneveld, 1995, Harvati, 2002, 

Lockwood et al., 2002).  Moreover, some research has been conducted regarding the 

temporal bone‟s utility in determining the sex or ethnic origin of a forensic specimen 

(Schulter, 1976, Wahl and Graw, 2001, Paiva and Segre, 2003, Harvati and Weaver, 

2006, Smith et al., 2007). 

Both traditional morphometric (e.g. Schulter, 1976) and geometric morphometric (e.g. 

Harvati, 2002, Lockwood, 2002) techniques have been used in analyses of the external 

temporal bone.  Research has also been done using computed tomography scans of the 

temporal bone to visualise its inner regions such as the bony labyrinth (e.g. Spoor and 

Zonneveld, 1995) or the external acoustic canal (e.g. Paulsen et al., 2002), using 

(respectively) traditional morphometric and geometric morphometric techniques of 

analysis.  However, most of this previous research focuses upon only a part of the 

temporal bone (e.g. the semicircular canals), rather than considering its entirety.  This 

study will acquire three-dimensional coordinate landmark data from both the internal 

and external temporal bone and cranium in analyses that combine traditional 
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morphometric and geometric morphometric techniques, examining variation in temporal 

bone shape from a clinical anatomical perspective. 

Three causes of potential shape variation in the temporal bone and cranium are the main 

focus of this study: differences in cranial size, sexual dimorphism and changes with age 

due to growth or biomechanical remodelling.  However, some other aspects of cranial 

and temporal bone anatomy will also be considered.  The degree to which the temporal 

bone is pneumatised (and whether this varies with size, sex, age or cranial side) will be 

given some scrutiny.  The cranial base angle and cephalic index will be examined with 

respect to how they vary with size, sex and age, and also to see if they co-vary.  

Symmetries (or lack thereof) in some components of the temporal bone will be 

identified and analysed to test the accepted wisdom regarding some aspects of 

asymmetry in temporal bone anatomy.  Finally, components of the temporal bone that 

have been an object of debate and dispute in clinical circles will be examined to 

determine whether the analytical techniques used in this study can aid in resolving these 

issues.  These structures (and the issues that surround them) are: (i) how the angulation 

of the auditory tube (from middle ear to nasopharynx) relates to the incidence of otitis 

media; (ii) whether or not the semicircular canals lie on orthogonal planes; and (ii) the 

nature of the relationship between the arcuate eminence and the apex of the superior 

semicircular canal. 

Particular questions that are raised when considering size-related variation are how 

cranial size affects cranial shape (such as in the cephalic index or the cranial base 

angle), and do the cranial elements all increase in size by the same proportions when 

comparing large and small crania – if there are differences in the amount by which each 

element increases, a change in cranial shape (or in the relative location of cranial 

elements to one another) will follow.  Another question to consider here is functional or 
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developmental limits on the size a structure can attain before its role in an organism‟s 

physiology is compromised.  Other issues that are to be addressed in the course of this 

research include an examination of the relationship between cranial size and the 

pneumatised region of the temporal bone, or if otic capsule size and/or shape is 

influenced by cranial size. 

The issue of sexual dimorphism is often visited in forensic or anthropological research, 

but other than in specific sex-related conditions, is rarely considered by clinicians.  It is 

accepted that males tend on average to be larger than females, and that this is an aspect 

of cranial sexual dimorphism (Bruner et al., 2003).  Sexual differences in some aspects 

of cranial shape are well-recognised such as in the cephalic index (Shah and Jadhav, 

2004) and the cranial base angle (Bruner et al., 2003).  Sexual dimorphism has also been 

identified in some aspects of temporal bone morphology (Schulter, 1976), the mastoid 

region (Buikstra and Ubelaker, 1994, Kemkes and Gobel, 2006) and pneumatisation 

(Diamant, 1940, Luntz et al., 2001).  However, little research regarding sexual 

dimorphism has been conducted upon cranial elements that lie within the temporal bone 

such as the otic capsule or its components. 

How growth and ageing affect cranial shape has been studied mainly with a 

consideration of the changes that occur from infancy to adulthood (e.g. Daniel et al., 

1988, Zollikofer and Ponce de Leon, 2002), although some studies have examined 

changes that may occur over the course of adult life (e.g. West and McNamara, 1999).  

Quite apart from changes associated with normal growth and ageing, some research has 

been conducted that considers the biomechanical remodelling that may occur on or 

within the cranium over the course of a lifetime (Doden and Halves, 1984, Sorensen, 

1994). 
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Pneumatisation of the temporal bone is an issue that has attracted much attention, on 

such diverse levels as its causes (Diamant, 1940, Witmer 1997), its function, its volume 

and distribution (Todd, 2006), its symmetry (Groell and Fleischmann, 1999), whether it 

is sexually dimorphic (Lee et al., 2005), and whether it changes with age (Lee et al., 

2005).  Studies using metric parameters derived from measurements of radiographs and 

computed tomography scans have been done for decades now, but studies using 

geometric morphometric techniques are uncommon.  This study aims to examine the 

relationship between temporal bone pneumatisation and various aspects of temporal 

bone or cranial morphology, as well as examining variation with respect to size, sex and 

age. 

Asymmetry of particular regions of the cranium has been well-documented, such as 

those in the jugular foramen relating to patterns of cranial venous drainage (Conroy, 

1980, Koesling et al., 2005), or cerebral asymmetry relating to human specialisations 

such as language (Galaburda et al., 1987) and right-handedness (Corballis, 1997).  The 

temporal bone itself has been previously examined with respect to asymmetry (e.g. 

Woo, 1931, Wahl and Graw, 2001), with a focus as fine as upon the semicircular canals 

of the otic capsule (Proctor, 1989), but the question of asymmetry in the temporal bone 

and overall cranium has not previously been addressed with the tool of geometric 

morphometric analysis. 

The current study offers a means of revisiting questions of clinical or anatomical 

interest such as the link between auditory tube length and angulation, and whether these 

features of the auditory tube are in any way associated with temporal bone 

pneumatisation.  The question of whether the semicircular canals of the bony labyrinth 

need to lie in planes that are orthogonal (at right angles) to one another to function 

efficiently are also addressed in this study.  The positional relationship between the 



 6 

arcuate eminence on the floor of the middle cranial fossa and the apex of the superior 

semicircular canal was examined to see if it could be determined whether the eminence 

is associated with the canal‟s apex or not. 

The temporal bone comprises most of the cranial base and part of its vault, and is a 

complex three-dimensional structure for a non-specialist anatomist.  For that reason it is 

essential that a thorough understanding of variation in the anatomy and morphology of 

the temporal bone that is associated with differences in cranial size, sex and age is 

acquired by exploration of the following hypotheses: 

 Cranial size differences will have an influence upon the shape of the temporal 

bone and overall cranium; 

o Most elements will get larger as the cranium increases in size; 

o Some parts of the cranium will not scale with cranial size; 

 Temporal bone pneumatisation size will be directly associated with cranial size; 

 Sexual dimorphism will be present in the cranium; 

o The cephalic index will display sexual dimorphism; 

o The cranial base angle will not be sexually dimorphic; 

 Age will have an influence on cranial morphology but some parts of the 

temporal bone will not vary with age; 

o The auditory tube will not display any age-related changes; 

o The bony labyrinth will not vary with age; 

 The temporal bone will display many small, non-significant asymmetries with 

no side biases except: 

o The right jugular foramen will be larger than the left; 

o The middle cranial fossa will be larger on the left side; 
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Exploratory research will be conducted with respect to the following issues: 

 Variation in temporal bone pneumatisation that is associated with size, sex or 

age; 

 The relationship between pneumatisation and cranial or temporal bone shape; 

 The relationship between auditory tube length, auditory tube angulation and 

temporal bone pneumatisation; 

 The angular relationships of the semicircular canals of the otic capsule; and 

 The relationship of the arcuate eminence to the apex of the superior semicircular 

canal. 

* * * * * * * 
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Chapter 2 – Temporal Bone Anatomy 

The temporal bone is a complex bone with several components, each with its own 

embryological derivation and developmental trajectory.  It forms part of the cranial 

vault and basicranium, and articulates with other cranial elements (the parietal, occipital 

and sphenoid bones) as part of the sides and base of the cranium (Anson and Donaldson, 

1973).  In addition, the temporal bone contains the organs of hearing and balance, 

transmits the cranial nerves for these organs, and is perforated by several foramina and 

canals for other nerves and blood vessels. 

The following information regarding the anatomy of the temporal bone and its 

components has been derived from four key sources: Anson and Donaldson (1973), 

Warwick and Williams (1973), Proctor (1989), and Gulya and Schuknecht (1995).  

Only in cases where information has been taken from another source will a direct 

citation be provided. 

2.1 – Anatomy 

The human temporal bone consists of four parts: the temporal squama, petromastoid 

complex, tympanic bone, and styloid process.  These separate elements have become 

fused in the course of vertebrate evolution.  The squama is derived from dermal tissue 

which forms around and protects the brain.  The petromastoid and tympanic parts are 

preformed in cartilage; the former develops around the membranous labyrinth of the 

inner ear and the latter forms the walls of the tympanic cavity and external acoustic 

meatus.  The styloid process is part of the hyoid arch and connects with the hyoid bone 

via ligaments.  The entire temporal bone articulates with the zygomatic bone anteriorly, 

the sphenoid bone anteromedially, the parietal bone superiorly, and the occipital bone 

posteriorly.  The mandible articulates with the temporal bone on its inferior surface. 
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2.1.1 – The Temporal Squama 

The squama is composed of vertical and horizontal plates and includes the zygomatic 

process of the temporal bone (Figure 2.1).  The vertical plate (squama) can be seen in 

the temporal fossa and is located superior to the external acoustic meatus.  Within the 

cranium it is concave and is marked by depressions and grooves that correspond to the 

convolutions of the temporal lobe and the middle meningeal vessels respectively.  The 

horizontal plate forms part of the mandibular fossa (the articular socket for the mandible 

on the external basicranium) (Figure 2.1), and within the cranium forms part of the floor 

of the middle cranial fossa. 

 

Figure 2.1 – Ectocranial Surface of the Temporal Bone 

(Adapted from Basmajian, 1975) 

A curved line (the supramastoid crest) stretches back and up across the posterior 

external surface of the squama (Figure 2.1”).  This crest is the area where the temporal 

fascia attaches to the temporal bone, and also provides attachment for the temporalis 

muscle.  The suprameatal triangle is a depression located between the supramastoid 

crest and the posterosuperior region of the opening of the external acoustic meatus 



 10 

(Figure 2.1).  Within the bone and medial to the suprameatal triangle is the mastoid 

antrum.  The suprameatal spine (of Henle) is situated above and behind the external 

acoustic meatus, and marks the anterior limit of the suprameatal triangle (Figure 2.1). 

As mentioned above, the articular surface of the mandibular (glenoid) fossa is formed 

by the temporal squama (Figure 2.1); the posterior, non-articulating part of this fossa is 

formed by the tympanic bone.  On the posterolateral margin of the articular surface is 

the postglenoid tubercle (Figure 2.1), a small cone-like projection that separates the 

articular surface from the tympanic part of the fossa.  The squamosal articular surface of 

the fossa is smooth and concave.  Anterior to the glenoid fossa is the articular eminence 

(Figures 2.1 and 2.4), which is also part of the temporal squama. 

The zygomatic process extends forward from the lateral wall of the squama and 

articulates with the temporal process of the zygomatic bone (Figure 2.1).  It has both 

posterior and anterior roots (Figure 2.1) which converge as they extend forward.  The 

posterior root begins at the supramastoid crest and extends forward from there (Figure 

2.1, “A”).  The anterior root projects laterally from the temporal squama (Figure 2.1, 

“B”) and forms part of the articular eminence (Figures 2.1 and 2.4).  The body of the 

zygomatic process projects forward from its roots and is mediolaterally flattened.  The 

temporal fascia attaches to its long and thin superior margin, while the short and arched 

inferior border provides a place of attachment for some posterior fibres of the masseter 

muscle.  The lateral surface is convex while the medial surface is concave. 

2.1.2 – The Petromastoid Complex 

The petromastoid complex is a three-sided pyramid made up of petrous and mastoid 

elements.  The petrous portion (petrosa) lies at the cranial base between the sphenoid 

and occipital bones; it forms part of the middle ear cavity and basicranium, and contains 
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the otic capsule of the inner ear.  The petrous pyramid‟s apex is its most medial portion, 

and is located in the space between the posterior border of the greater wing of the 

sphenoid and the clivus of the occipital bone.  The mastoid portion is the most 

posterolateral and inferior part of the temporal bone; it is located behind the external 

acoustic meatus and below the supramastoid crest, and forms the base of the petrous 

pyramid.  The mastoid is fused to the petrosa of the temporal bone, articulates with parts 

of the parietal and occipital bones of the cranium and has an inferior conical portion (the 

mastoid process, Figure 2.1) that provides an attachment site for some muscles of the 

neck and shoulder. 

2.1.2.1 – The Petrosal Bone 

The superior petrosal surface (following Rarey, 1985, but called the anterior surface by 

Warwick and Williams 1973) forms part of the floor of the middle cranial fossa and is 

marked by impressions for the lower gyri of the temporal lobes of the brain; laterally it 

is continuous with the endocranial portion of the squama (Figure 2.2).  The anterior 

(intracranial) orifice of the carotid canal is located anteromedial to the petrous apex.  

Lateral to the carotid orifice is the foramen lacerum, which in vivo is closed by a 

cartilaginous „lid‟ (Figure 2.2).  On the superior petrosal surface and lateral to the 

petrous apex is a hollow for the trigeminal ganglion, called the trigeminal depression 

(Figure 2.2); lateral and slightly anterior to the trigeminal depression, the petrosa forms 

the roof of the anterior carotid canal. 

Posterolateral to the trigeminal depression is the arcuate eminence (Figure 2.2), which 

in some individuals overlies the apex of the superior semicircular canal.  There is 

considerable debate as to the anatomical relationship between the arcuate eminence and 

the superior semicircular canal.  Historically, it was thought that the arcuate eminence is 

positioned directly superior to the superior canal‟s apex (Warwick and Williams, 1973) 
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(as seen in Figure 2.2 above), though Faure et al. (2003) found this to so in only 37% of 

cases.  However, recent research has shown that the relationship is tenuous at best, and 

there is much variability in the relationship between the two anatomical structures 

(Sindel et al., 2002, Faure et al., 2003, Seo et al., 2007).  It has been suggested that the 

arcuate eminence is not causally related to the superior semicircular canal‟s apex at all, 

but is instead caused by the occipito-temporal sulcus of the temporal lobe which rests 

upon the floor of the middle cranial fossa (Tsunoda et al., 2000). 

 

Figure 2.2 – Endocranial Surface of the Temporal Bone 

(Adapted from Basmajian, 1975) 

The part of the superior petrosal surface that lies between the squamosal wall and the 

arcuate eminence is called the tegmen tympani (Figure 2.2).  This forms the roof of the 

mastoid antrum posteriorly and extends anteriorly above the tympanic cavity and tensor 

tympani canal.  The lateral edge of the tegmen tympani meets the squama at the 

petrosquamosal suture and from there takes an inferior direction to form the lateral wall 

of the canal for tensor tympani and the bony part of the auditory (Eustachian) tube.  The 
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lowest edge of tegmen tympani can sometimes be seen in the tympanosquamosal fissure 

of the mandibular fossa (Warwick and Williams 1973) (Figure 2.1). 

On the endocranial surface of the tegmen tympani there is a narrow groove that runs 

posterolaterally to enter the bone just anterior to the arcuate eminence; this is called the 

hiatus of the greater superficial petrosal nerve (Figure 2.2).  Lateral to this groove is the 

hiatus for the lesser petrosal nerve of the tympanic plexus (Figure 2.2).  The posterior 

and lateral semicircular canals are located beneath the tegmen tympani in the area 

posterior and lateral to the arcuate eminence. 

The posterior petrosal surface forms the anterior wall of the posterior crania fossa, and 

is bounded by the superior petrosal, inferior petrosal and sigmoid sinuses (Figure 2.3).  

Superiorly the petrous ridge runs from the petrous apex to the lateral wall of the 

cranium.  The petrous ridge has a groove for the superior petrosal sinus, which runs in 

the attached margin of the tentorium cerebelli.  The inferior petrosal sinus runs from the 

petrous apex to the anterior part of the jugular foramen along the inferomedial margin of 

the posterior petrosal surface (Figure 2.3).  The sigmoid sinus runs from the lateral limit 

of the petrous ridge and down to the jugular fossa (Figure 2.3). 

The internal acoustic meatus (IAM) is located in the approximate centre of the posterior 

petrosal surface (Figure 2.3).  Through the IAM the vestibulocochlear and facial nerves 

pass laterally from the brainstem to their target organs; the internal auditory artery also 

passes through IAM from the basilar artery to the vestibule and cochlea of the inner ear.  

Lateral to the opening for the IAM is a small slit covered by a thin bony plate, behind 

which is a canal called the vestibular aqueduct (Figure 2.3).  This contains the 

endolymphatic sac and duct along with a small artery and vein.  Between and above the 

IAM and vestibular aqueduct is an irregular depression called the subarcuate fossa 
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(Figure 2.3).  The inferior edge of the posterior petrosal surface articulates with the 

occipital bone, except at the jugular foramen. 

 

Figure 2.3 –Posterior Surface of the Petrous Pyramid 

(Adapted from Basmajian, 1975) 

The inferior surface of the petrosa forms part of the external basicranium (Figure 2.4).  

Near the petrous apex on the basicranium is a roughened area for the attachment of the  

 

Figure 2.4 – Basicranial View of the Temporal Bone 

(Adapted from Basmajian, 1975) (hatched region indicates tympanic bone) 
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levator veli palatini muscle and cartilaginous portion of the auditory tube.  

Posterolateral to this is a large circular opening (the carotid canal) for passage of the 

internal carotid artery (Figure 2.4).  Between the petrosa and occipital bones is an 

opening for passage of the internal jugular vein, the jugular foramen (Figure 2.4).  This 

is divided by a bony process (the jugular spine) that sometimes bridges the gap between 

the occipital and petrosal bones.  The anterior compartment of the foramen contains the 

ninth, tenth and eleventh cranial nerves, while the posterior compartment contains the 

internal jugular vein. 

2.1.2.2 – The Mastoid Process 

The mastoid portion of the petromastoid complex is the most posterior part of the 

temporal bone.  Its roughened outer surface provides the attachment site for the 

sternocleidomastoid, splenius capitus and longissimus capitus muscles.  The mastoid 

foramen (allowing passage of an emissary vein and a small branch of the occipital 

artery) is seen on the mastoid‟s most posterior margin (Figure 2.1).  The mastoid 

foramen may lie on the mastoid portion of the temporal bone, on the occipital bone, or 

in the suture between the two.  The mastoid portion extends inferiorly in a conical 

projection called the mastoid process (Figures 2.1 and 2.4).  On the medial side of this 

process is a deep furrow called the digastric groove (a.k.a. the mastoid notch) for 

attachment of the posterior belly of the digastric muscle; medial to this notch the 

occipital groove contains the occipital artery (Figure 2.4). 

The superior border of the mastoid portion articulates with the mastoid angle of the 

parietal bone while the posterior border articulates with the inferior border of the 

occipital bone.  The mastoid portion is fused with the squama at its anterosuperior 

margin, and forms part of the tympanic cavity within the temporal bone.  The part of the 
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suture between the petromastoid plus squamous portions of the temporal bone and the 

parietal bone is the parietal notch. 

2.1.3 – The Tympanic Bone 

The tympanic bone forms the anterior, inferior and part of the posterior walls of the 

bony external acoustic meatus (EAM).  At its medial limit there is a groove called the 

tympanic sulcus for the attachment of the tympanic membrane.  The lateral end forms 

most of the margin of the opening of the EAM, with the most superior part of this lateral 

edge fusing to the posterior surface of the postglenoid tubercle.  The anterior surface is 

slightly concave and forms the posterior wall of the mandibular fossa.  The anterior wall 

and floor of the EAM are longer than the posterior wall and roof; in addition, the 

vertical diameter is the largest on the external end while the horizontal diameter is the 

largest on the internal end of the canal (Shapiro and Janzen, 1960). 

The tympanic bone fuses with the petrosa internally and lies in an angle between the 

petrosa and squama, posterolateral to the basicranial orifice of the auditory tube.  

Posteriorly the tympanic bone fuses with the mastoid portion at the tympanomastoid 

suture.  The most inferior projection of the tympanic bone is sharp-edged, and divides in 

the middle region to form the sheath of the styloid process (called the vaginal process). 

2.1.4 – The Styloid Process 

The styloid process projects from the lower surface of the temporal bone in an 

anteroinferior direction (Figure 2.1); it is slender, pointed, and averages about 25 mm in 

length but with much variation.  Its proximal portion is surrounded by the vaginal 

process, while its distal portion provides the site of attachment for the stylohyoid, 

styloglossus and stylopharyngeus muscles, and the stylomandibular and stylohyoid 

ligaments.  Between the styloid and mastoid processes is the stylomastoid foramen, 
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which is the lowest portion of the bony canal of the facial nerve; the facial nerve exits 

and the stylomastoid artery enters the cranium through this foramen. 

2.1.5 – The Tympanic Cavity 

The tympanic (middle ear) cavity is formed from both tympanic and petrosal elements, 

and is divided into the tympanic cavity proper and (superiorly) the epitympanic recess.  

The petrosal tegmen tympani forms part of the cavity‟s „roof‟ and also forms its medial 

and posterior walls as well as part of its floor.  The tegmen tympani is also the roof of 

the mastoid antrum and part of the canal for the tensor tympani muscle.  The tympanic 

cavity‟s „floor‟ is a thin, convex plate of tympanic bone that separates the cavity from 

the superior bulb of the internal jugular vein.  On the floor of the cavity near the medial 

wall is an aperture for the tympanic branch of the glossopharyngeal nerve.  The floor is 

occasionally thick and may contain pneumatic cells. 

The tympanic cavity‟s lateral wall is formed mostly by the tympanic membrane 

(eardrum), which faces laterally but is tilted anteriorly and inferiorly.  The tympanic 

membrane is anchored in a sulcus of the tympanic bone (Basmajian and Slonecker, 

1989) which also contributes to the tympanic cavity‟s lateral wall.  This sulcus forms a 

groove across the bottom of the EAM but does not describe a complete circle around it, 

running up the posterior wall of the EAM to the summit of the posterior slope of the 

tympanic gutter, and curving around the anterior wall of the EAM to the point where the 

tympanic bone crosses the inner edge of the squama. 

The medial wall of the tympanic cavity is also the lateral wall of the inner ear.  On it are 

found the prominence of the facial nerve canal, the promontory, the fenestra vestibuli, 

and the fenestra cochleae.  The prominence of the facial nerve canal shows the position 

of the superior portion of the facial nerve‟s bony canal; it courses across the medial wall 



 18 

of the tympanic cavity behind and then above the fenestra vestibuli, and then inferiorly 

to the posterior wall of the tympanic cavity.  The promontory indicates the position of 

the basal turn of the cochlea.  The fenestra vestibuli (or oval window) is a kidney-

shaped opening situated above and behind the promontory; it connects the tympanic 

cavity to the inner ear‟s vestibule.  The fenestra vestibuli‟s opening is filled by the 

stapedial base, which is fixed to the margin of the fenestra by an annular ligament.  The 

fenestra cochleae (or round window) is found below and behind the fenestra vestibuli 

and is separated from it by the posterior portion of the promontory.  The fenestra 

cochleae lies under the overhanging edge of the promontory in a hollow or niche, and 

opens anterosuperiorly from the tympanic cavity into the scala tympani of the cochlea. 

On the posterior wall of the tympanic cavity are located the aditus ad antrum, the facial 

recess and the fossa incudis.  The aditus ad antrum (entrance to the mastoid antrum) 

leads from the epitympanic recess into the mastoid antrum (an air cavity of the temporal 

bone).  On its medial wall, located above and behind the prominence of the facial nerve 

canal, is a rounded prominence that indicates the position of the lateral semicircular 

canal.  In the tympanic cavity‟s posterior wall is the facial recess, which is bounded 

medially by the facial canal and laterally by the tympanic bone.  This recess is very 

close to the second turn of the facial canal (where the facial nerve exits the middle ear 

cavity towards the stylomastoid foramen); it is situated between the pyramidal eminence 

(for stapedius tendon) medially and chordal eminence (for chorda tympani nerve) 

laterally, and is bounded superiorly by the fossa incudis (for the short process of incus) 

(Gulya and Schuknecht, 1995). 

The tympanic cavity‟s anterior wall is narrow, as its medial and lateral walls are in close 

proximity.  Its inferior portion is a thin layer of bone that forms the posterior wall of the 

carotid canal, while its superior portion has two parallel canals: superiorly is the canal 
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for tensor tympani, and inferiorly is the bony portion of the auditory tube (also called 

the Eustachian or pharyngotympanic tube).  These canals are separated by a thin, bony 

septum, and take an anterior, inferior and medial course to exit the skull between the 

squamous and petrous parts of the temporal bone. 

The auditory tube connects the tympanic cavity to the nasopharynx.  In adults it has an 

angle of about 45 degrees from the sagittal plane and 30 degrees from the horizontal 

plane.  It comprises a bony portion that begins in the anterior wall of the tympanic 

cavity, and a cartilaginous portion that connects to the most lateral wall of the 

nasopharynx.  The bony auditory tube ends at the junction of the greater wing of the 

sphenoid bone and the petrosa, and has an irregular surface for attachment of the 

cartilaginous auditory tube; the carotid canal is located medial to this point.  The 

cartilaginous and bony parts of the tube join at the narrowest part (the isthmus) of the 

entire auditory tube.  They together have an average length of approximately 36 mm, 

with the bony portion making up about one third and the cartilaginous portion about two 

thirds of the whole. 

2.1.6 – The Auditory Ossicles 

The auditory ossicles of the tympanic cavity are three tiny bones that together form a 

movable chain.  The malleus is attached to the tympanic membrane at the umbo, the 

base of the stapes connects to and fills the fenestra vestibuli on the tympanic cavity‟s 

medial wall, and the incus lies between and articulates with both the malleus and stapes.  

The ossicular chain provides a means by which the vibrations of sound energy received 

at the tympanic membrane are amplified and transmitted to the inner ear (Gulya and 

Schuknecht, 1995). 
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2.1.7 – The Inner Ear 

Within the petrosa is the otic capsule, which houses the structures of the inner ear that 

are responsible for the senses of hearing (the cochlea) and balance (the vestibule and 

semicircular canals).  Each of these has membranous and bony components; the bony 

portions are together called the bony labyrinth (Shapiro and Janzen, 1960).  This 

averages approximately 20 mm in length along its long axis, which is roughly parallel 

with the posterior wall of the petrous pyramid. 

The otic capsule first appears in the twenty-second day in utero as a thickening upon the 

lateral surfaces of the hindbrain called the otic vesicle (Poje and Rechtweg, 2000).  The 

bony otic capsule develops around the otic vesicle from a cartilage model, with the 

mesenchyme that expands around the growing otic capsule changing into pre-cartilage 

at about the seventh week of development, and into true cartilage at eight weeks (Anson 

and Donaldson, 1973).  This cartilaginous framework is not replaced by bone until its 

components reach their adult proportions.  Ossification occurs at different times for 

different components of the capsule and is complete in all components by the 23
rd

 week 

of foetal life (Anson and Donaldson, 1973).  By this time all the centres have ossified 

and fused to form a unified skeletal element that retains no trace of “sutural lines” 

where the centres of ossification have merged (Anson and Donaldson, 1973). 

The bony labyrinth‟s vestibule houses the utricle and saccule of the membranous 

labyrinth.  It is located medial to the tympanic cavity, anterior to the semicircular canals 

and posterior to the cochlea, and is a flattened ovoid in shape.  On the lateral vestibular 

wall is the fenestra vestibuli for the stapes footplate and on the medial wall is the 

spherical recess (for the saccule).  The spherical recess is perforated by small foramina 

for transmission of the filaments of the vestibulocochlear nerve.  At the posterior end of 
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the vestibule are five orifices for the semicircular canals, while at the vestibule‟s 

anterior end is an elliptical opening leading to the scala vestibuli of the cochlea. 

The cochlea is a conical structure that resembles a snail‟s coiled shell.  It is the most 

anterior part of the inner ear, being positioned directly anterior to the vestibule and 

anteromedial to the semicircular canals.  It measures approximately 5 mm from base to 

apex, and has a basal breadth of approximately 9 mm.  The apex is directed laterally to 

the front part of the medial wall of the tympanic cavity, while the base is directed 

towards the fundus of the internal acoustic meatus.  The axis of the cochlear modiolus 

(the central pillar of the cochlea around which its bony canal spirals) lies in a plane that 

is approximately parallel to the plane of the superior semicircular canal.  The cochlear 

canal winds for two and three-quarter turn around the modiolus, decreasing in diameter 

as it approaches the apex. 

The three semicircular canals (superior, lateral, posterior) are located above and behind 

the vestibule.  They differ in length but are all approximately 0.8 mm in lumen width.  

Each flares at one end to become nearly twice as wide at a region called the ampulla.  

The canals open into the vestibule at five orifices, one of which is shared by two of the 

canals.  The superior canal is vertically oriented and is approximately perpendicular to 

the long axis of the petrosa.  Its anterolateral end is ampullated (flask-shaped), while the 

posteromedial end joins with the superior end of the posterior canal at the common crus.  

The common crus opens into the medial part of the vestibule.  The posterior canal is 

also vertically oriented and occupies a plane that is nearly parallel with the petrosa‟s 

long axis.  Its inferior end is ampullated and opens into the bottom of the vestibule, 

while its superior end joins the superior canal at the common crus.  The lateral canal is 

oriented posterolaterally with an ampulla that opens in the superolateral corner of the 

vestibule below the ampulla of the superior canal.  Its posterior end opens just below the 
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orifice of the common crus.  It is thought that the lateral canals on each side of the 

cranium lie in approximately the same plane, while superior canal on one side lies in a 

nearly parallel plane with the posterior canal of the other side. 

The way that the semicircular canals are curved and oriented can vary from person to 

person, and may actually be different on opposite sides in the same person.  The 

intersection of the planes occupied by ipsilateral (same side) canals has been found to be 

approximately 90 degrees for the superior-lateral, superior-posterior and posterior-

lateral canal pairs when averaged across a sample (Della Santina et al., 2005, Hashimoto 

et al., 2005).  The angle of intersection in contralateral (opposite side) canals has been 

studied by Della Santina et al. (2005) for the same canal pairs (superior-superior, 

lateral-lateral, posterior-posterior) and for complimentary vertical pairs (superior-

posterior).  It was found that the superior-superior and posterior-posterior canal pairs are 

not orthogonal (at right angles) to one another, and that the lateral-lateral and superior-

posterior canal pairs do not lie in parallel planes (Della Santina et al., 2005).  The 

angular relationships of the canal pairs found by Della Santina et al. (2005) are 

presented in Table 2.1. 

Table 2.1 – Angular Relationships between Semicircular Canal Pairs 

Canal Pairs Mean ± SD 

Left superior-left lateral 91.1±6.3 

Left superior-left posterior 93.9±3.7 

Left posterior-left lateral 90.1±4.6 

Right superior-right lateral 90.2±6.3 

Right superior-right posterior 94.2±4.3 

Right posterior-right lateral 90.7±5.2 

Average superior-lateral 90.6±6.2 

Average superior-posterior 94.0±4.0 

Average posterior-lateral 90.4±4.9 

Left superior-right superior 103.4±9.5 

Left posterior-right posterior 83.2±9.7 

Left lateral-right lateral 11.3±6.9 

Left superior-right posterior 15.0±7.1 

Right superior-left posterior 15.3±7.2 
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* * * * * * * 

The temporal bone, as is shown in this chapter, has many components and contains 

many organs, nerves and blood vessels that are essential to everyday function in the 

living human being.  The following chapter will present previous research upon the 

cranium and the temporal bone that informs and guides the current study. 
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Chapter 3 – Previous Research 

Temporal bone morphology varies with size differences in the cranium, and with sex, 

age, and ethnic affiliation/geographic origin.  It may also be affected by variation in 

temporal bone pneumatisation, the cranial base angle, and the cephalic index, and with 

asymmetries of the temporal bone and the structures it contains.  Previous research that 

investigates these issues and is relevant to the current study will be addressed in this 

chapter. 

3.1 – Size-related Variation 

A question of interest to some investigators of human variation is how cranial shape 

varies with cranial size.  A simple representation of cranial shape is the ratio of 

maximum cranial breadth to maximum cranial length, known as the cephalic index (CI).  

A cranium rates as dolichocephalic (long-headed) when the CI is less than 70, 

mesocephalic with a CI of 71 to 80, and brachycephalic (broad-headed) with a CI of 

greater than 80 (Shapiro and Janzen, 1960).  Research regarding the relationships 

between cranial size and the shape of the cranium, temporal bone or components of the 

temporal bone that are relevant to the current study is presented below in Table 3.1. 

How specific parts of the cranium vary in size with differences in cranial size has 

received limited attention, yet some research has been conducted addressing this 

particular issue regarding the mammalian middle ear.  Nummela (1995) compared 

ossicular size against cranial size in 63 species of mammal to evaluate how the size of 

the mammalian middle ear varies with animal size.  It was found that the relationship 

between ossicular mass and cranial mass is negatively allometric: “ossicular mass 

increases less than skull mass” (Nummela, 1995).  Functional constraint upon size was 

proposed by the author as a possible explanatory factor. 
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Table 3.1 – Size-related Variation in the Cranium 

Feature Nature of Size Difference References 

Cephalic index (CI) Conflict: some research (1) suggests small crania tend to 

be brachycephalic and large crania tend to be 

dolichocephalic, while other research (2) suggests large 

crania tend to be more brachycephalic than small crania 

1, 2 

Cranial base angle (CBA) Larger crania tend to have a smaller CBA 3, 4, 5, 6 

Temporal bone size Larger in large crania 7, 8 

Temporal bone pneumatisation More extensive in larger temporal bones 9, 10 

Extensive pneumatisation expands the petrous pyramid 

in all directions such that the otic capsule is surrounded 

by air cells 

10 

Sparse pneumatisation is associated with a long internal 

acoustic meatus and extensive pneumatisation is 

associated with a short internal acoustic meatus 

11 

Internal acoustic meatus Anteroposterior orientation in narrow temporal bones; 

transverse orientation in wide temporal bones 

10 

Otic capsule relationships Large cochleae are associated with large semicircular 

canals that have a wide lumen 

12 

No relationship between petrous pyramid size and 

cochlear shape 

12 

Key: 1 – Zollikofer and Ponce de Leon (2002); 2 – Rosas and Bastir (2002); 3 – Bruner et al. (2003); 

4 – Ross and Ravosa (1993); 5 – Lieberman et al. (2002); 6 – Strait and Ross (1999); 7 – Smith et al. 

(2007); 8 – Bergmann (1847); 9 – Virapongse et al. (1985); 10 – Proctor (1989); 11 – Muren (1986); 

12 – Dimopoulos and Muren (1990) 

Lahr and Wright (1996) considered the relationship between size, shape and robusticity 

in the cranium with a focus on biomechanical remodelling.  They found a strong 

association between cranial size and the degree of development of „cranial 

superstructures‟ such as the nuchal crest and mastoid process – the larger the cranium, 

the more developed are these cranial superstructures.  Thus it may be expected that 

larger crania will have (among other features) a larger mastoid process and a more 

developed nuchal ridge than smaller crania. 

3.2 – Sexual Dimorphism 

The issue of sexual dimorphism in the human adult skeleton is relevant to physical 

anthropologists and forensic anthropologists as a means of identifying a subject‟s sex in 

archaeological, palaeoanthropological and forensic investigations.  It is generally 

accepted that within a human population, males are on average larger than females in 

both cranial and body dimensions, such that size-related variation in the cranium may 
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also be an aspect of sexual dimorphism (Bruner et al., 2003).  The challenge then is to 

untangle those aspects of sexual dimorphism that are unrelated to size, so that allometric 

variation and sexual dimorphism in cranial or temporal bone shape can be considered 

both separately and together (Rosas and Bastir, 2002).  Extensive research has been 

conducted upon sexual dimorphism in the human skeleton.  Table 3.2 below presents 

the sexually dimorphic features of the cranium that are relevant to the current research. 

Table 3.2 – Sexual Dimorphism in the Cranium 

Feature Direction of Sexual Dimorphism References 

Cephalic index (CI) Male cranium tends to be dolichocephalic, female 

cranium tends to be brachycephalic 

1, 2, 3, 4 

Cranial base angle (CBA) CBA tends to be smaller in males 4 

Temporal squama Smaller in superoinferior dimension in females 2 

External acoustic meatus Larger in males 2 

External acoustic canal Relatively wide and short in males, relatively narrow 

and long in females 

5 

Mastoid process Larger in males; greater degree of inferior projection in 

males 

2, 6, 7, 8, 

9, 10 

Mastoid triangle area (area 

between porion, asterion and 

mastoidale) 

Larger in males (disputed) 11, (12) 

Mastoid pneumatisation Contrasting results: several studies have found no sexual 

dimorphism in pneumatisation area, but some evidence 

that females have a significantly higher pneumatised 

area than males 

13, 14, 15, 

16, 17 

Occipital squama More rounded in males 18 

Key: 1 – Cameron (1929); 2 – Schulter (1976); 3 – Shah and Jadhav (2004) 4 – Bruner et al. (2003); 

5 – Paulsen et al. (2002); 6 – Novotny et al. (1993); 7 – Buikstra and Ubelaker (1994); 8 – Berge and 

Bergman (2001); 9 – Eby and Nadol (1986); 10 – Harvati (2003) 11 – Paiva and Segre (2003); 

12 – Kemkes and Gobel (2006); 13 – Diamant (1940); 14 – Tos et al. (1984); 15 – Luntz et al. (2001); 

16 – Virapongse et al. (1985); 17 – Tos et al. (1985); 18 – Rosas and Bastir (2002) 

Keen (1950) notes that the male cranium tends to be larger and heavier than that of the 

female, with more easily seen ridges, processes and tubercles for muscle attachment.  

The supraorbital ridges, mastoid processes and occipital crest tend to be more prominent 

in the male, and the mandible tends to be heavier and larger (Keen, 1950).  These 

differences are ascribed by Keen as being due to males being on average larger and 

more heavily muscled than females.  Sex differences in exposure to androgens during 

adolescence (which is higher in males) is thought to be a major contributor to sexual 

dimorphism in the human skeleton (Iuliano-Burns et al., 2009). 
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3.3 – Age Differences 

Age differences in cranial or temporal bone morphology may be present due to size 

changes that are associated with growth, and degeneration with age.  The effects of each 

of these processes on cranial and/or temporal bone shape will be discussed below. 

3.3.1 – Age Changes with Growth 

Zollikofer and Ponce de Leon (2002) examined shape variation in the cranium and 

mandible that occur with growth and found that the neurocranium is relatively flatter in 

older individuals, probably resulting from growth in the mandible and in the muscles of 

mastication between three years of age and adulthood.  The muscles of mastication are 

only 40% of their adult size at the age of five (Washburn, 1947, Tanner, 1990), so this 

increase in muscle size seemingly has a large effect upon the shape of both the cranial 

vault and the mandible. 

A small but statistically significant increase in total skull height, in the upper and lower 

regions of facial height, and in all anteroposterior cranial dimensions has been found to 

occur in the human male face and cranium in the third and fourth decades of life 

(Thompson and Kendrick, 1964, Kendrick and Risinger, 1967).  This research suggests 

that the male cranium continues to grow after the period at which growth is normally 

thought to have stopped (early adulthood).  This was confirmed for both sexes by the 

study of West and McNamara (1999): facial height and midfacial length, as well as 

mandibular length, increase significantly for both sexes from early to middle adulthood.  

However, Macho (1986) found: (i) that the height of the face and viscerocranium 

increase up to the fourth decade then decrease; (ii) that the vertical dimensions of the 

neurocranium decrease with age (possibly due to secular effects relating to inter-

generational improvements in health and diet); and (iii) that there are no changes in 
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cranial length with age.  Doual et al. (1997) also found that cranial length does not 

change with age. 

Differences in auditory tube size, shape and orientation are known to exist between 

children and adults; these differences are thought to contribute to the higher incidence 

of middle ear disease in children (the infant auditory tube is shorter, wider and more 

horizontally oriented than that of the adult) (Daniel et al., 1988).  Ishijima et al. (2000) 

found that the bony portion of the auditory tube reaches its adult length by the age of 17.  

It has also been observed that the bony portion of the auditory tube increases its length 

with age but does not change its angle of inclination – it is the cartilaginous portion that 

changes (Ishijima et al., 2002). 

The bony labyrinth within the petrous portion of the temporal bone is known to achieve 

its adult size by approximately the 23
rd

 week in utero (Anson and Donaldson, 1973, 

Spoor and Zonneveld, 1998, Jeffery and Spoor, 2004b).  Whether it changes its 

morphology at any stage in postnatal life has been the subject of investigation.  Eby and 

Nadol (1986) found no significant differences in any measurements of the bony 

labyrinth of the inner ear (semicircular canals, cochlea, utricle and saccule) between 

infants, children and adults, confirming that there are no size differences in these 

structures between birth and adulthood.  Changes in the relative position of the bony 

labyrinth may occur with advancing age, but this is thought to be a biomechanical (see 

Section 3.4 below) rather than ontogenetic effect (Doden and Halves, 1984). 

3.3.2 – Degeneration with Age 

Bone can degenerate with age due to conditions such as osteoporosis, or through 

processes of mechanical wear-and-tear.  For instance, as testosterone levels decline in 

males with age there is an accompanying decline in bone and muscle mass (Buchanan et 
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al., 1988, Sternbach, 1998).  In females declining levels of oestrogen associated with 

menopause are also associated with a fall in bone mass (Jeffcoat et al., 2000). 

Age-related differences in the cranium are summarised in Table 3.3 below. 

Table 3.3 – Age-related Differences in the Cranium 

Feature Direction of Age Differences References 

Neurocranium Relatively flatter in older individuals 1 

Cranial length Increases with age in males up to the fourth decade of 

life 

2, 3 

Cranial height Increases with age in males up to the fourth decade of 

life 

2, 3 

Decreases with age in males 4 

Bony labyrinth May undergo an anterior rotation around its transverse 

axis, so that the posterior petrosal surface moves in an 

anterosuperior direction 

5 

No size difference between infants, children and adults 6 

Key: 1 – Zollikofer and Ponce de Leon (2002); 2 – Thompson and Kendrick (1964); 3 – Kendrick and 

Risinger (1967); 4 – Macho (1986); 5 – Doden and Halves (1984); 6 – Eby and Nadol (1986) 

3.4 – Biomechanical Remodelling of Bone 

Wolff‟s law states that all changes in the forces and functions that act upon bone result 

in changes to its outer form and inner structure (Wolff, 1884, cited in Alexandridis et 

al., 1985).  Herring (1993) has found that as the brain grows it exerts pressure on all of 

the internal surfaces of the neurocranium and upon the basicranium, causing a net 

resorption of bone and allowing the cranium to expand with brain growth during 

childhood and adolescence  Growth of the neurocranium occurs with the combined 

effects of resorption on the inner surface and apposition on the outer surface (Tanner, 

1990).  The continuous pressure of the brain on the neurocranium and the resorption this 

causes lead to the creation of the impressions and grooves on the endocranial surface 

(Herring, 1993). 

When intermittent loading acts upon bone, apposition occurs perpendicular to the lines 

of compression (Herring, 1993).  Continuous compression can cause bone remodelling, 
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but not as effectively (either in threshold or magnitude of response) as intermittent 

loading (Herring, 1993).  A local area of bone under tension (as from the pulling of 

muscle upon the periosteum of that area) will show apposition along the lines of tension 

(Herring, 1993). 

With respect to the cranium, compressive loads transmitted across the bones of the 

cranial vault are predicted to lead to increased neurocranial thickness, with apposition 

occurring on the ectocranial surfaces such as the temporal squama (osteogenesis on the 

endocranial surfaces is inhibited by pressure from the brain) (Herring, 1993).  Herring 

and Teng (2000) observed that compression and tension are both felt at a suture during 

mastication, and that the forces are often tensile on the ectocranial surface and 

compressive on the endocranial surface.  This sort of dynamic loading leads to bone 

apposition, and hence to growth at the sutures (Herring, 1993). 

After adulthood is reached any change in a bone‟s size or shape requires resorption and 

apposition of new bone on the skeletal element‟s surface (Herring, 1993, Sorensen, 

1994).  There is experimental evidence that bone remodelling can occur in the cranial 

base (Sorensen, 1994) and otic capsule (Sorensen et al., 1990, Sorensen, 1994) through 

the processes of bone resorption and apposition in response to dynamic loading.  “The 

formation or removal of curvatures [in bone] occurs … throughout the developing 

skeleton including the cranial base, in which the temporal bone is located” (Sorensen, 

1994: 9).  The bone around the otic capsule can grow and remodel (including curving) 

during growth by processes similar to those that take place in long bones (Sorensen 

1994).  However, within the otic capsule, there is a zone where no bony remodelling 

occurs in the perilabyrinthine region of endosteal and endochondral bone (Sorensen 

1994).  Some factor inhibits the process of bone resorption that normally initiate bone 
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remodelling in this perilabyrinthine region, preserving its morphology and integrity 

throughout life. 

Remodelling of bone may result in a rotation or other shifting of structures rather than 

an increase in bone thickness, height or length (Herring, 1993).  Doden and Halves 

(1984) state that normal mechanical stressors on the skull (such as those caused by 

walking) cause vibrations that are transmitted to the petrous pyramid.  Doden and 

Halves (1984) suggest that this can lead to a forward rotation of the pyramid around its 

transverse axis so that the posterior surface moves in an anterosuperior direction, which 

in extreme cases makes the internal acoustic meatus visible from above.  Sorensen 

(1994) also lends support to the proposition that remodelling of bone can occur in 

response to muscular tension or other biomechanical forces. 

3.5 – Temporal Bone Pneumatisation 

Much research has been conducted upon mastoid and temporal bone pneumatisation in 

humans, addressing such diverse issues as its causes (Wittmaack, 1931, Diamant, 1940, 

Dahlberg and Diamant, 1945, Tumarkin, 1957, Diamant, 1958, Tumarkin, 1959, 

Schulter-Ellis, 1979, Tos et al., 1984, Tos et al., 1985), its function (Sederberg-Olsen et 

al., 1983, Sade, 1992, Sade and Ar, 1997, Uzun et al., 2002, Magnusson, 2003, Koc et 

al., 2004), variation in distribution and volume (Diamant, 1940, Allam, 1969, Hug and 

Pfaltz, 1981, Tos et al., 1984, Tos et al., 1985, Virapongse et al., 1985, Hug, 1986, Park 

et al., 2000, Luntz et al., 2001, Vrabec et al., 2002, Koc et al., 2003, Todd, 2006), age-

related differences, (Mouret, 1904, cited in Bushkovitz, 1924, Diamant, 1940, 

Tumarkin, 1957, Tumarkin, 1959, Virapongse et al., 1985), and population-based 

variation (Schulter-Ellis, 1979, Lindeman et al., 1981).  The sample used in the current 

study allows only for the issues of variation in distribution and volume and age-related 

variation to be addressed, so only these issues will be reviewed here. 
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3.5.1 – Causes of Pneumatisation 

Theories regarding the cause of temporal bone pneumatisation date back to the early 

20th century (Mouret, 1904, cited in Bushkovitz, 1924), and fall into two schools: the 

hereditary (Diamant, 1940, Dahlberg and Diamant, 1945, Diamant, 1958, Casselbrant et 

al., 1999) and the environmental (Wittmaack, 1931, Tumarkin, 1957, Tumarkin, 1959, 

Tos et al., 1984, Ikarashi and Nakano, 1987, Aoki et al., 1990).  An early investigator, 

Wittmaack (1931), suggested that the mucosal epithelium that lines the middle ear 

spaces plays a major role in forming the pneumatised spaces of the temporal bone, and 

explicitly stated that both hereditary and environmental factors both contribute to the 

process of pneumatisation.  Wittmaack proposed that pneumatisation is a normal 

process that occurs by the erosive action of the submucosal epithelium that coats the 

bone of the middle ear, and this process of air cell creation can be interrupted by 

environmental insults such as episodes of otitis media in infancy or childhood. 

Opposing the environmental theory of temporal bone pneumatisation is the hereditary 

(or genetic) theory.  This theory states that the normal range of variation in temporal 

bone pneumatisation goes from completely acellular to extensively pneumatised, and 

that the determining factor is genetic (Diamant, 1940, Dahlberg and Diamant, 1945, 

Diamant, 1958).  In refutation of Diamant‟s theories, Tumarkin (1957, 1959) expanded 

on Wittmaack‟s ideas and concluded that it was the environment alone (in the form of a 

high incidence of upper respiratory tract infection during childhood caused by living in 

slum conditions) that determined the extent and pattern of pneumatisation. 

Current views about the causes of temporal bone pneumatisation lean toward the 

opinion that both the environment and heredity influence the process: the extent of 

pneumatisation is genetically „programmed‟ but this can be interrupted by episodes of 

otitis media and related pathologies in childhood.  For example, Tos et al. (1984) 
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acknowledged that genetic factors probably play a role in the development of the 

mastoid air cell system, and suggested that environmental effects disturb the genetically 

driven process of pneumatisation; this process may be interrupted by middle-ear mucosa 

inflammation and infection, resulting in a reduced air cell system.  Both genetics and 

environment combine to determine the size of the pneumatised spaces; temporal bones 

with larger volumes of pneumatisation are those that have had no environmental 

disturbances such as upper respiratory tract infection, secretory otitis media or 

suppurative otitis media (Tos et al., 1984). 

From a functional perspective on the cause of temporal bone pneumatisation, Witmer 

maintains that the function of the mucosal epithelium that lines the middle ear cavity is 

“to promote pneumatisation – and no more” (Witmer, 1997: 57).  From this perspective, 

epithelial diverticula that are filled with air are active, expansive and opportunistically 

invasive and so there is a struggle between the invasive properties of the epithelial 

lining of the pneumatised spaces, and the tendency of bone to be deposited in areas with 

a high biomechanical load (Sherwood, 1999). 

3.5.2 – Variation in Pneumatisation 

There is considerable variation in temporal bone pneumatisation in volume and 

distribution, and much debate has been made regarding the degree of asymmetry.  

Indeed, the extent of mastoid pneumatisation has been described as “perhaps the most 

variable feature of temporal bones” (Todd, 2006: 969).  Allam (1969) found 

pneumatisation of the temporal bone to vary from minimal air cell presence to 

pneumatised spaces that extend throughout most of the temporal bone.  Other 

investigations have also found the range of variation goes from completely acellular to 

extensively pneumatised and has a normal (Gaussian) distribution (Diamant, 1940, Tos 

et al., 1984, Tos et al., 1985, Virapongse et al., 1985).  Four broad regions of 
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pneumatisation have been described: (i) mastoid; (ii) perilabyrinthine (above and below 

the inner ear structures; (iii) petrous (in the petrous apex); and (iv) accessory (extending 

into the squamous, zygomatic and styloid regions) (Shapiro and Janzen, 1960, Allam, 

1969). 

Some researchers have found the distribution of pneumatisation to be asymmetrical 

(Shapiro and Janzen, 1960, Groell and Fleischmann, 1999, Balzeau and Grimaud-

Herve, 2006), while others have found it to be symmetrical (Tos et al., 1984, Tos et al., 

1985, Virapongse et al., 1985, Luntz et al., 2001, Vrabec et al., 2002, Koc et al., 2003, 

Lee et al., 2005).  While Lee and colleagues (2005) found there to be no statistically 

significant asymmetry in pneumatisation, they did find there to be a statistically 

significant difference between the larger and smaller sides in individuals. 

Mouret (1904, cited in Bushkovitz, 1924) found some age-related variation in the 

perilabrythine pneumatised spaces: in older individuals air cells can also be found 

anterior and posterior to the labyrinth, and superior to the attic of the middle ear.  

Diamant (1940) found that adults of age 30 and older had a smaller air cell system than 

the younger individuals in his sample, leading this researcher to speculate that there may 

some shrinkage of the air cell system with advancing age.  It has also been suggested 

that this reflects secular changes in exposure to pathogens rather than being a shrinkage 

of the pneumatised spaces of the mastoid process with age (Tumarkin, 1957).  In 

contrast to Diamant‟s findings of a reduction in air cell area with age, Virapongse et al. 

(1985) found no relationship between age and the volume or distribution of mastoid 

process or temporal bone pneumatisation.  However, in a cross-sectional study of a 

Korean sample ranging from 6 to 84 years of age, Lee and colleagues (2005) found the 

volume of mastoid pneumatisation to increase rapidly from birth to the early teenage 
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years, continue increasing at a slower rate up into the third decade of life, reduce in 

volume slowly up til the seventh decade, then decrease rapidly in volume thereafter. 

Todd and Martin (1988) found that the length of the cartilaginous portion of the 

auditory tube is correlated with the volume of temporal bone pneumatisation, but the 

length of the bony auditory tube and pneumatisation volume had no statistically 

significant relationship. 

Table 3.4 summarises the variation in temporal bone pneumatisation that is pertinent to 

the current study. 

Table 3.4 – Variation in Temporal Bone Pneumatisation 

Feature Direction of Variation References 

Distribution From no air cells to air cells all throughout the temporal 

bone 

1, 2, 3, 4 ,5 

Symmetry Conflicting information in the literature: some 

researchers have found the distribution of air cells to be 

symmetrical (6, 7, 8), others have found it to be 

asymmetrical (3, 4, 5, 9, 10, 11) 

3, 4, 5, 6, 

7, 8, 9, 10, 

11  

Changes with age Conflicting information in the literature: one 

investigator proposed that the air cell system shrinks 

with age (12), while another found no size difference 

between infants, children and adults (5) 

5, 12, 13 

Relationship with auditory tube No relationship between bony auditory tube and volume 

of temporal bone pneumatisation 

14 

Key: 1 – Allam (1969); 2 – Diamant (1940); 3 – Tos et al. (1984); 4 – Tos et al. (1985); 5 – Virapongse et 

al. (1985); 6 – Shapiro and Jansen (1960); 7 – Groell and Fleischmann (1999); 8 – Balzeau and Grimaud-

Herve (2006); 9 – Luntz et al. (2001); 10 – Vrabec et al. (2002); 11 – Koc et al. (2003); 12 – Diamant 

(1940); 13 – Lee et al. (2005); 14 – Todd and Martin (1988) 

3.6 – Cranial Base Angle 

The cranial base angle (CBA) is the angle formed at the intersection of the planes 

occupied by the anterior cranial base and the posterior cranial base (or clival line, the 

line projected along the occipital clivus in the mid-sagittal plane).  Different points have 

been used to define the anterior cranial base and the clival line (and hence calculation of 

the CBA) by different investigators (see Lieberman et al., 2000b: 127 for examples), 

making it difficult to compare different analyses, but commonalities in results do exist 
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that allow some general comments to be made.  The cranial base in humans is thought 

to become more flexed (with a smaller CBA) with increases in cranial size (Lieberman 

et al., 2002, Bruner et al., 2003) and with changes in cranial shape (Lieberman et al., 

2000a), to differ between males and females (Schulter, 1976, Bruner et al., 2003), and to 

differ between populations (Kuroe et al., 2004).  The CBA has also been studied with 

respect to evolutionary changes and phylogenetic differences in primates (Lieberman 

and McCarthy, 1999, Strait and Ross, 1999, Lieberman et al., 2000b). 

There is considerable variation in the CBA in modern humans.  Shapiro and Janzen 

(1960) state the CBA in humans ranges from 121 to 152 degrees, with an average of 

135 degrees.  The CBA calculated by Karagoz et al. (2002) for adults free of pathology 

or congenital malformation had a mean value of 121 degrees and a standard deviation of 

six degrees.  Some of the differences in the mean values and ranges of cranial base 

angle are the result of different points being used to calculate the angle, while others are 

real differences that have been presented above or will be reviewed below. 

Enlow (1990) suggested that individuals with a narrow cranial base and a 

dolichocephalic cranium tend to have larger CBA (with less basicranial flexion), while 

individuals with a wide cranial base and a brachycephalic cranium tend to have a 

smaller CBA (i.e., a more flexed cranial base).  This was seen by Enlow as the cause of 

differences in the degree of facial projection in humans.  The increased CBA associated 

with dolichocephaly causes the maxilla to become relatively more anteriorly positioned 

and the mandible to be more inferoposteriorly positioned, creating a retrognathic 

profile.  The smaller CBA associated with brachycephaly causes a posterior 

displacement of the maxilla and anterior placement of the mandible, giving 

brachycephalic individuals a more prognathic profile (Enlow, 1990). 
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In a study of the interaction between cranial size, cranial shape and the cranial base, 

Lieberman et al. (2000a) found that the only component of the cranial base to have a 

significant effect on overall cranial morphology was its maximum breadth (measured 

from porion to porion).  This effect of basicranial width upon cranial morphology is to 

cause neurocranial brachycephaly.  This is largely a result of the interaction of bi-porion 

breadth with the neurobasicranial complex: the neurocranium and basicranium grow in 

tandem (Lieberman et al., 2000a).  However, Lieberman et al. (2000a) found no 

evidence that the cranial base angle has any influence upon cranial shape. 

Variation in the cranial base angle is summarised in Table 3.5. 

Table 3.5 – Variation in the Cranial Base Angle 

Feature Direction of Variation References 

Cranial size CBA is smaller in large crania 1, 2 

Cephalic index CBA is smaller in brachycephalic crania 3, 4 

Key: 1 – Lieberman et al. (2002b); 2 – Bruner et al. (2003); 3 – Lieberman et al. (2000a); 

4 – Enlow (1990) 

3.7 – Issues of Asymmetry  

Asymmetry in biological structures is an interesting phenomenon, because the body 

plan of vertebrates is usually bilaterally symmetrical (Klingenberg et al., 2002).  

Bilateral symmetry can be categorised in two ways: object symmetry (which is 

concerned with internal symmetry within a single object such as the cranium), and 

matching symmetry (symmetry between two corresponding objects that exist as mirror 

images of each other, such as the left and right hands) (Mardia et al., 2000, Klingenberg 

et al., 2002). 

Components of the temporal bone and cranium that are asymmetrical and are relevant to 

this research are summarised in Table 3.6. 
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Table 3.6 –Temporal Bone Asymmetry 

Feature Direction of Variation References 

Temporal bone Contradictory results: the right side tends to be longer 

anteroposteriorly and shallower superoinferiorly than 

the left (1), the left tends to be taller superoinferiorly 

than the right (2), or there is no size-based asymmetry in 

temporal bone length or height (3) 

1, 2, 3 

Jugular fossa/foramen Tends  to be larger on the right side, but males are more 

likely to show greater development of the left jugular 

fossa/foramen 

4, 5, 6 

Cerebral lateralisation Left temporal and occipital lobes of the brain tend to be 

larger than the right; these cerebral asymmetries can 

produce neurocranial asymmetries. 

7, 8 

Testosterone reduces cerebral asymmetries in the 

planum temporale, suggesting that males will exhibit 

less neurocranial asymmetries than females 

9, 10 

Key: 1 – Woo (1931), 2 – Wahl and Graw (2001); 3 – Schulter (1976); 4 – Shapiro and Janzen (1960); 

5 – Conroy (1980); 6 – Bruner et al. (2003); 7 – Tanner (1990); 8 – Galaburda et al. (1978); 

9 – Geschwind and Levitsky (1968); 10 – Galaburda et al. (1987) 

3.7.1 – Gross Cranial Asymmetries 

Woo (1931) found that the human cranium has a tendency towards marked asymmetry, 

and that this asymmetry is biased towards the right side.  The frontal, temporal and 

parietal bones tend to be larger on the right side, the occipital, malar (zygomatic) and 

sphenoid bones tend to be larger on the left side, and the internal length of the skull is 

larger on the right side than the left (Woo, 1931).  Regarding the temporal bone, Woo‟s 

findings indicate that the right temporal bone tends to be longer anteroposteriorly and 

shallower superoinferiorly than the left.  Woo interpreted his findings as indicating that 

the right-biased asymmetry was a result of the right cerebral hemisphere being larger 

than the left. 

Wahl and Graw (2001) also found side differences in temporal bone height, taking their 

height measurement from the cochlear canaliculus in the jugular fossa to the lateral edge 

of the internal acoustic meatus.  Contrary to Woo (1931), Wahl and Graw (2001) found 

that temporal bone height was larger on the right side than the left.  In contrast to Woo 

(1931) and Wahl and Graw (2001), Schulter (1976) found no significant asymmetry in 

any variables in her study of metric variation in the temporal bone in humans. 
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The curvature and orientation of the semicircular canals varies from person to person, 

and can indeed vary from side to side in the same person (Proctor, 1989).  Proctor did 

not find any directional bias to these asymmetries. 

3.7.2 – Asymmetries in Vascular Structures 

Attila et al. (1995) conducted a computed tomography study to explore the range of 

variation in the vascular structures that perforate the temporal bone and found that 

anomalies of the jugular bulb and fossa occur more frequently on the right side than the 

left.  Shapiro and Janzen (1960) note that the right jugular fossa is usually the larger of 

the two, because the right jugular vein is also usually larger than the left; in addition, the 

jugular foramen may vary in size and symmetry across a population (Shapiro and 

Janzen, 1960). 

Conroy (1980) noted that the right jugular foramen is usually larger than the left in 

humans because the superior sagittal sinus more frequently drains into the right 

transverse sinus, which has the effect of enlarging the sigmoid sinus and internal jugular 

vein on the right.  This is further influenced by the fact that the superior vena cava is on 

the right side of the body, so that side is the most direct route for blood to return from 

the head to the heart (Conroy, 1980).  Numerous other studies agree that asymmetry in 

the jugular foramen is common in humans, with the right side being larger than the left 

for the reasons stated above (Ayeni et al., 1995, Tomura et al., 1995, Rhoton, 2000, 

Cicekcibasi et al., 2004, Koesling et al., 2005). 

Like Conroy (1980), Bruner and colleagues (2003) also found that the superior sagittal 

sinus is more likely to drain into the right transverse sinus than the left, but that the 

superior sagittal sinus drains to the left more frequently in males (15% of cases) than in 

females (5% of cases).  In addition, males show a greater degree of development of the 
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left transverse sinus than females, and that crania with a more developed left transverse 

sinus system are larger in size (Bruner et al., 2003). 

3.7.3 – Asymmetries and Cerebral Lateralisation 

Right handedness and left cerebral hemisphere specialisation for language are 

characteristic of humans not only by virtue of their asymmetry, but also because they 

are linked to two functions that are considered uniquely human: high manual dexterity 

with the ability to manufacture complex tools, and the capacity for speech itself 

(Corballis, 1997). 

The cerebral hemispheres of the brain are both structurally and functionally 

asymmetrical (Tanner, 1990).  For example, the upper surface of the temporal lobe and 

the whole occipital region is considerably larger on average on the left side than the 

right, with this difference developing during prenatal life (Tanner, 1990).  Asymmetries 

in the cerebral hemispheres due to a wider left occipital lobe and wider right frontal lobe 

can produce changes in the appearance of the skull (Galaburda et al., 1978).  Regardless 

of the region under consideration, it is clear that cerebral asymmetries can result in 

neurocranial asymmetries (Galaburda et al., 1978). 

3.7.3.1 – Preferences in Handedness 

Humans more commonly prefer to use the right hand than the left to perform tasks 

which require fine motor control, with this being the common preference in about 90% 

of the species (Corballis, 1997).  Cognitive, motor and sensory functions have all been 

linked to cerebral dominance and lateralisation of function (Porac and Coren, 1981, 

Hoogmartens and Caubergh, 1987, Nissan et al., 2004), with the finding that in humans 

left side dominance is the more common pattern (Corballis, 1997, Knecht et al., 2000).  

However, the question of whether a side preference in physical actions is correlated 
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with size differences in the cerebral lobes is a subject of debate and investigation 

(Amunts et al., 1996, Amunts et al., 2000, Good et al., 2001). 

3.7.3.2 – Language and Auditory Association 

Right-handers and the majority of left-handers both share left cerebral hemisphere 

specialisation (and asymmetry) for speech and language processing (Peters, 1995).  

Indeed, there is evidence that over 90% of humans have a right handed preference and a 

left hemisphere dominance for speech (Geschwind and Levitsky, 1968).  Part of the left 

temporal lobe (called the left planum temporale) has been demonstrated to be associated 

with several major auditory association cortices, and comprehension of both spoken and 

written language (Geschwind and Levitsky, 1968, Galaburda, 1995, Nakada et al., 

2001).  Not surprisingly perhaps, the planum temporale is more commonly larger on the 

left side than the right (Geschwind and Levitsky, 1968, Galaburda et al., 1987).  This 

size difference accords with observations that the left Sylvian fissure and postcentral 

gyrus are longer than the right in humans (Geschwind and Levitsky, 1968, LeMay, 

1976, Sommer et al., 2001). 

It has been reported that males have a larger left planum temporale and Sylvian fissure 

(Kulynych et al., 1994, cited in Good et al. 2001) and larger left inferior parietal lobule 

(Frederikse et al., 1999) than females.  Good et al. (2001) also found left-side 

asymmetry in the planum temporale, and that this was more pronounced in males than 

in females.  In contrast, testosterone has been implicated in slowing the growth of the 

left planum temporale in some individuals (Geschwind and Levitsky, 1968), and it has 

also been suggested that testosterone reduces asymmetries in the planum temporale by 

reducing the „pruning down‟ of the non-dominant side during perinatal development 

(Galaburda et al., 1987).  Whatever the mechanism, this testosterone hypothesis 

suggests that males will exhibit less asymmetry in the planum temporale (and the parts 
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of the neurocranium that house it) than females, in conflict with the findings of 

Kulynych et al. (1994), Frederikse et al. (1999) and Good et al. (2001). 

* * * * * * * 

This chapter has reviewed research upon the temporal bone and cranium using both 

traditional statistical methods, and the new analytical approach of geometric 

morphometrics.  The following chapter will present a review of the methods that led to 

the modern paradigm of shape analysis, followed by an introduction of the technique 

itself and how it will be used in the current study. 
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Chapter 4 – Review of Analytical Techniques 

4.1 – An Introduction to Shape Analysis 

Humans have a natural talent for shape recognition, as demonstrated by the ability of a 

newborn infant to recognise faces (de Haan et al., 2002).  However, this is a qualitative 

and subjective assessment of shape that is not amenable to scientific analysis.  To 

overcome this subjectivity, methods of shape analysis have been developed that allow 

for an objective quantification of shape.  These methods encompass such approaches as 

the statistical analysis of univariate, bivariate or multivariate metric data (linear 

measurements, areas, volumes and angles) acquired from the organisms comprising a 

sample, to the multivariate analysis of two- or three-dimensional coordinate landmark 

data that incorporates the statistical analysis and also includes a representation of the 

shape of the specimens under study. 

These forms of analysis fall under the general heading of morphometrics, the 

quantitative description and statistical analysis of biological shapes, forms and patterns 

(Oxnard, 1978).  Morphometrics can also be defined as the study of the shape variation 

(as represented by landmark sets) and its covariation with other variables such as 

environmental influences (Bookstein, 1991, Adams et al., 2004).  Broadly speaking, 

morphometric analysis comes in two forms: traditional morphometrics and geometric 

morphometrics.  While there are some common concepts to each and the latter builds 

upon and borrows from the former, there are also some marked differences. 

This chapter will introduce some concepts that are basic to the field of shape analysis, 

describe the techniques of traditional morphometrics, give a brief history of shape 

analysis and how early techniques in this field led to the modern method of geometric 

morphometrics, and describe the techniques of geometric morphometric analysis. 
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4.2 – Traditional Morphometric Analysis 

The „traditional‟ morphometric approach to shape analysis comprises the statistical 

analysis of univariate, bivariate or multivariate morphometric data in the form of linear 

measurements, areas, volumes indices, ratios and/or angles taken from the anatomy of 

biological specimens to investigate patterns of variation within and among groups 

(Adams et al., 2004).  Univariate morphometric analysis comprises the use of linear 

measurements, areas and volumes, to gain a preliminary understanding of variation in a 

sample.  (NB: strictly speaking, a linear measurement, area or volume is a measure of 

size but not shape: a single dimensional measurement cannot of itself provide any 

information regarding shape for the object from which it was taken).  Bivariate 

morphometric analysis begins the process of understanding variation in the shape of 

biological structures.  Two linear measurements can be used to calculate an angle, index 

or ratio that describes proportional features for the structure under study (i.e. whether a 

structure is relatively narrow for its length or is more flexed when compared to another 

individual). 

The analysis of more than two variables simultaneously requires multivariate statistics 

such as factor analysis, principal components analysis (PCA), discriminant function 

analysis or canonical variates analysis for purposes such as determining group 

membership or other issues of biological interest (Reyment et al., 1984, Adams et al., 

2004).  These variables may be directly measured or may be calculated as interlandmark 

distances (ILDs).  As an example of a statistical analytical technique used in 

multivariate morphometrics that offers a means of exploring shape variation, PCA will 

be the focus of the remainder of this section. 

Measurements that are derived from living (or once-living) organisms are neither 

biologically or statistically independent.  Indeed, these shape variables are expected to 
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be interrelated because they describe features of an organism that are functionally, 

developmentally or genetically connected, and the manner in which these shape features 

vary and co-vary can be complex and difficult to understand (Zelditch et al., 2004).  

Principal component analysis is a mathematical procedure that simplifies the patterns of 

shape variation and their interpretation by replacing these interrelated variables with 

new variables (the principal components) that are independent of one another (Zelditch 

et al., 2004). 

When using PCA, a relatively large number of the original variables can be reduced to a 

smaller number of principal components (PCs).  Moreover, the first principal 

component will describe the largest amount of variance in the sample, with each 

subsequent PC describing the largest amount of variance remaining that has not been 

described by the preceding PCs.  Thus, instead of having to consider a large number of 

interrelated variables when exploring patterns of shape variation, a PCA gives the 

investigator a small number of unrelated PCs that together account for the majority of 

variation in a sample.  Furthermore, a scatter plot using pairs of these PCs as axes on a 

graph can identify clusters of individuals that belong to distinct groups among the 

sample (based on anatomical or other properties) that are difficult to identify when 

plotting the original data.  These clusters can be independently verified by statistical 

means to test whether or not they represent a priori groups (Zelditch et al., 2004). 

The hierarchical nature of the PCs (with respect to the amount of variance each PC 

describes for the sample) creates a matrix that can be thought of as a multi-dimensional 

space occupied by the number of individuals that comprises the sample; each PC 

represents a straight-line axis in this multidimensional space.  The „direction‟ in which 

the axis of each PC points is a vector with a length of one (this constraint is necessary to 

keep the total amount of variance in the sample unchanged).  Furthermore, all of the PC 
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axes must have covariances of zero.  This requires each of the axes to be orthogonal (at 

right angles) to all of the others in multidimensional space. 

The direction of the vector represented by each PC is described by the eigenvectors (or 

loadings) which indicate the extent to which each variable contributes to each PC.  Each 

PC is the sum of the product of each eigenvector and each of the original measurements.  

Therefore, particular aspects of morphology for the sample are described by each PC 

which can be understood by an examination of the eigenvectors.  If all the eigenvectors 

have the same magnitude and sign then the PC is coding for size, but if some 

eigenvectors are positive and others negative then the PC is coding for some aspect of 

shape.  For example if the length measurements have positive eigenvectors and the 

width measurements have negative eigenvectors then specimens with a high score on 

that PC are long and slender while those with a low score are short and wide.  It is by 

this technique that shape differences in the sample are understood, but it has the 

disadvantage that the investigator must interpret each PC by an examination of the 

eigenvectors, and to varying extents the PC are confounded by the influence of size.  

This has led to the attempts to develop analytical techniques that are able to describe 

shape independently of size. 

4.3 – Geometric Morphometric Analysis 

Traditional morphometrics deals with linear measurements of biological structures, and 

with angles indices, areas and other parameters calculated from the landmark 

coordinates (Blackith and Reyment, 1971, Reyment et al., 1984).  This allows for a 

quantification of shape and for the exploration of patterns of covariance between 

variables, but the geometric configuration of the objects studied is lost, and the original 

shapes cannot be reconstructed with the generated variables.  In a geometric 

morphometric analysis (GMA), the data are collected as two- or three-dimensional 
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Cartesian coordinate data in the form of a set of landmarks.  This data are manipulated 

in ways that preserve the geometry of its original configuration, allowing a 

reconstruction of the actual form (or a simplified representation of it) during the process 

of analysis and in the stages of presentation and interpretation of results (O'Higgins, 

2000b). 

Geometric morphometric methodology utilises ways of data acquisition and 

manipulation, statistical analysis and presentation of results that were described as 

„revolutionary‟ when first introduced (Rohlf, 1993, Adams et al., 2004), but several 

techniques developed in the early part of the twentieth century foreshadowed some 

aspects of GMA.  A brief review of these techniques will follow. 

4.3.1 – Early Approaches to Shape Analysis 

The quantitative approach to shape analysis formally began in the early twentieth 

century with pioneers such as Boas (1905, form superposition technique), Galton (1907, 

portrait numeralisation) and Thompson (1917, Cartesian transformation grids) offering 

approaches to shape analysis that could be statistically analysed and were reproducible 

on different specimens and by different investigators.  Galton‟s approach using shape 

coordinates that could be analysed by rectangles or triangulation was „rediscovered‟ by 

Bookstein in the 1980s (Bookstein, 1982, 1984, 1986).  Each of these approaches will 

be discussed briefly below. 

The pioneering anthropologist Franz Boas published a paper in 1905 wherein he 

suggested that when comparing the shapes of objects with variable forms (such as the 

human cranium), every point must be given equal weighting and that “the nearest 

approach of all points must be attempted” (Boas, 1905: 862).  The best comparative 

method minimises “the sum of the squares of the distances between all pairs of 
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homologous points” (Boas, 1905: 862).  These homologous points are rotated and 

translated (but not scaled) and their geometric centres of gravity positioned so that they 

coincide (Boas, 1905).  This method was almost identical with Sneath‟s (1967) method 

of least squares superimposition except that no allowances were made for variations in 

size between organisms (Cole, 1996). 

In his analysis of the facial features of humans, Galton (1907) took six landmarks from 

side-view facial portraits and described the position of these landmarks as coordinates 

on a rectangle or by triangulation.  These coordinates were used in interlandmark 

distance and angle comparisons to characterise and classify the shapes from which they 

were derived.  This approach was found to be efficient for identifying the race of 

individuals from their portraits (Galton, 1907).  Galton‟s was an early approach in the 

use of coordinate data for the analysis and classification of biological shapes, but used 

landmarks with only weak (or no) homology between individuals.  The Galton approach 

was reinvented and refined by Bookstein in the 1980s after rigorous statistical testing 

and modelling (Bookstein, 1982, 1984, 1986). 

D‟Arcy Wentworth Thompson was another early investigator in the field of shape 

analysis whose ideas have contributed to modern morphometric research.  Thompson 

created the Cartesian transformation grid, a regular grid pattern that is superimposed on 

a reference object is deformed so that corresponding points on a target object contact the 

same points on the grid (Thompson, 1917).  The degree of difference between the two 

objects can be visualised by the degree of deformation of the grid on the target object.  

The following example (Figure 4.1) is drawn from Thompson‟s (1917) own work.  

There were however limitations to the Thompson method: the figures were usually 

hand-drawn without any quantifiable data, so that the accuracy of the two figures was 
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unreliable, and that differences in shape between the target and reference objects could 

not be quantitatively described (Chen, 2005). 

 

Figure 4.1 – Cartesian Transformation Grid of Fish from Diodon (left) to Orthagoriscus (right) 

(Adapted from Thompson, 1917) 

Developed during the 1980s, Bookstein‟s two-point registration method of shape 

analysis standardises the position of all the landmarks in a dataset to a baseline fixed by 

two landmarks that are assigned the coordinates (0, 0) and (0, 1) in a Cartesian 

coordinate system.  The coordinate data for each specimen are then rotated, translated 

and scaled to the common baseline, as illustrated below in Figure 4.2.  This removes all 

variation in size, position and orientation between specimens, leaving only the variation 

pertaining to shape. 

In Figure 4.2A, two triangles with vertices (A, B and C) and (A‟, B‟ and C‟) are 

presented.  In Figure 4.2B, the points A and A‟ are assigned the coordinates (0, 0), 

putting the triangles in the same position, and the lines AB and A‟B‟ are both aligned 

horizontally, giving the triangles the same orientation.  The baselines AB and A‟B‟ are 
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now scaled so they both have the length (1, 0), while the other lines comprising the two 

triangles are scaled by the same degree.  The two triangles in Figure 4.2B now have the 

same position, orientation and base line size, so that the only differences that are left 

(between the points C and C‟) are differences in the shape of the triangles.  The 

coordinates of the points C and C‟ completely describe the shape of the two triangles. 

 

Figure 4.2 – Two triangles before (A) and after (B) two-point registration  

(From Klingenberg 2006) 

Bookstein‟s two-point registration method can be applied to a landmark set with any 

number of landmarks by designating two of the landmarks of each set as the baseline 

points A and B, and a third point as the free vertex of the triangle C.  The same steps of 

translation, rotation and scaling are applied, with the subsequent scatter of C points 

indicating the amount of shape variation in a sample.  Plotting the other landmarks in 

the dataset for each individual gives information about variation of these other 

landmarks across the whole sample, allowing the identification of where in a structure 
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the most variation occurs (Klingenberg, 2006).  This approach analyses landmarks in 

sets of three at a time, but cannot analyse a multi-landmark set such as that routinely 

used in a geometric morphometric analysis. 

These early methods of shape analysis have all in some way contributed to modern 

geometric morphometric methods.  The following sections will explain the theoretical 

aspects of geometric morphometric analyses that are relevant to the current study. 

4.3.2 – Landmarks and Homology 

The terms „landmark‟ and „homology‟ have particular meanings in GMA that are 

fundamental to the method.  Each of these terms is defined below. 

4.3.2.1 – Landmarks 

Landmarks in the morphometric sense are points that have a specific location that is 

equivalent among all specimens and are easily locatable and identified on the biological 

structures under consideration (Bookstein, 1991, O'Higgins, 2000b).  A set of landmarks 

collected from a biological structure is a geometric representation of the morphological 

features of that structure, and preserves the spatial relationships among the landmarks 

throughout the processes of analysis (Klingenberg, 2006).  Thus, landmark sets are 

geometric representations of biological phenomena.  Preferably, some form of 

homology (see below) is present in the landmark set used to represent the biological 

structures under study. 

Landmarks can be classified into three different categories.  Type I landmarks are those 

that are represented by discrete anatomical features such as the meeting points of 

sutures, the juxtaposition of tissues, or the centre-point of a foramen.  Type II landmarks 

include the tips of extrusions on a structure (such as a bony spur that serves as a site of 
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muscle attachment) and are identified by geometric rather than anatomical evidence.  

Type III landmarks are those that can be located on an outline or a surface but not at a 

specific point, such as the tip of a nodule of bone (Bookstein, 1991, O'Higgins, 2000b, 

Klingenberg, 2006).  With respect to homology between specimens, the greatest amount 

of confidence can be attached to Type I landmarks and the least to Type III 

(O'Higgins, 2000b). 

4.3.2.2 – Homology 

Homology in its simplest definition is a matter of correspondence between parts 

(Bookstein, 1991).  However, there are different types of homology that are dependent 

upon the sort of research question being posed.  In evolutionary studies, homology is 

the matching of parts between organisms based on common evolutionary origins.  In 

developmental studies, homology refers to the matching of structures throughout 

ontogenetic stages.  In studies of biomechanical function, homology refers to matching 

of structures based upon an equivalence of function between organisms that have long 

been separated from their common ancestor in evolutionary time.  Geometric homology 

refers to the situation where homology is caused by the equivalence of points in three-

dimensional space, such as the apex of a pyramid (O'Higgins, 2000b). 

In the current study, the form of homology will be that of comparative anatomy 

(Brigandt, 2003).  This form of homology uses the relative position of the salient 

feature(s) with respect to adjacent structures, similarity in structural detail and 

histology, and correspondence of developmental origin as the key criteria to identify 

homologous landmarks across the sample.  For a sample comprising just one species 

(Homo sapiens), anatomical features will be standard across the sample, making the 

homologous nature of the landmarks relatively simple to define. 
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4.3.3 –Modern Geometric Morphometric Analysis 

Geometric morphometric analysis (GMA) is a relatively recent synthesis of techniques 

that were developed over the course of the twentieth century.  This technique uses 

coordinate landmark data derived from points that are homologous across the specimens 

under study, and preserves the main geometric relationships between these landmarks as 

reflected by their positions in two- or three-dimensional Cartesian coordinate shape 

space (Cole, 1996).  In brief, a GMA registers the coordinate data for all of the 

specimens in an analysis by scaling it to an average size for each specimen, translating 

it to a common plane of reference, and rotating it to a common orientation (O'Higgins 

and Jones, 1998, O'Higgins, 2000a, O'Higgins, 2000b).  These steps remove all size, 

positional and orientation-related differences from the specimens comprising a study 

sample so that all that is left for examination are the shape differences. 

Theoretical developments and advances in the tools of analysis have made it possible to 

manipulate large sets of coordinate landmark data in ways that were not previously 

possible.  Thus, samples comprising many individuals with large numbers of landmark 

sets can be analysed and displayed using powerful computers in a way that was 

heretofore impossible.  What also sets GMA apart from its forerunners is its focus upon 

landmark coordinates and the geometric information about their relative positions, 

allowing configurations of landmarks to visually display differences between 

individuals or groups, in addition to these differences being displayed in the form of 

statistical plots (Adams et al., 2004).  Data are analysed in geometric morphometric 

research by registration and superimposition techniques, by principal components 

analysis, and by deformation methods (O'Higgins, 2000b).  A brief explanation of each 

of these tools will now follow. 
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4.3.3.1 – Registration by Procrustes Superimposition 

A superimposition method registers all the forms within the sample with respect to one 

another by such approaches as two point registration (discussed above) or Procrustes 

superimposition (O'Higgins, 2000b).  The Procrustes superimposition method (also 

known as generalised Procrustes analysis or GPA) involves the following steps: 

1. The centroid (central point of the landmark dataset for each individual) is 

calculated as the mean of the landmarks representing each object, and each 

object is translated so that the centroid is at the origin of the coordinate system; 

2. The centroid size of each object is calculated as the square root of the sum of 

squared Euclidean distances from each landmark to the centroid, and all the 

objects are scaled to a unit size by dividing all the landmark coordinates by the 

centroid size (the centroid size value is retained as a measure of the original 

size); and 

3. The Procrustes analysis then rotates each shape/object to the same orientation 

by minimising the sum of squared distances between the equivalent landmarks 

of all the shapes in the sample. 

 

4.3.3.2 – Kendall’s Shape Space 

After the registration process, a principal component analysis (PCA) is conducted upon 

the whole dataset to convert the interrelated components of biological shape variation 

that are present into independent principal components (PCs) of shape variation.  As 

with any PCA, the axes of all the PCs are orthogonal to one another, and fulfil all of the 

other requirements necessary to form a multidimensional shape space.  Thus, each shape 

(i.e. configuration of landmarks) is represented as a point in a „shape space‟ (Kendall, 

1984, O'Higgins, 2000b).  Each landmark set is represented as an „independent isotropic 

distribution‟ of shapes that results in an even distribution of the specimens in the shape 
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space (O'Higgins, 2000b).  To present an example of this, Kendall‟s shape space for 

triangles is illustrated in Figure 4.3 below. 

For triangles, Kendall‟s shape space is curved like the surface of a sphere, but for 

shapes that are represented by more than three points the shape space is more complex 

and multidimensional (a hypersphere).  The PCA in the space that is tangential to 

Kendall‟s shape space is capable of handling this complexity (O'Higgins, 2000b).  For 

triangles this involves projecting the scatter of points on the hypersphere‟s surface that 

represents variation the sample onto a flat Euclidean plane (as seen in Figure 4.3B), 

with the axes that define the plane being a pair of PCs.  The coordinates for the points 

representing each specimen are now given as coordinates on a plane rather than as 

coordinates on the surface of a sphere.  This allows for an examination of the PCs of 

shape variation.  Clusters of points can be identified and tested for biological 

significance, such as whether they represent groupings by size, sex, or age.  The actual 

shape variation can be visualised by warping the mean shape along the PCs of interest 

(O'Higgins, 2000b) (see Section 4.3.3.3 below). 

 

Figure 4.3 – Kendall’s Shape Space 

(A) – Representation of Kendall’s shape space for triangles; Equilateral triangles are located at the 

poles; the southern hemisphere reflects the northern hemisphere.  (B) – A schematic projection of 

the points representing triangles in the shape space onto a plane tangent to the mean shape with the 
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principal components of shape variation (PC I, PC II) in this tangent space.  Steps involved are; (i) 

registration of figures by generalised Procrustes analysis; (ii) projection of points into a space 

tangential to the mean and extraction of the principal components in this space; and (iii) 

reconstruction of the figures to examine the shape variation represented by the principal 

components (O'Higgins, 2000b) 

4.3.3.3 – Visualisation of Shape Variation 

In a traditional morphometric analysis the shape variation associated with each PC is 

interpreted by examining the eigenvectors of each measurement.  However in GMA 

there is an eigenvector for each of the X, Y and Z coordinates for each landmark, 

making interpretation of the PCs by examination of the eigenvectors problematic.  

Instead, the shape differences can be visualised by plotting the coordinates of the mean 

shape in a viewer.  The user can define lines joining particular points to produce a wire 

frame model of the object, or define triplets of points to form surfaces for a surface 

model.  The mean shape can be warped along any particular PC of interest by adding 

the coordinates of the mean shape to the product of the eigenvectors for that PC and the 

score on the PC (Kent, 1994).  This process changes each coordinate value for the mean 

shape to a new value that sits somewhere along the axis of the relevant PC.  If the 

warping is done to one extreme or other of that PC, the wireframe will then illustrate the 

shape difference described by that PC.  If this PC is associated with some biological 

difference that results in clustering of the sample (e.g. sex), each end of the PC axis will 

depict the extreme male shape (as represented by the landmark configuration) and the 

extreme female shape. 

Thin plate splines (the mathematical equivalent of the transformation grids developed 

by D‟arcy Thompson) can be applied to compare two shapes, such as the positive and 

negative extremes of a PC of interest.  This approach offers a means of visualising 

which regions of the object of study differ between the two shapes by the deformations 

of the grid around a reference shape as it is warped to a target shape (O'Higgins, 2000b).  

This involves the deformation of the whole configuration of reference landmarks 
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coordinates into target object coordinates, using a thin plate spline (TPS) that is mapped 

onto the reference object.  The TPS grid shows how the space in the region of a 

reference object is deformed when the landmarks are mapped into their corresponding 

position in a target object.  The bending energy (amount of grid deformation) is an 

indicator of how different the two objects are in shape (O'Higgins, 2000b).  The 

locations of the deformations indicate where (in terms of anatomical location) the two 

objects differ. 

4.3.3.4 – Multivariate Regression Analysis 

A PC may be of interest because it has a strong correlation with some independent 

variable that has biological relevance to the question being posed, such as variation 

within a sample that is associated with differences in size, sex or age.  However, while 

very strong correlations do occur between PCs and independent variables, there is 

nothing inherent in a PCA that seeks this biological variation; and it is more likely that 

the variation associated with (e.g.) sex differences will be dispersed among many of the 

PCs.  A multivariate regression analysis (MRA) can identify the extent to which each 

PC is associated with the independent biological factors under consideration. 

For a geometric morphometric analysis, multivariate regression analysis is a statistical 

tool that considers the relationship between a number of dependent variables (i.e. the 

principal components of shape variation from a PCA) and an independent variable (a 

factor that may cause biological variation in a sample).  The PCs are regressed against 

the independent variable, and the results of this test are examined to determine which 

PCs are significantly associated with the independent variable.  It is these PCs that are 

then examined to see what differences may be present in the sample are associated with 

(e.g.) allometric variation, sexual dimorphism, changes with age, regional variation, or 
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whatever other biological or environmental factor may cause there to be a 

morphological difference in the study sample. 

Shape differences in a sample that are associated with the independent variable may be 

illustrated through the use of wireframe models and thin plate splines.  A wireframe 

model that combines the total PC output can be constructed and a TPS grid imposed on 

this image.  The image is warped from one extreme to the other to illustrate all of the 

shape differences associated with the independent variable, with each PC affecting the 

image according to the significance of its regression value – those PCs that have a non-

significant association with the independent variable will have minimal effects on the 

image, while those PCs that have a significant association with the independent variable 

will affect the image in orders of magnitude ranging from subtle to gross.  If desired, 

individual PCs that have a significant association with the independent variable can be 

identified and examined to see what aspect of shape variation they have detected, by use 

of the procedures described in Section 4.3.3.3 above. 

* * * * * * * 
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Chapter 5 – General Materials and Methods 

This chapter will describe the sample used in the study, the methods of data collection, 

and the preliminary data processing and analysis that is common to each of the 

experimental chapters. 

5.1 – Materials 

The material used in this study consisted of 101 computed tomography (CT) scans of 

human skulls, originally taken for clinical purposes (diagnosis and/or treatment of 

patients).  Each scan comprised a series of transverse slices that included the whole 

temporal bone as well as the areas anterior and posterior to this cranial element, 

including the anterior cranial fossa but excluding the cranial vault and lower facial 

skeleton.  The CT scans were sourced from Royal Perth Hospital and the archives of 

Princess Margaret Hospital in Perth, Western Australia. 

The individuals comprising sample were drawn from the adult population of Perth, 

Western Australia, and as such represent a wide range of ethnic groups.  While no 

specific data concerning the ethnicity of the individuals comprising the sample were 

available, data taken from the Perth metropolitan area for the 2006 census by the 

Australian Bureau of Statistics indicate that the majority of the population for the Perth 

metropolitan area is of European ancestry (~57.66%), approximately a quarter of the 

sample called themselves “Australian” without stating a particular ethnic origin 

(~25.6%), a small percentage is of Asian (~6.85%), African (~0.86%) or Middle Eastern 

(~0.71%) ancestry and the remainder (~8.32%) is made up of approximately 100 

different nationalities that each individually contribute much less than 1% to the total 

population of the Perth metropolitan area. 
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None of the individuals in the study sample were scanned for diagnosis of diseases of 

the middle or inner ear.  The subjects were scanned by the hospitals due to traumatic 

incident or a history of trauma to the skull.  Any cases where trauma affected the 

geometry of the temporal bone or skull were excluded from the study sample.  Names 

were removed from the CT files before acquisition to protect the identity of the 

individuals comprising the sample.  The age and sex of each individual was retained.  

Thus the sample could be considered as representative of a „normal‟ Australian 

population. 

Each CT scan used in the study was taken at high resolution.  The slice thickness of 

each scan was one millimetre or less.  Neighbouring slices had an overlap zone that was 

half of the slice thickness.  These features of the scans allowed the small structures 

within and on the cranium to be seen and used for data collection. 

The age and sex breakdown of the study sample is presented in Table 5.1.  The 

minimum age was 17.  While closure of cranial sutures is incomplete by age 17, cranial 

growth has almost completely ceased (Moore, 1982) and hence the effects of cranial 

growth upon its shape will be minimal. 

Table 5.1 – Sample by Age and Sex 

 
Age Pooled 

Sample 17-20 21-30 31-40 41-50 51-60 >60 

Female:        

- No. 9 9 9 8 9 8 52 

- Mean 17.889 25.556 34.556 45.25 57.0 86.375 43.615 

- SD 0.601 2.297 2.128 2.188 3.162 5.423 22.705 

- Min. 17 22 32 42 52 80 17 

- Max. 19 28 38 48 60 96 96 

Male:        

- No. 9 8 8 8 8 8 49 

- Mean 18 25.5 36 43.875 54.875 76.5 41.929 

- SD 1.118 1.852 1.69 1.959 3.182 7.559 19.936 

- Min. 17 23 34 42 51 64 17 

- Max. 20 28 39 47 60 84 84 
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5.2 – Methods 

This section will describe the methods of data analysis used in the research, the 

landmarks used to represent the shape of the cranium and the temporal bone, methods of 

data collection, reliability and validation tests that were performed, and the methods by 

which measurements were calculated from the landmark data. 

5.2.1 – Landmarks 

The 130 landmarks used for this analysis were chosen to investigate specific hypotheses 

posited in this study and to allow reconstruction of the morphology of the temporal 

bone and part of the cranial vault by wireframe models (see Table 5.2).  Landmarks 

were chosen following previous research upon the temporal bone by both traditional 

(multivariate) and geometric morphometric methods (e.g., Schulter, 1976, Harvati, 

2002, Lockwood et al., 2002, Harvati, 2003, Lockwood et al., 2004) or following 

previous research upon structures housed within the temporal bone such as the bony 

labyrinth (e.g., Spoor et al., 1994, Spoor and Zonneveld, 1995, Spoor and Zonneveld, 

1998, Spoor et al., 2003, Jeffery and Spoor, 2004b) or auditory tube (e.g., Todd and 

Martin, 1988, Kemaloglu et al., 2000).  In addition landmarks were chosen to meet the 

specific needs of this study, such as the landmarks of the tympanic cavity and 

landmarks relating to pneumatisation of the temporal bone. 

Table 5.2 – Landmarks of the Cranium and of the Temporal Bone 

Number Landmarks – Name and Definition Reference 

1 & 7 Most anterior point of pneumatisation in the temporal squama  

2 & 8 Most superior point of pneumatisation in the temporal squama  

3 & 9 
Most posterior point of pneumatisation in the mastoid portion of the 

temporal bone 
 

4 & 10 Most inferior point of pneumatisation in the mastoid process  

5 & 11 
Most medial and superior point of pneumatisation in the temporal 

petrosa 
 

6 & 12 
Most medial and inferior point of pneumatisation in the temporal 

petrosa 
 

13 & 21 Scutum (superior point of attachment of the tympanic membrane)  

14 & 22 
Most inferior point of attachment of the tympanic membrane in the 

tympanic sulcus  
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Number Landmarks – Name and Definition Reference 

15 & 23 
Most anterior point of attachment of the tympanic membrane in the 

tympanic sulcus 
 

16 & 24 
Most posterior point of attachment of the tympanic membrane in the 

tympanic sulcus 
 

17 & 25 Posterolateral tip of short process of incus  

18 & 26 Facial recess (second genu of the facial nerve) 7, 9 

19 & 27 
Middle ear cavity auditory tube point (the most anterior and inferior 

point where the auditory tube exits the middle ear cavity) 
 

20 & 28 

External basicranium auditory tube point at the anterior end of the 

bony floor of the tube (where it joins with the cartilaginous auditory 

tube) 

13 

29 & 47 Most superior point of apex of superior semicircular canal  

30 & 48 
Most inferior point of apex of superior semicircular canal, adjacent to 

point 29/point 47 
 

31 & 49 
An anterior point on the arc of the superior semicircular canal chosen 

to represent the canal‟s diameter 
5, 7, 8, 9, 10 

32 & 50 
A posterior point on the arc of the superior semicircular canal chosen 

to represent the canal‟s diameter 
5, 7, 8, 9, 10 

33 & 51 Most lateral point of apex of lateral semicircular canal  

34 & 52 
Most medial point of apex of lateral semicircular canal, adjacent to 

point 33/point 51 
 

35 & 53 
An anterior point on the arc of the lateral semicircular canal chosen to 

represent the canal‟s diameter 
5, 7, 8, 9, 10 

36 & 54 
A posterior point on the arc of the lateral semicircular canal chosen to 

represent the canal‟s diameter 
5, 7, 8, 9, 10 

37 & 55 Most lateral point of apex of posterior semicircular canal  

38 & 56 
Most medial point of apex of posterior semicircular canal, adjacent to 

point 37/point 55 
 

39 & 57 
A superior point on the arc of the posterior semicircular canal chosen 

to represent the canal‟s diameter 
5, 7, 8, 9, 10 

40 & 58 
An inferior point on the arc of the posterior semicircular canal chosen 

to represent the canal‟s diameter 
5, 7, 8, 9, 10 

41 & 59 Most superior point on basal turn of the cochlea 5, 7, 8, 9 

42 & 60 Most inferior point on basal turn of the cochlea 5, 7, 8, 9 

43 & 61 Most medial point on basal turn of the cochlea 5, 7, 8, 9 

44 & 62 Most lateral point on basal turn of the cochlea 5, 7, 8, 9 

45 & 63 Modiolus at the apex of the cochlea   

46 & 64 Transverse crest of the fundus of the internal acoustic meatus   

65 Foramen caecum 1, 6, 8, 12, 14, 16 

66 
Optic chiasma point (midline point on the tuberculum sella where it is 

crossed by the optic chiasma) 
1, 6, 14 

67 Pituitary fossa point (centre and bottom of the sella turcica) (midline) 
6, 8, 12, 14, 16, 

17 

68 Dorsum sellae (midline)  

69 Basion (midline) 
1, 6, 8, 12, 14, 

15, 16, 17 

70 Opisthion (midline) 6, 8, 17 

71 & 80 Arcuate eminence  

72 & 81 Mastoidale (inferior tip of the mastoid process) 2, 3, 17 

73 & 82 Stylomastoid foramen 2, 3, 7, 9 

74 & 83 
External acoustic meatus point (inferior midpoint of the external 

acoustic meatus) 
2 

75 & 84 Porion (superior midpoint of the external acoustic meatus) 2, 3, 17 

76 & 85 Inferior tip of postglenoid tubercle 2 

77 & 86 Lateral mandibular fossa point  

78 & 87 Upper end of zygomaticotemporal suture 
3, 4 (see Strand-

Vidarsdottir) 

79 & 88 Lower end of zygomaticotemporal suture 
3, 4 (see Strand-

Vidarsdottir) 

89 & 104 Intracranial petrous apex  
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Number Landmarks – Name and Definition Reference 

90 & 105 Most medial point of the internal acoustic meatus  

91 & 106 Most lateral point of the internal acoustic meatus  

92 & 107 
Most medial point of the jugular foramen on the intracranial surface of 

the temporal bone 
 

93 & 108 
Most lateral point of the jugular foramen on the intracranial surface of 

the temporal bone 
 

94 & 109 
Petrous ridge point (the point where the temporoparietal suture crosses 

the petrous ridge within the skull) 
 

95 & 110 Endo-asterion  

96 & 111 Ecto-asterion 2, 3 

97 & 112 Mastoid foramen (largest foramen if more than one is present)  

98 & 113 Parietal notch (deepest incisure of the parietal notch) 3 

99 & 114 
Supramastoid crest (point where this crest intersects with the 

petrosquamosal suture) 
 

100 & 115 
Mastoid-tympanic point (point where the mastoid and tympanic 

elements meet) 
 

101 & 116 Posterior and inferior end of the suprameatal spine  

102 & 117 Most lateral point of the petrotympanic fissure in the mandibular fossa  

103 Hormion (midline) 1, 6 

118 & 123 Pterion (the superior end of the sphenotemporal suture)  

119 & 124 
Lateral articular eminence point (lateral margin of the articular 

eminence) 
2 

120 & 125 Most anterior point on articular surface of temporomandibular joint 2 

121 & 126 
Infratemporal crest point (the intersection of infratemporal crest and 

sphenotemporal suture) 
2 

122 & 127 Basicranial petrous apex 2 

128 Nasion (midline point on the fronto-orbital suture) 
4, 8, 11, 14, 15, 

17 

129 

Internal occipital protuberance (most protuberant point on the cranial 

midline of the confluence of venous sinuses on the inner surface of the 

occipital bone) 

17 

130 
The posterior end of the sagittal suture where it meets the lambdoid 

suture (or where it meets an ossicle if one is present) 
14 

Key to reference column: 1 – Jeffery and Spoor (2004a), 2 – Lockwood et al. (2002, 2004), 3 – Harvati 

(2002, 2003), 4 – Strand-Vidarsdottir et al. (2002), 5 – Jeffery and Spoor (2004b), 6 – Lieberman et al. 

(2000b), 7 – Spoor and Zonneveld (1995), 8 – Spoor and Zonneveld (1998), 9 – Spoor et al. (2003), 

10 – Spoor et al. (1994), 11 – Hennessy and Stringer (2002), 12 – Jeffery and Spoor (2002), 13 – Todd 

and Martin (1988), 14 – Lieberman et al. (2002), 15 – Kemaloglu et al. (2000), 16 – Jeffery and 

Berkowitz (2002), 17 – Dean et al. (2000) 

Landmarks that have a directional or orientation-related component were recorded with 

respect to the Frankfurt horizontal plane to ensure that the equivalent point was taken 

for each specimen for each landmark of this nature. 

Figures 5.1 to 5.4 below depict where the ectocranial and endocranial landmarks are 

located, using the right-side landmarks for this purpose.  Only those landmarks that are 

located on the external cranium or within the cranium are shown – those landmarks 

located in the tympanic (middle ear) cavity or within the temporal bone are not shown 
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on Figures 5.1 to 5.4.  Figure 5.5 depicts the landmarks that are located on the 

semicircular canals for the left side of the cranium. 

 

Figure 5.1 – Right Lateral View of Landmarks (right side) 

 

Figure 5.2 – Posterior View of Landmarks (right side) 
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Figure 5.3 – Basicranial View of Landmarks (right side) 

 

Figure 5.4 – Endocranial View of Landmarks (right side) 
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Figure 5.5 – Landmarks of the Semicircular Canals (left side) 

(Adapted from Spoor and Zonneveld, 1998) 

5.2.3 – Digitisation from Computed Tomography Scans 

Landmark data were collected using Amira 3.1.1, software designed for use in three-

dimensional visualisation and modelling.  This software uses CT files that have been 

saved in DICOM (Digital Imaging and Communications in Medicine) format, and by 

use of the Amira “StandardView” module is able to generate coronal and sagittal 

images from a stack of transverse images.  Amira is also able to generate a 3-D image of 

the original cranium from the stack of transverse two-dimensional slices by use of its 

“IsoSurface” module. 

Landmarks were placed by two different approaches depending on where they were 

located on (or within) the temporal bone or cranium.  The first approach used Amira‟s 

3-D IsoSurface module in conjunction with the Landmark module to locate and place a 

landmark on the surface of the rendered cranium.  The second approach used the 

StandardView module‟s three orthogonal views of the cranium (presenting the coronal, 

sagittal and transverse planes).  Crosshairs in each plane were used to locate and place 

landmarks, including landmarks situated in enclosed regions of the temporal bone such 

as the tympanic cavity and bony labyrinth.  The basic „off the shelf‟ Amira software 
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does not have a tool that allows users to record the coordinate data from the 

StandardView module.  A customised module written by Patrick Barthelemy of 

Mercury Computer Systems provided a way of recording and transferring the coordinate 

data into a text file for later exportation and analysis. 

Amira allows a checking mechanism for accurately placing landmarks: when landmarks 

are placed by using the crosshairs and orthogonal slices, the investigator can check that 

they have been correctly positioned by seeing where the marker for each landmark falls 

on the IsoSurface model of the cranium.  If the landmark does not sit exactly where 

desired, it is a simple matter to remove it and locate the desired feature again until the 

correct location has been landmarked. 

5.2.4 –Repeatability and Validity Tests 

In order to assess the repeatability of landmark collection using the Amira software, five 

crania from the teaching collection of the School of Anatomy and Human Biology, 

University of Western Australia were scanned by high resolution computed 

tomography.  These crania were scanned with a 16 multislice computed tomography 

scanner (the General Electric Lightspeed) at a slice thickness of 0.6 millimetres, with an 

overlap of 0.4 millimetres.  Six landmark datasets (using a subset of 73 landmarks from 

the total landmark set) were collected from each of the five crania using the Amira 

software, with at least a one day interval between each period of data collection.  The 

six sets of coordinate landmark data from each of the five crania were subjected to a 

generalised Procrustes analysis (GPA) and a principal components analysis (PCA), 

using the morphologika software. 

The validity of using medical imaging software for coordinate landmark data collection 

(i.e. an assessment of whether this approach yields comparable data to that obtained 
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using a digitising device) was assessed by comparing the landmark sets collected using 

Amira with a landmark set collected using a Microscribe 3DX digitiser.  The crania 

were secured to a workbench in a position that allowed for data collection from both the 

left and right sides, and from the interior and exterior surfaces of the crania.  The same 

subset of 73 landmarks was used for these tests as they were collectable by both the 

Amira and the Microscribe methods of data collection. 

The six Amira datasets collected from the five crania were compared with the one 

dataset collected from each by the Microscribe digitiser using the morphologika 

software.  The results of these tests are shown in Figures 5.6 and 5.7.  The first four PCs 

from this analysis are presented, together accounting for 83.9% (PC1 29.0%, 

PC2 24.5%, PC3 17.1%, PC4 13.3%) of the total sample variance.  The Microscribe 

digitisation for each specimen is shown in black for ease of identification. 

 

Figure 5.6 – Grouping of Five Amira Test Datasets and One Microscribe Dataset by PCs 1 and 2 



 

 69 

 

Figure 5.7 – Grouping of Five Amira Test Datasets and One Microscribe Dataset by PCs 3 and 4 

Figures 5.6 and 5.7 show that the variations present in the datasets for each individual 

specimen is less than the variation present between the specimens, despite the method of 

data collection.  The figures demonstrate that landmark data collected by Amira is 

reliable and directly comparable to landmark data collected by the Microscribe digitiser. 

5.2.6 – Metric Parameters from the Three-Dimensional Data 

A number of measurements were calculated from the three-dimensional landmark data 

by the software package Excel.  These included lengths, areas, angles, shapes and 

volumes of various aspects of the cranium and of the temporal bone.  The manner by 

which each of these parameters was calculated is detailed below. 
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5.2.6.1 – Distance Measurements 

The distance measurements (lengths, widths and heights) were calculated by application 

of the Pythagorean Theorem to the raw coordinate data for the landmarks between 

which the lengths were being measured (see Table 5.3).  Some of these were used to 

calculate other parameters such as indices, angles or areas. 

Table 5.3 – Distance Measurements taken from Landmark Coordinates 

Name Code Point 1 Point 2 

Cranial length CL Nasion Lambda 

Cranial width CW Supramastoid crest (right) Supramastoid crest (left) 

Anterior cranial length ACL Foramen caecum Dorsum sellae 

Posterior cranial length PCL Dorsum sellae Basion 

Auditory tube length RATL 

LATL  

Middle ear cavity auditory 

tube point 

External basicranial auditory 

tube point 

External acoustic canal 

length 

REACL 

LEACL 

Porion Scutum 

Middle cranial fossa width RMCF 

LMCF 

Porion Intracranial petrous apex 

Cochlear base height RCBH 

LCBH 

Most superior point on basal 

turn of cochlea 

Most inferior on basal turn of 

cochlea 

Cochlear base width RCBW 

LCBW 

Most medial point on basal 

turn of cochlea 

Most lateral point on basal 

turn of cochlea 

Cochlear length RCL 

LCL 

Centre of cochlear base Apex of cochlea 

Jugular foramen width RJFW 

LJFW 

Most medial point of the 

jugular foramen on the 

intracranial surface of the 

temporal bone 

Most lateral point of the 

jugular foramen on the 

intracranial surface of the 

temporal bone 

Mastoid cortical thickness RMCT 

LMCT 

Inferior pneumatisation point Mastoidale 

 

The centre of the cochlear base was calculated by deriving the centroid of the four 

cochlear base coordinates.  This was done with the formulae: 

xcentroid = (x1 + x2 + x3 + x4)/4 

ycentroid = (y1 + y2 + y3 + y4)/4 

zcentroid = (z1 + z2 + z3 + z4)/4 

The coordinates of the cochlear base so calculated were used in conjunction with the 

coordinates of the cochlea apex to calculate cochlear length. 
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5.2.6.2 – Areas 

The areas of the external acoustic meatus and tympanic membrane were calculated by 

treating the structures as ellipses.  This involved the use of the formula: 

Area = πab 

where a = height x ½ and b = width x ½ (see Table 5.4 for the definition of height and 

width for this calculation). 

The area of the mastoid triangle was calculated using Heron‟s formula: 

Area = √s(s-a)(s-b)(s-c) 

where a, b and c = the lengths of the lines forming the triangle and s = (a + b + c)/2. 

The areas calculated by these formulae and the linear measurements used to calculate 

them are shown in Table 5.4. 

Table 5.4 – Area Measurements taken from Landmark Coordinates 

Name Code Description 

Tympanic membrane area RTMAr, 

LTMAr 

Area calculated from measurements of tympanic membrane 

height (scutum to inferior point of attachment of the tympanic 

membrane) and tympanic membrane width (anterior point of 

attachment of the tympanic membrane to posterior point of 

attachment of the tympanic membrane) 

External acoustic meatus 

area 

RMAr, 

LMAr 

Area calculated from measurements of external acoustic meatus 

height (porion to external acoustic meatus point) and external 

acoustic meatus width (suprameatal spine point to lateral 

petrotympanic fissure point) 

Mastoid triangle area RMTAr  

LMTAr 

Triangle calculated using the porion, asterion and mastoidale as 

apices 

 

5.2.6.3 – Angles 

Angles of particular features of the skull and temporal bones were also calculated in 

Excel using the law of cosines.  These angles and the points used to calculate them are 

shown in Table 5.5.  The auditory tube angle calculated for this research is not directly 

comparable to the „classic‟ approach, which is to calculate the slope of the auditory tube 
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with respect to the Frankfurt horizontal plane as projected in a lateral-view radiograph.  

This approach calculates a projected angle rather than the actual angle of the auditory 

tube, and if the central beam of the x-ray is not perpendicular to the sagittal plane of the 

head, distortions of the projected angle will occur. 

To avoid a projection-based error, three fixed anatomical points were chosen to 

construct a triangle: the optic chiasma point (a point that lies in nearly the same vertical 

plane as the auditory tube), the most inferior point of the auditory tube where it exits the 

middle ear cavity, and the basicranial auditory tube point.  The angle subtended at the 

middle ear auditory tube point was calculated to obtain a value for the angulation of the 

auditory tube in the vertical plane.  With this method, the angle of the auditory tube is 

calculated with respect to fixed anatomical points and is not dependent upon the angle 

of projection.  Because the angle calculated is based upon fixed anatomical points rather 

than a projection, it is more representative of the true slope of the auditory tube. 

Table 5.5 – Angle Measurements taken from Landmark Coordinates 

Name Code Description 

Cranial base angle CBA Angle at the point of intersection of the anterior cranial line 

(foramen caecum to dorsum sellae) and the posterior crania line 

(dorsum sellae to basion) 

Auditory tube angle RATAn, 

LATAn 

Angle subtended at the point of intersection of the auditory tube 

line (middle ear cavity auditory tube point to basicranial 

auditory tube point) and the line between the middle ear 

auditory tube point and the optic chiasma point 

 

5.2.6.4 – Indices and Ratios 

An indication of the shape of the skull was derived by calculation of the cranial index, 

the ratio of the cranial width to the cranial length (see Table 5.6).  The shape of the 

tympanic membrane was also calculated by use of a ratio of tympanic membrane width 

to tympanic membrane height (Table 5.6).  Ross and Ravosa‟s “Index of Relative 

Encephalisation 1” (IRE1) (1993: 314) was calculated using cranial centroid size as a 
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proxy for neurocranial volume, with basicranial length calculated from the combined 

values of the lengths of the anterior and posterior cranial bases. 

It should be noted that the cephalic index used in this study is not identical to the 

cephalic index generally used in anthropometry.  Where the cranial length and width 

measures used in anthropometry are instrumentally determined and are taken at the 

longest and widest points of the skull, the length and width measurement used in this 

study were taken at landmarks that are homologous between the specimens in the 

sample (Table 5.3 for the points used to calculate cranial length and cranial width). 

Table 5.6 – Shape Values Derived from Landmark Coordinates 

Name Code Description 

Cephalic Index CI The ratio of cranial width divided by cranial length 

Tympanic membrane ratio RTMR, 

LTMR 

The ratio of tympanic membrane width (anterior point of 

attachment of the tympanic membrane to posterior point of 

attachment of the tympanic membrane) divided by tympanic 

membrane height (scutum to inferior point of attachment of the 

tympanic membrane) 

Index of Relative Encephal-

isation 

IRE The ratio of centroid size (as a proxy for neurocranial volume) 

against the length of the cranial base (foramen caecum-dorsum 

sellae + dorsum sellae-basion) 

 

5.2.6.5 – Size/Volume 

Some centroid size values derived by geometric morphometric analysis of the landmark 

coordinates were used in the analysis as a mathematical measurement of size.  The 

centroid size calculations used in this analysis are given in Table 3.7. 

Table 5.7 – Volume Measurements Derived from Landmark Coordinates 

Name Code Landmarks Used 

Cranial centroid Size CS Total set of 130 landmarks (Table 5.2) 

Right pneumatisation Rpnm All of the pneumatisation landmarks on the right side of the skull 

Left pneumatisation Lpnm All of the pneumatisation landmarks on the left side of the skull 

Total pneumatisation Tpnm The sum of the pneumatisation centroid scores from the left and 

right sides of the skull 
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5.2.2 – Methods of Data Analysis 

The metric data generated from the three-dimensional landmark coordinate data were 

subjected to univariate and multivariate statistical analyses to explore metric variation in 

the sample.  The mean and standard deviation was calculated for each parameter to 

provide basic descriptive statistical information about the sample.  Student‟s t-tests were 

used to examine sex differences and asymmetry in the sample.  Analysis of variance 

was used to examine age differences in the cranial parameters. 

Correlation tests were conducted to test for interrelationships between the metric 

parameters of the temporal bone and cranium, with a significance level of p<0.05 being 

set as the required threshold for significance.  To avoid the possibility that a correlation 

was found to be significant when it was actually due to random chance (because of the 

large number of correlation tests that were performed), Bonferroni adjustments were 

applied to the data.  The Bonferroni adjustment involves adjusting the desired alpha 

level to a lower threshold to compensate for the increased probability of a test returning 

falsely significant result when multiple tests are performed on the same data set.  The 

adjusted alpha level varies with the number of tests performed, and is provided in each 

chapter where the Bonferroni correction was required. 

The geometric morphometric analysis was conducted using the morphologika software 

to conduct generalised Procrustes analyses followed by principal components analyses.  

Size and sex differences were examined by using the “Procrustes form space” option of 

morphologika.  Also known as “size and shape space,” this option includes the logged 

centroid size of each individual as a variable for entry into the principal components 

analysis.  This forces all of the size-related shape differences into the first principal 

component, revealing the allometric aspects of shape variation (Milne et al., 2009).  

Size-related sexual dimorphism could also be identified by this analysis, as those 
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components of sexual dimorphism that are present because of size differences between 

males and females are captured in principal component one.  A multivariate regression 

analysis of the remaining principal components from the form space analysis was used 

to identify those sex differences present in the sample that are independent of the 

relationship between size and sex.  The identification of age-related variation in the 

sample was done by a standard PCA without including size as one of the variables.  The 

combined PC output was subjected to a MRA to identify those PCs that were 

specifically associated with age-related variation in cranial or temporal bone shape. 

Shape differences were identified and illustrated by use of wireframe modelling and thin 

plate splines (Chapter Four).  For size differences the first principal component‟s output 

from the form space analysis was used.  The sexual dimorphism that is present 

independent of size was identified and illustrated by use of wireframe models and TPS 

grids upon the PCA output excluding PC1 from the form space analysis.  The combined 

PC output from a standard tangent space PCA was used to generate wireframe models 

and TPS grids to identify and illustrate age differences present in the sample. 

The Procrustes-registered data were subjected to permutation tests for differences in 

means to test for significant differences in the average shape between the sexes and 

between the age groups.  This test compares the known group-based differences against 

one thousand randomly generated groups, then tests the real dataset against the 

randomly constructed ones to see if the relationships in the original data are real or a 

product of random chance (Good, 1994).  If true differences exist within the real dataset 

based upon the known groupings, the permutation test for differences in means will 

return a significant result.  For this test, the percent of cases where the randomly 

generated groups are more different than the known group is the p-value. 
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* * * * * * * 

The methods that are common to each of the experimental chapters were presented in 

this chapter.  The experimental chapters will follow. 
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Chapter 6  – Metric Analysis of the Temporal Bone 

6.1 – Introduction 

Many cranial studies have explored allometric variation, sexual dimorphism, age 

differences or geographic variation in humans (e.g., Raadsheer et al., 1999, Lieberman 

et al., 2000a, Rosas and Bastir, 2002, Bruner et al., 2003, Paiva and Segre, 2003, 

Kemkes and Gobel, 2006), or phylogenetic differences between primates and/or 

hominids (Ross and Ravosa, 1993, Lieberman et al., 2000a).  These studies have used 

linear measurements derived from actual crania or from lateral x-rays and images of 

crania, digitisation of two- or three-dimensional landmarks from actual crania or from 

x-rays of crania, or linear measurements taken from computed tomography (CT) scans 

of crania as their source of data. 

Accurate three-dimensional measurements of internal cranial structures can only be 

obtained from CT data.  It is not possible to obtain this sort of data from two-

dimensional radiographs or measurements of the cranial surfaces.  Thus, three-

dimensional data derived from CT scans allow analysis of structures hidden from view, 

and allows for more detailed craniometric analysis when compared to the other 

approaches.  Using three-dimensional metric and parametric data, this chapter will 

explore the range of cranial variation in healthy adult humans with respect to size-

related variation, sexual dimorphism, and age-related differences in cranial and 

temporal bone structures, as well as explore aspects of cranial variation relating to 

neuroanatomical asymmetry in humans with respect to hand preferences or language 

lateralisation in the human cerebral hemispheres.  These issues have already been 

discussed in detail in Chapter Three, but aspects that are relevant to this chapter will be 

briefly reiterated below. 
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6.1.1 – Size-Related Variation 

There is some indication that cranial size is correlated with cranial shape, though there 

is disagreement about the nature of this relationship.  For example, Zollikofer and Ponce 

de Leon (2002) found that large crania tend to be relatively long and narrow 

(dolichocephalic) while small crania tend to be relatively broad and short 

(brachycephalic).  However, Rosas and Bastir (2002) found that as cranial size 

increases, the neurocranium gets more rounded and globular. 

The nature of the relationship between the cranial base angle (CBA) and cranial size is 

also disputed.  A general consensus is that CBA is negatively correlated with cranial 

size such that larger crania have a smaller CBA (Ross and Ravosa, 1993, Strait and 

Ross, 1999, Lieberman et al., 2000a, Lieberman et al., 2002, Bruner et al., 2003).  In 

contrast, Enlow (1990) stated that individuals with a dolichocephalic cranium tend to 

have a large CBA, while brachycephalic individuals tend to have a small CBA.  Thus, 

some research suggests that large crania are dolichocephalic (Zollikofer and Ponce de 

Leon, 2002) and that large crania have a smaller CBA (Ross and Ravosa, 1993, Strait 

and Ross, 1999, Lieberman et al., 2000a, Lieberman et al., 2002, Bruner et al., 2003).  

Contrasting with this is Enlow (1990), who does not consider size as a factor, but states 

that dolichocephalic crania have a large CBA. 

Tangential to the above studies but still focusing on the relationship between the CBA 

and cranial size, Ross and Ravosa‟s (1993) first index of relative encephalisation (IRE) 

demonstrates that as the brain gets larger relative to the length of the basicranium, the 

CBA decreases.  This also relates to the neurocranium: as it gets larger relative to the 

length of the basicranium, the CBA decreases.  In addition, as the neurocranium gets 

more globular (brachycephalic), there is a decrease in cranial base angle relative to 

cranial base length and brain size (Lieberman et al., 2002). 
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Thus, numerous studies have found that the main influence on cranial base angulation in 

humans and other primates is not their habitual posture or mode of locomotion, it is 

cranial cavity size (Ross and Ravosa, 1993, Strait and Ross, 1999, Lieberman et al., 

2000a, Lieberman et al., 2002, Bruner et al., 2003).  However, Strait and Ross (1999) 

have suggested that head and neck posture (and to some extent the cranial base angle) 

influence the axis of orientation of the eyes such that there may be interactions between 

the cranial base angle and cranial base length to hold constant the position of the 

foramen magnum in relation to the rest of the cranium and the spine. 

Lahr and Wright (1996) note that large crania tend to be more robust and have more 

prominent ridges, crests, tubercles and processes than small crania.  Thus, the sites of 

muscle attachment are expected to show a greater degree of development in large 

crania.  In a study of the inner ear, Dimopoulos and Muren (1990) found that large 

cochleae are associated with large semicircular canals with a wide lumen, but that 

cochlea shape was not associated with the size of the petrous pyramid. 

6.1.2 – Sexual Dimorphism 

Sexual dimorphism in the metric features of the adult postcranial skeleton is commonly 

seen in humans (Krogman and Iscan, 1986, France, 1998).  With respect to the skull, 

both metrical and morphological features are recognised to show sexual dimorphism, 

and it is generally accepted that the male skull is larger and more robust with more 

rugged areas of muscle attachment than that of the female (Keen, 1950, Krogman and 

Iscan, 1986). 

Keen (1950) notes that the ridges, tubercles, crests and processes that serve as sites of 

muscle attachment on the cranium tend to be more prominent in males, as males tend to 

be more heavily muscled than females.  In addition, sex differences in exposure to 
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androgens during growth (which is higher in males) has the effect of making the male 

skeleton larger and more robust than that of the female (Iuliano-Burns et al., 2009). 

In a study of variation in endocranial features in humans, Bruner and colleagues (2003) 

found that within a population males are on average larger than females in endocranial 

dimensions, so that any structure that shows size differences will also be sexually 

dimorphic.  One area where this pattern may not hold true is in the external acoustic 

canal: Paulsen et al. (2002) found that males tend to have a relatively wide and short 

canal, while females tend to have a relatively narrow and long canal. 

Previous studies have established that females tend to have a more brachycephalic 

cranium than males. .  With respect to another well-studied aspect of cranial shape, the 

CBA, Bruner and colleagues (2003) suggested that females have a larger CBA than 

males, although Schulter (1976) found no sexual dimorphism in the CBA. 

Paiva and Segre (2003) found the mastoid triangle area (the area within the porion, 

asterion and mastoidale) to be sexually dimorphic in a Brazilian sample, but this finding 

was disputed by Kemkes and Gobel (2006) in their study using Portuguese and German 

subjects.  Kemkes and Gobel (2006) did find sexual dimorphism in the mastoid triangle 

area in both samples, but that the sex differences were less pronounced in Germans.  

Despite the sexual dimorphism that is recognised to exist in the mastoid process and in 

the mastoid triangle, the area and volume of mastoid pneumatisation have been found to 

lack sexual dimorphism (Tos et al., 1984, Virapongse et al., 1985, Luntz et al., 2001). 

6.1.3 – Age-Related Differences 

Longitudinal studies suggest that the anteroposterior and vertical dimensions of the face 

and cranium increase in adulthood (Thompson and Kendrick, 1964, Kendrick and 
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Risinger, 1967, West and McNamara, 1999), though no changes in cranial length have 

been found in other studies (Macho, 1986, Doual et al., 1997).  Auditory tube angle and 

length are definitely known to differ between children and adults, with children having a 

shorter and less steeply sloped tube (Daniel et al., 1988).  However, the growth in tubal 

length is thought to have been completed by the age of 17, and the differences in tubal 

orientation are thought to be largely due to changes in the cartilaginous (not the bony) 

portion of the tube during growth (Ishijima et al., 2000). 

Much earlier than the auditory tube, the bony labyrinth reaches its adult size and shape 

by approximately the 23
rd

 week of foetal life (Anson and Donaldson, 1973, Jeffery and 

Spoor, 2004b) and does not change in size at any stage of postnatal life (Eby and Nadol, 

1986).  Thus, while there is some growth of some parts of the cranium in adulthood, the 

issues of where this growth occurs and when it ceases are still a matter of debate. 

6.1.4 – Pneumatisation 

It has been suggested that pneumatisation of the mastoid process and temporal bone is 

associated with the size of these structures (Virapongse et al., 1985, Proctor, 1989).  

Diamant (1940) suggested that the pneumatised spaces of the mastoid process actually 

shrink in size after the age of 30, but found across all age groups that mastoid process 

pneumatisation had a normal distribution from acellular to extensively pneumatised.  

Lee et al. (2005) also found the volume of pneumatisation increases up to the third 

decade of life, then shrinks thereafter.  Several studies have found that pneumatisation 

does not show significant side differences (Tos et al., 1984, Tos et al., 1985, Virapongse 

et al., 1985, Luntz et al., 2001, Vrabec et al., 2002, Koc et al., 2003, Lee et al., 2005, 

Todd, 2007).  However, while there has been much focus on pneumatisation of the 

mastoid process, few studies have considered the whole of the temporal bone with 

respect to the issue of pneumatisation. 
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6.1.5 – Asymmetry 

Woo (1931) found the right temporal squama to be longer anteroposteriorly and smaller 

superoinferiorly than the left, while Wahl and Graw (2001) found the left temporal bone 

to be smaller in the superoinferior direction than the right.  These conflicting results 

both differ from the findings of Schulter (1976) who found no asymmetries in metric 

measurements of the temporal bone. 

However, there are two areas where it is known that directional asymmetries occur in 

the human cranium: the jugular foramen and the temporal lobe of the brain.  The 

majority of cranial venous drainage passes through the right jugular foramen in humans, 

due to the superior sagittal sinus more commonly draining into the right transverse sinus 

than the left, creating the well-known right-side bias in jugular foramen width (Conroy, 

1980).  However, Bruner et al. (2003) found that the superior sagittal sinus is more 

likely to drain to the left side in males than in females (though in both sexes the 

majority of cases showed right side drainage), and that the left transverse sinus is better 

developed in males than in females.  Thus, the asymmetry in jugular foramen width may 

be less pronounced in males than in females. 

It has also been established that the left temporal lobe in humans is more commonly 

larger than the right due to language specialisations and manual coordination dominance 

in that lobe (Tanner, 1990, Peters, 1995).  However, there are contradictory studies in 

the literature: Kulynych et al. (1994) and Good et al. (2001) found that this asymmetry 

is more pronounced in males, while Geschwind and Levitsky (1968) and Galaburda et 

al. (1987) have suggested that temporal lobe asymmetry will be less pronounced in 

males because testosterone slows down the “pruning” of the non-dominant side of the 

temporal lobe in perinatal development („dominance‟ here refers to the side that controls 

language functions).  Therefore it may be expected that the region of the middle cranial 
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fossa upon which the planum temporale lies will also exhibit directional asymmetry 

(i.e., the left side will be larger than the right), but the asymmetry will be reduced in 

males.  This directional asymmetry may influence asymmetries in other parts of the 

temporal bone, for example in the external acoustic meatus. 

6.1.6 – Research Issues 

Several issues that arise from this consideration of previous studies will be examined in 

this chapter, these being: 

 The relationship between cranial size and cranial shape; 

o It is expected that large crania will tend to be dolichocephalic and small 

crania will tend to be brachycephalic; 

o It s expected that larger crania will tend to have a smaller cranial base 

angle; 

 Sexual dimorphism in cranial size and shape; 

o It is expected that length, width, area and volume measurement averages 

will be larger in males; 

o It is expected that females will have a more brachycephalic cranium than 

males; 

o It is expected that there will be no sex differences in the CBA; 

o It is expected that there will be sexual dimorphism in the mastoid triangle 

area (the male average will be greater than the female average); 

 Age variation in cranial size and shape; 

o It is expected that there will be no correlations of auditory tube length or 

slope with age in adults; 

o It is expected that there will be no age-related changes in any 

measurement of the bony labyrinth; 
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 Pneumatisation of the temporal bone; 

o It is expected that larger crania will tend to have more pneumatisation 

than smaller crania (as represented by pneumatisation centroid score); 

 Symmetry of the temporal bone; 

o It is expected that small and insignificant side differences with no 

particular side bias will be found in many of the structures from which 

measurements were taken; 

o It is expected that the jugular foramen width will exhibit directional 

asymmetry (the right side will be greater than the left);  

o It is expected that width measurements taken on and near the middle 

cranial fossa will exhibit directional asymmetry (the left side will be 

greater than the right); and 

 The nature of the interactions between elements of the cranium. 

These issues will be investigated in this chapter. 

6.2 – Materials and Methods 

The material comprising the study sample was presented in Chapter Five.  The 

coordinate landmark data were collected by use of the Amira software.  A subset of the 

total landmark set was used in Microsoft Excel to calculate various parameters of the 

cranium and the temporal bone for traditional morphometric analysis.  These parameters 

are listed in Tables 5.3 to 5.7. 

For the purposes of this chapter, cranial size was defined as the centroid size derived 

from the total landmark set of 130 landmarks.  Pneumatisation size was defined as the 

centroid score derived from the six landmarks used to identify the volume and 

distribution of pneumatisation for each temporal bone.  The total pneumatisation size 

was calculated by adding the left and right side pneumatisation scores together. 
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The following analyses were conducted in the statistical packages Excel and Genstat.  

Sex and side differences in the parameters were examined using t-tests both on the 

cranial parameters themselves and on quotients derived by dividing the various 

parameters by the centroid size of the cranium (hereinafter referred to as cranial size).  

Where directional differences were expected (e.g. in the middle cranial fossa width, 

where it was expected that the left side would be wider than the right), one-tailed, paired 

t-tests were performed; other t-tests (such as those testing for side differences where 

there were no expectations of asymmetry) were paired and two-tailed.  Sex differences 

in the parameters were tested for by two-tailed, two-sample t-tests.  Age variation was 

examined using analysis of variance (ANOVA).  For the ANOVA tests the sample was 

split into the following age groups: <21, 21-30, 31-40, 41-50, 51-60, and >60. 

Correlation tests were used to examine relationships between the parameters and overall 

cranial size and shape measures, and also among the temporal bone parameters 

themselves.  Those parameters that showed significant differences by age or sex had 

separate correlation tests performed on the age and sex groups, to test whether the 

relationships were an artefact of age, sex or sample bias. 

Due to the large number of correlation tests conducted there was a risk of finding some 

apparently significant correlations by chance.  The Bonferroni adjustment corrects this 

sort of error by adjusting the desired alpha level to a lower threshold.  The Bonferroni-

adjusted alpha level required to return a 95% confidence in the significance of the 

findings was p<0.000037258 (with an adjusted correlation coefficient of r>0.384).  

However, correlations with lower significance are presented because they may still 

contain some valuable information.  In the presentation of correlation test results that 

follow, “very strong” or “very strongly” refers to probability values that meet the 

Bonferroni-adjusted threshold of p≤0.000037258, “strong” or “strongly” refers to 
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probability values that have a p-threshold of p<0.001 to p=0.000037258 that fail to 

remain significant after applying the Bonferroni adjustment, and “weak” or “weakly” 

refers to probability values of p<0.05 to p=0.001 (and hence are also non-significant 

after applying the Bonferroni correction).  The r-value for correlation tests will also be 

presented to give readers an indication of the nature of the relationship between the 

variables and to indicate the strength of this relationship. 

To further assess asymmetries in pneumatisation, statistical tests were performed to 

determine the amount of asymmetry in the sample (if any), the type of asymmetry if it 

was present (whether it is directional, fluctuating or antisymmetrical) (Van Valen, 1962, 

Palmer and Strobeck, 1986, Parsons, 1990, Klingenberg et al., 2002), whether there was 

a left or right side bias in the distribution of pneumatisation, and whether the 

distribution of pneumatisation differed significantly from normal.  The difference 

between the right and left pneumatisation score was calculated and the right minus left 

side values were then plotted in a histogram to assess their distribution.  The absolute 

values of the right minus left side calculations were calculated as a proportion of total 

pneumatisation to see what degree of asymmetry was average for the sample.  In 

addition, a statistical test for normality was conducted on the values obtained for the 

difference between the right and left sides for pneumatisation size for the sample. 

6.3 – Results 

The means and standard deviations of calculated measurements and angles for the 

pooled sample, and for males and females separately, are shown in Table 6.1.  Also 

presented in Table 6.1 are the results of the t-tests for sex and side differences in the 

parameters (t-tests) and for age differences in the parameters (ANOVA). 
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Table 6.1 – Summary Statistics for Measurements 

(angles in degrees, measurements in centimetres, areas in square centimetres) 

 
Whole Sample Females Males Sex 

Diffs 

Age 

Diffs 

Side 

Diffs Mean SD Mean SD Mean SD 

CS 57.5 2.9 55.6 2.3 59.5 2.1 p<0.001   

CL 17.8 0.8 17.3 0.7 18.3 0.6 p<0.001   

CW 13.5 0.6 13.3 0.6 13.8 0.6 p<0.001   

CI 0.76 0.04 0.77 0.04 0.75 0.03    

CBA 124.3 5.7 125.3 5.3 123.3 6.0  p=0.016  

ACL 6.3 0.4 5.9 0.3 6.2 0.3 p<0.001   

PCL 4.4 0.4 4.2 0.3 4.6 0.3 p<0.001   

RPNM 5.5 1.3 5.4 1.3 5.6 1.3   
 

LPNM 5.6 1.1 5.5 1.0 5.6 1.2   

TPNM 11.1 2.3 10.8 2.1 11.3 2.4    

RATAn 65.6 8.7 66.2 8.8 65.1 8.6   
 

LATAn 65.9 8.4 66.2 8.4 65.7 8.5   

RATL 1.32 0.22 1.26 0.24 1.39 0.18 p=0.002  
p=0.026 

LATL 1.28 0.21 1.21 0.20 1.36 0.20 p<0.001  

RTMAr 0.77 0.10 0.75 0.09 0.78 0.11   
 

LTMAr 0.76 0.10 0.75 0.10 0.77 0.10   

RTMR 0.89 0.09 0.89 0.08 0.89 0.09   
 

LTMR 0.89 0.07 0.88 0.07 0.89 0.08   

REACL 1.22 0.20 1.16 0.23 1.29 0.16 p=0.002  
p=0.048 

LEACL 1.25 0.21 1.20 0.24 1.30 0.16 p=0.02  

RMAr 1.36 0.29 1.26 0.27 1.48 0.26 p<0.001  
 

LMAr 1.33 0.30 1.22 0.30 1.46 0.26 p<0.001  

RMCT 0.58 0.55 0.46 0.45 0.71 0.62 p<0.05  
p=0.077 

LMCT 0.51 0.51 0.39 0.35 0.64 0.61 p<0.02  

TMTAr 14.79 2.74 13.15 1.81 16.52 2.5 p<0.001   

RMTAr 7.54 1.42 6.7 0.95 8.42 1.3 p<0.001  
p<0.001 

LMTAr 7.25 1.39 6.45 0.92 8.1 1.3 p<0.001  

RMCF 4.8 0.32 4.67 0.29 4.95 0.28 p<0.001  
p<0.05 

LMCF 4.84 0.31 4.72 0.29 4.97 0.28 p<0.001  

RJFW 1.44 0.25 1.4 0.26 1.48 0.23   
p<0.05 

LJFW 1.39 0.22 1.33 0.24 1.44 0.18 p=0.011  

IRE 5.51 0.23 5.52 0.23 5.5 0.23    

RCBH 0.76 0.05 0.74 0.05 0.78 0.05 p<0.001  
 

LCBH 0.75 0.06 0.73 0.06 0.77 0.05 p<0.001  

RCBW 0.63 0.04 0.61 0.04 0.65 0.04 p<0.001  
 

LCBW 0.62 0.05 0.6 0.04 0.65 0.04 p<0.001  

RCL 0.29 0.03 0.28 0.03 0.3 0.03 p<0.001  
p<0.01 

LCL 0.28 0.03 0.28 0.03 0.29 0.03 p<0.001  

RSSCD 0.78 0.05 0.76 0.05 0.8 0.04 p<0.001  
 

LSSCD 0.78 0.05 0.76 0.04 0.81 0.05 p<0.001  

RLSCD 0.6 0.04 0.6 0.04 0.61 0.05   
 

LLSCD 0.6 0.05 0.6 0.05 0.61 0.05   

RPSCD 0.72 0.05 0.7 0.05 0.74 0.05 p<0.001  
 

LPSCD 0.73 0.05 0.71 0.05 0.75 0.05 p<0.001  

RSSCLW 0.12 0.03 0.11 0.03 0.12 0.02   
 

LSSCLW 0.12 0.02 0.12 0.02 0.13 0.02   

RLSCLW 0.11 0.03 0.1 0.02 0.12 0.03 p<0.001  
 

LLSCLW 0.12 0.02 0.11 0.02 0.12 0.02   

RPSCLW 0.13 0.02 0.13 0.02 0.12 0.02   
p<0.001 

LPSCLW 0.13 0.02 0.13 0.02 0.14 0.02   
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6.3.1 – Size-Related Variation 

Table 6.2 shows the correlations between the various parameters of cranial and temporal 

bone size and shape.  White cells indicate no significance to the value of the correlation 

coefficient, green, yellow or orange shading indicates weak significance (p<0.01) (and 

no significance after the Bonferroni adjustment), purple shading indicates a strong level 

of significance that fails to meet the Bonferroni threshold (p<0.001), and red shading 

indicates very strong significance that meets the Bonferroni requirement 

(p<0.000037258). 

Most of the length, area and volume measures correlate strongly or very strongly in a 

positive direction with cranial size.  The tympanic membrane area (RTMAr and 

LTMAr), external acoustic canal length (REACL and LEACL), mastoid cortical 

thickness (RMCT and LMCT) jugular foramen width (RJFW and LJFW), and some of 

the semicircular canal parameters are the only length or area measurements that show 

weak or no correlations with cranial size. 

Among other relationships, Table 6.2 shows the relationship that exists between the 

cochleae and semicircular canals.  It reveals that there is some size-based relationship 

between the components of the otic capsule, but the only relationships that remain 

significant after the Bonferroni correction are those between the right cochlear base 

width and the diameter of the superior semicircular canal on both sides. 

Figure 6.1 shows in small scale all of Table 6.2 as it appears as a complete table. 
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Table 6.2 – Correlations between Metric Parameters of the Study 

  CS Age CI CBA TPNM RPNM LPNM RATAn   

CS 1.00               CS 

Age -0.05 1.00             Age 

CI 0.23 0.23 1.00           CI 

CBA 0.06 -0.23 0.01 1.00         CBA 

TPNM 0.48 -0.02 0.20 0.06 1.00       TPNM 

RPNM 0.50 -0.01 0.20 0.05 0.96 1.00     RPNM 

LPNM 0.41 -0.03 0.17 0.07 0.95 0.82 1.00   LPNM 

RATAn -0.20 -0.02 -0.12 0.00 0.06 0.04 0.07 1.00 RATAn 

LATAn -0.14 -0.01 -0.15 0.01 0.03 0.01 0.05 0.72 LATAn 

RATL 0.36 -0.06 -0.02 -0.03 0.03 0.09 -0.04 -0.24 RATL 

LATL 0.35 -0.04 -0.13 -0.08 -0.03 0.04 -0.10 -0.29 LATL 

RTMAr 0.21 0.10 -0.15 -0.03 0.33 0.28 0.35 0.06 RTMAr 

LTMAr 0.13 0.03 -0.21 0.00 0.18 0.14 0.20 0.07 LTMAr 

CL 0.62 -0.27 -0.49 0.03 0.22 0.23 0.18 -0.15 CL 

CW 0.83 -0.03 0.55 0.05 0.41 0.43 0.34 -0.25 CW 

ACL 0.57 -0.11 -0.11 -0.06 0.26 0.26 0.23 -0.16 ACL 

PCL 0.50 0.00 -0.04 -0.33 0.19 0.21 0.14 0.13 PCL 

RTMR 0.03 -0.14 0.01 0.19 0.00 0.02 -0.02 0.00 RTMR 

LTMR 0.18 -0.16 0.13 0.19 0.07 0.08 0.05 -0.05 LTMR 

REACL 0.22 0.04 0.09 -0.03 -0.03 0.00 -0.05 -0.23 REACL 

LEACL 0.24 -0.02 0.12 -0.02 0.09 0.09 0.09 -0.12 LEACL 

REAMAr 0.39 -0.05 -0.08 0.02 0.23 0.21 0.23 -0.17 REAMAr 

LEAMAr 0.45 -0.05 -0.02 0.01 0.21 0.19 0.21 -0.20 LEAMAr 

RMCT -0.18 0.06 -0.17 -0.08 -0.63 -0.66 -0.52 -0.13 RMCT 

LMCT -0.05 0.07 -0.03 -0.19 -0.57 -0.47 -0.62 -0.17 LMCT 

MMCT -0.13 0.08 -0.11 -0.14 -0.65 -0.62 -0.62 -0.16 MMCT 

IRE 0.31 0.04 0.42 0.43 0.21 0.21 0.19 -0.23 IRE 

RMTAr 0.75 -0.16 -0.09 0.05 0.54 0.55 0.47 -0.06 RMTAr 

LMTAr 0.72 -0.19 -0.08 0.08 0.54 0.54 0.49 -0.10 LMTAr 

TMTAr 0.75 -0.18 -0.09 0.07 0.55 0.56 0.49 -0.08 TMTAr 

RMCFW 0.73 0.10 0.27 0.11 0.42 0.42 0.37 -0.20 RMCFW 

LMCFW 0.69 0.06 0.25 0.07 0.38 0.40 0.32 -0.17 LMCFW 

RJFW 0.18 -0.13 0.06 -0.07 0.03 0.06 0.00 -0.07 RJFW 

LJFW 0.23 -0.07 -0.08 -0.15 0.01 0.04 -0.04 -0.08 LJFW 

Sex 0.66 -0.04 -0.17 -0.18 0.10 0.11 0.08 -0.06 Sex 

RCBH 0.38 -0.08 -0.10 -0.04 0.15 0.14 0.13 0.00 RCBH 

LCBH 0.34 -0.06 -0.06 0.00 0.21 0.19 0.21 0.05 LCBH 

RCBW 0.33 -0.13 -0.09 -0.15 0.18 0.16 0.18 -0.13 RCBW 

LCBW 0.42 -0.12 -0.07 -0.12 0.20 0.20 0.18 -0.10 LCBW 

RCL 0.37 0.15 0.22 0.05 0.27 0.28 0.24 0.08 RCL 

LCL 0.35 0.15 0.16 -0.01 0.13 0.16 0.10 -0.06 LCL 

RSSCD 0.25 -0.02 -0.11 -0.23 0.10 0.07 0.13 -0.08 RSSCD 

LSSCD 0.36 0.09 -0.02 -0.23 0.23 0.19 0.25 -0.19 LSSCD 

RLSCD 0.13 0.03 -0.05 -0.10 0.05 0.07 0.03 -0.04 RLSCD 

LLSCD 0.13 0.13 0.14 -0.25 0.15 0.15 0.14 -0.15 LLSCD 

RPSCD 0.28 0.01 -0.08 0.00 0.07 0.03 0.11 0.05 RPSCD 

LPSCD 0.31 0.00 0.05 0.03 0.09 0.08 0.10 -0.07 LPSCD 

RSSCLW 0.05 -0.20 -0.20 -0.09 0.06 0.09 0.02 -0.10 RSSCLW 

LSSCLW 0.09 -0.23 -0.08 0.04 0.02 0.02 0.01 -0.14 LSSCLW 

RLSCLW 0.18 -0.04 -0.05 -0.01 -0.08 -0.06 -0.10 -0.16 RLSCLW 

LLSCLW 0.11 0.00 0.23 -0.08 -0.09 -0.05 -0.14 -0.21 LLSCLW 

RPSCLW -0.03 -0.10 -0.14 0.13 0.01 0.01 0.01 -0.07 RPSCLW 

LPSCLW 0.09 -0.13 -0.12 0.04 0.06 0.04 0.08 -0.07 LPSCLW 

  CS Age CI CBA TPNM RPNM LPNM RATAn   
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  LATAn RATL LATL RTMAr LTMAr CL CW ACL   

CS                 CS 

Age                 Age 

CI                 CI 

CBA                 CBA 

TPNM                 TPNM 

RPNM                 RPNM 

LPNM                 LPNM 

RATAn                 RATAn 

LATAn 1.00               LATAn 

RATL -0.06 1.00             RATL 

LATL -0.34 0.76 1.00           LATL 

RTMAr 0.09 0.15 0.10 1.00         RTMAr 

LTMAr 0.09 0.20 0.15 0.77 1.00       LTMAr 

CL -0.06 0.20 0.32 0.24 0.22 1.00     CL 

CW -0.21 0.17 0.16 0.07 -0.01 0.46 1.00   CW 

ACL -0.12 0.18 0.29 0.06 0.10 0.58 0.44 1.00 ACL 

PCL 0.16 0.36 0.34 0.28 0.30 0.39 0.32 0.13 PCL 

RTMR -0.06 0.13 0.13 -0.10 0.06 -0.01 0.00 -0.06 RTMR 

LTMR -0.06 0.18 0.16 -0.15 -0.02 0.08 0.20 -0.01 LTMR 

REACL -0.10 0.16 0.06 -0.12 -0.16 0.19 0.26 0.10 REACL 

LEACL -0.04 0.12 0.03 -0.08 -0.22 0.19 0.30 0.06 LEACL 

REAMAr -0.12 0.24 0.26 0.22 0.16 0.38 0.27 0.28 REAMAr 

LEAMAr -0.16 0.32 0.30 0.18 0.13 0.37 0.33 0.23 LEAMAr 

RMCT -0.04 0.02 0.05 -0.17 -0.10 0.00 -0.18 -0.12 RMCT 

LMCT -0.10 0.02 0.09 -0.22 -0.13 0.11 0.06 -0.02 LMCT 

MMCT -0.08 0.02 0.07 -0.21 -0.12 0.06 -0.07 -0.08 MMCT 

IRE -0.22 -0.02 -0.11 -0.04 -0.19 -0.07 0.37 -0.29 IRE 

RMTAr -0.08 0.23 0.33 0.31 0.21 0.68 0.56 0.50 RMTAr 

LMTAr -0.15 0.24 0.34 0.21 0.18 0.64 0.53 0.53 LMTAr 

TMTAr -0.12 0.24 0.34 0.26 0.20 0.68 0.56 0.53 TMTAr 

RMCFW -0.15 0.26 0.16 0.18 0.04 0.38 0.63 0.26 RMCFW 

LMCFW -0.13 0.26 0.22 0.13 -0.05 0.35 0.60 0.20 LMCFW 

RJFW -0.06 0.04 0.08 -0.13 -0.14 0.11 0.15 0.20 RJFW 

LJFW -0.08 0.08 0.18 -0.02 -0.18 0.20 0.11 0.21 LJFW 

Sex -0.03 0.30 0.37 0.12 0.12 0.61 0.41 0.49 Sex 

RCBH 0.12 0.23 0.19 0.14 0.12 0.34 0.23 0.24 RCBH 

LCBH 0.13 0.20 0.18 0.13 0.08 0.28 0.22 0.20 LCBH 

RCBW -0.13 0.21 0.24 0.16 0.09 0.26 0.16 0.28 RCBW 

LCBW -0.09 0.18 0.22 0.10 0.06 0.36 0.28 0.33 LCBW 

RCL -0.04 0.10 0.14 0.16 0.05 0.09 0.32 0.21 RCL 

LCL -0.07 0.07 0.13 -0.02 -0.09 0.18 0.33 0.31 LCL 

RSSCD -0.08 0.11 0.15 0.22 0.19 0.21 0.09 0.37 RSSCD 

LSSCD -0.22 0.03 0.16 0.21 0.07 0.25 0.21 0.48 LSSCD 

RLSCD -0.04 -0.03 0.01 0.00 -0.04 0.09 0.04 0.19 RLSCD 

LLSCD -0.20 -0.10 -0.01 -0.04 -0.16 -0.02 0.12 0.24 LLSCD 

RPSCD 0.01 0.01 0.06 0.13 0.18 0.23 0.14 0.19 RPSCD 

LPSCD -0.07 0.15 0.13 0.25 0.21 0.11 0.14 0.15 LPSCD 

RSSCLW -0.04 0.05 0.08 -0.10 -0.15 0.15 -0.05 0.18 RSSCLW 

LSSCLW 0.06 0.06 -0.09 -0.09 -0.15 0.12 0.05 0.10 LSSCLW 

RLSCLW -0.12 0.18 0.18 -0.12 -0.02 0.18 0.12 0.22 RLSCLW 

LLSCLW -0.17 0.09 0.09 -0.10 -0.10 -0.12 0.12 0.20 LLSCLW 

RPSCLW 0.10 0.13 0.01 0.03 0.03 0.03 -0.10 0.03 RPSCLW 

LPSCLW -0.08 0.21 0.20 -0.11 -0.14 0.25 0.12 0.19 LPSCLW 

  LATAn RATL LATL RTMAr LTMAr CL CW ACL   
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  PCL RTMR LTMR RML LML RMAr LMAr RMCT   

CS                 CS 

Age                 Age 

CI                 CI 

CBA                 CBA 

TPNM                 TPNM 

RPNM                 RPNM 

LPNM                 LPNM 

RATAn                 RATAn 

LATAn                 LATAn 

RATL                 RATL 

LATL                 LATL 

RTMAr                 RTMAr 

LTMAr                 LTMAr 

CL                 CL 

CW                 CW 

ACL                 ACL 

PCL 1.00               PCL 

RTMR 0.14 1.00             RTMR 

LTMR 0.09 0.49 1.00           LTMR 

REACL 0.19 0.10 0.11 1.00         REACL 

LEACL 0.23 0.02 0.14 0.80 1.00       LEACL 

REAMAr 0.26 -0.01 0.15 0.39 0.33 1.00     REAMAr 

LEAMAr 0.32 0.01 0.14 0.38 0.45 0.79 1.00   LEAMAr 

RMCT -0.04 -0.09 -0.03 0.15 0.09 0.09 0.07 1.00 RMCT 

LMCT 0.01 -0.12 -0.08 0.13 0.07 0.03 0.05 0.69 LMCT 

MMCT -0.02 -0.11 -0.06 0.15 0.09 0.06 0.07 0.93 MMCT 

IRE -0.38 -0.04 0.14 0.01 0.04 0.00 0.07 -0.09 IRE 

RMTAr 0.44 0.05 0.12 0.11 0.13 0.41 0.40 -0.14 RMTAr 

LMTAr 0.38 0.10 0.13 0.11 0.12 0.41 0.42 -0.12 LMTAr 

TMTAr 0.42 0.08 0.13 0.11 0.13 0.42 0.42 -0.14 TMTAr 

RMCFW 0.31 -0.03 0.13 0.49 0.45 0.45 0.50 -0.06 RMCFW 

LMCFW 0.45 -0.01 0.09 0.49 0.63 0.46 0.59 -0.11 LMCFW 

RJFW 0.18 0.04 0.04 0.06 0.09 0.11 0.10 -0.06 RJFW 

LJFW 0.10 -0.03 -0.04 -0.02 -0.03 0.09 0.05 -0.09 LJFW 

Sex 0.50 0.04 0.04 0.30 0.23 0.39 0.39 0.23 Sex 

RCBH 0.40 0.10 0.18 0.25 0.18 0.34 0.27 -0.04 RCBH 

LCBH 0.33 0.09 0.23 0.17 0.19 0.35 0.29 -0.04 LCBH 

RCBW 0.35 0.08 0.08 0.20 0.16 0.35 0.33 0.00 RCBW 

LCBW 0.31 0.00 0.20 0.13 0.09 0.31 0.29 -0.06 LCBW 

RCL 0.27 0.08 0.10 0.13 0.09 0.17 0.10 -0.12 RCL 

LCL 0.15 -0.07 0.05 0.08 0.04 0.10 0.08 -0.15 LCL 

RSSCD 0.27 -0.04 -0.09 0.05 0.07 0.08 0.16 0.11 RSSCD 

LSSCD 0.21 -0.18 -0.19 0.06 0.05 0.21 0.23 -0.02 LSSCD 

RLSCD 0.21 0.12 -0.10 0.10 0.14 -0.02 0.11 -0.16 RLSCD 

LLSCD 0.08 -0.20 -0.10 -0.03 0.03 0.07 0.10 -0.17 LLSCD 

RPSCD 0.28 0.03 -0.06 -0.10 -0.12 -0.05 0.05 0.08 RPSCD 

LPSCD 0.27 0.09 -0.11 0.04 -0.05 0.02 0.10 0.09 LPSCD 

RSSCLW -0.01 -0.12 -0.10 -0.04 0.03 0.06 0.05 -0.08 RSSCLW 

LSSCLW -0.09 -0.13 0.03 0.00 -0.01 0.12 0.06 0.07 LSSCLW 

RLSCLW 0.11 -0.12 -0.04 0.21 0.11 0.08 0.14 0.19 RLSCLW 

LLSCLW -0.06 -0.07 -0.05 0.17 0.04 0.20 0.19 0.04 LLSCLW 

RPSCLW -0.07 -0.20 -0.04 0.02 0.11 0.07 0.14 0.10 RPSCLW 

LPSCLW 0.03 -0.02 0.00 0.12 0.19 0.18 0.26 -0.01 LPSCLW 

  PCL RTMR LTMR RML LML RMAr LMAr RMCT   

 



 

 92 

 

  LMCT MMCT IRE-1 RMTAr LMTAr TMTAr RMCFW LMCFW   

CS                 CS 

Age                 Age 

CI                 CI 

CBA                 CBA 

TPNM                 TPNM 

RPNM                 RPNM 

LPNM                 LPNM 

RATAn                 RATAn 

LATAn                 LATAn 

RATL                 RATL 

LATL                 LATL 

RTMAr                 RTMAr 

LTMAr                 LTMAr 

CL                 CL 

CW                 CW 

ACL                 ACL 

PCL                 PCL 

RTMR                 RTMR 

LTMR                 LTMR 

REACL                 REACL 

LEACL                 LEACL 

REAMAr                 REAMAr 

LEAMAr                 LEAMAr 

RMCT                 RMCT 

LMCT 1.00               LMCT 

MMCT 0.91 1.00             MMCT 

IRE -0.06 -0.08 1.00           IRE 

RMTAr -0.06 -0.11 0.10 1.00         RMTAr 

LMTAr -0.08 -0.11 0.10 0.90 1.00       LMTAr 

TMTAr -0.07 -0.11 0.10 0.97 0.97 1.00     TMTAr 

RMCFW -0.06 -0.06 0.41 0.50 0.51 0.52 1.00   RMCFW 

LMCFW -0.06 -0.09 0.28 0.43 0.42 0.43 0.79 1.00 LMCFW 

RJFW 0.07 0.00 -0.11 0.04 0.11 0.08 0.11 0.23 RJFW 

LJFW -0.06 -0.09 0.03 0.17 0.19 0.18 0.08 0.12 LJFW 

Sex 0.25 0.26 -0.06 0.61 0.59 0.62 0.44 0.39 Sex 

RCBH -0.11 -0.08 -0.09 0.44 0.29 0.38 0.24 0.22 RCBH 

LCBH -0.18 -0.12 -0.03 0.39 0.30 0.35 0.23 0.24 LCBH 

RCBW -0.08 -0.04 -0.13 0.33 0.29 0.32 0.22 0.23 RCBW 

LCBW -0.04 -0.05 -0.03 0.43 0.40 0.43 0.23 0.23 LCBW 

RCL -0.05 -0.10 0.04 0.26 0.18 0.23 0.32 0.26 RCL 

LCL 0.01 -0.08 0.02 0.15 0.14 0.15 0.20 0.20 LCL 

RSSCD 0.12 0.12 -0.25 0.31 0.23 0.28 0.15 0.11 RSSCD 

LSSCD 0.00 -0.01 -0.15 0.34 0.34 0.35 0.24 0.19 LSSCD 

RLSCD -0.07 -0.13 -0.20 0.10 0.10 0.10 0.14 0.16 RLSCD 

LLSCD -0.11 -0.15 -0.10 0.03 0.06 0.05 0.14 0.08 LLSCD 

RPSCD 0.12 0.10 -0.06 0.26 0.19 0.23 0.09 0.05 RPSCD 

LPSCD 0.07 0.09 0.02 0.26 0.22 0.25 0.21 0.17 LPSCD 

RSSCLW 0.08 -0.01 -0.08 0.11 0.01 0.06 -0.04 0.01 RSSCLW 

LSSCLW 0.09 0.09 0.10 0.07 0.06 0.07 0.07 0.00 LSSCLW 

RLSCLW 0.25 0.24 -0.07 0.14 0.13 0.14 0.08 0.06 RLSCLW 

LLSCLW 0.12 0.09 0.02 -0.02 -0.05 -0.04 0.18 0.13 LLSCLW 

RPSCLW 0.01 0.06 0.00 -0.02 -0.06 -0.04 -0.03 0.01 RPSCLW 

LPSCLW 0.02 0.01 -0.08 0.09 0.17 0.13 0.11 0.13 LPSCLW 

  LMCT MMCT IRE-1 RMTAr LMTAr TMTAr RMCFW LMCFW   
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 RJFW LJFW Sex RCBH LCBH RCBW LCBW RCL  

LJFW 0.32 1.00       LJFW 

Sex 0.17 0.25 1.00      Sex 

RCBH 0.04 0.22 0.39 1.00     RCBH 

LCBH 0.00 0.21 0.36 0.82 1.00    LCBH 

RCBW 0.16 0.25 0.40 0.67 0.67 1.00   RCBW 

LCBW 0.10 0.28 0.44 0.69 0.70 0.77 1.00  LCBW 

RCL 0.02 0.06 0.28 0.15 0.15 0.22 0.21 1.00 RCL 

LCL 0.11 0.25 0.26 0.00 0.00 0.16 0.23 0.65 LCL 

RSSCD -0.03 0.03 0.40 0.26 0.16 0.39 0.29 0.18 RSSCD 

LSSCD 0.15 0.22 0.43 0.20 0.15 0.42 0.31 0.23 LSSCD 

RLSCD 0.14 0.22 0.14 0.11 0.08 0.24 0.18 0.25 RLSCD 

LLSCD 0.14 0.37 0.09 0.06 0.10 0.33 0.28 0.22 LLSCD 

RPSCD 0.01 0.11 0.35 0.17 0.11 0.22 0.20 0.37 RPSCD 

LPSCD 0.07 0.18 0.38 0.14 0.07 0.27 0.14 0.24 LPSCD 

RSSCLW 0.05 0.07 0.08 0.07 0.07 0.11 0.10 -0.07 RSSCLW 

LSSCLW 0.10 0.10 0.18 0.09 0.21 0.14 0.24 0.00 LSSCLW 

RLSCLW 0.07 0.02 0.39 0.07 0.04 0.18 0.26 0.21 RLSCLW 

LLSCLW 0.05 0.02 0.10 -0.02 -0.07 0.06 0.03 0.29 LLSCLW 

RPSCLW -0.25 -0.02 -0.06 0.16 0.11 0.11 0.10 -0.11 RPSCLW 

LPSCLW 0.09 0.01 0.04 0.15 0.18 0.22 0.24 -0.12 LPSCLW 

 RJFW LJFW Sex RCBH LCBH RCBW LCBW RCL  

 

  LCL RSSCD LSSCD RLSCD LLSCD RPSCD LPSCD RSSCLW   

LSSCD 0.31 0.69 1.00           LSSCD 

RLSCD 0.21 0.44 0.44 1.00         RLSCD 

LLSCD 0.32 0.26 0.48 0.52 1.00       LLSCD 

RPSCD 0.29 0.46 0.45 0.37 0.25 1.00     RPSCD 

LPSCD 0.21 0.49 0.52 0.30 0.16 0.71 1.00   LPSCD 

RSSCLW -0.09 0.31 0.26 0.12 0.11 0.20 0.17 1.00 RSSCLW 

LSSCLW 0.09 0.12 0.09 -0.01 0.08 0.06 0.10 0.45 LSSCLW 

RLSCLW 0.26 0.32 0.31 0.16 0.09 0.29 0.30 0.25 RLSCLW 

LLSCLW 0.26 0.19 0.22 0.12 0.16 0.05 0.15 0.21 LLSCLW 

RPSCLW -0.10 0.19 0.15 -0.01 0.02 0.09 0.10 0.25 RPSCLW 

LPSCLW -0.01 0.03 0.14 -0.06 0.12 -0.11 -0.13 0.17 LPSCLW 

  LCL RSSCD LSSCD RLSCD LLSCD RPSCD LPSCD RSSCLW   

 

  LSSCLW RLSCLW LLSCLW RPSCLW LPSCLW   

LSSCLW 1.00         LSSCLW 

RLSCLW 0.20 1.00       RLSCLW 

LLSCLW 0.22 0.42 1.00     LLSCLW 

RPSCLW 0.28 0.20 0.03 1.00   RPSCLW 

LPSCLW 0.10 0.18 -0.03 0.30 1.00 LPSCLW 

  LSSCLW RLSCLW LLSCLW RPSCLW LPSCLW   

 

 

Figure 6.1 – Representation of Correlation Table 6.2 in its Full Layout 
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Figure 6.2 below shows that large crania tend to be wider than small crania.  However, 

the cephalic index (CI) correlates only weakly with cranial size (r = 0.23), and this 

relationship does not remain significant after applying the Bonferroni correction.  The 

index of relative encephalisation correlates strongly with cranial size (r = 0.31), but falls 

below the significance level required by the Bonferroni adjustment 
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Figure 6.2 –Cranial Size and Cranial Width 

Figure 6.3 shows that large crania tend to have a larger pneumatisation score than small 

crania.  Total pneumatisation size correlates very strongly with cranial size (r = 0.48). 

6.3.2 – Sexual Dimorphism 

Table 6.1 shows that there are highly significant sex differences in cranial size (CS) and 

most of the length and area parameters.  However, the pneumatisation size (TPnm, 

RPnm and LPnm) and tympanic membrane area (RTMAr and LTMAr) parameters 

show no significant sex differences.  In addition, there are no sex differences in the 

shape measures of cephalic index (CI), cranial base angle (CBA), auditory tube angle 
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(RATAn and LATAn), and tympanic membrane ratio (RTMR and LTMR).  There are 

sex differences in cortical bone thickness at the tip of the mastoid process (♂>♀) for 

each side separately and for the mean value of the two sides.  The mastoid triangle area 

shows strongly significant sex differences (♂>♀, p<0.001) for each side separately and 

for the combined value of the two sides.  The jugular foramen width shows significant 

sex differences for the left side (p=0.012) but not the right side. 
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Figure 6.3 – Cranial Size and Total Pneumatisation 

(r = 0.48, p<0.0007) 

Table 6.1 above indicates that there is sexual dimorphism in the diameters of the 

superior and posterior semicircular canals, and in the width of the lumen of the lateral 

semicircular canal for the right side (but not the left).  In each case, males tend to be 

larger than females. 

Table 6.3 shows the mean and standard deviation for length, area and volume 

measurements expressed as a quotient of cranial size. 
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Table 6.3 – Quotients of Measurements for the Sample 

 
Total Sample Females Males Sex 

Mean SD Mean SD Mean SD Diffs 

CLQ 0.3096 0.0133 0.3114 0.0129 0.3077 0.0135  

CWQ 0.2354 0.0069 0.2387 0.0066 0.2312 0.0054 p<0.001 

ACLQ 0.105 0.0056 0.1053 0.0054 0.1047 0.0059  

PCLQ 0.0768 0.0057 0.0761 0.0052 0.0776 0.0062  

PNMQ 0.19 0.03 0.19 0.03 0.19 0.03  

RTBQ 0.32 0.01 0.32 0.01 0.32 0.01  

LTBQ 0.32 0.01 0.32 0.01 0.32 0.01  

RATLQ 0.0229 0.0037 0.0226 0.0042 0.0234 0.0031  

LATLQ 0.0223 0.0035 0.0218 0.0035 0.0229 0.0034  

RTMArQ 0.0134 0.0018 0.0136 0.0018 0.0131 0.0019  

LTMArQ 0.0133 0.0018 0.0135 0.0019 0.013 0.0017  

REACLQ 0.0213 0.0035 0.0209 0.0041 0.0216 0.0028  

LEACLQ 0.0217 0.0035 0.0216 0.0041 0.0218 0.0028  

RMArQ 0.0237 0.0046 0.0226 0.0047 0.0249 0.0044 p=0.0136 

LMArQ 0.0231 0.0049 0.0219 0.0051 0.0245 0.0043 p=0.0068 

TMTArQ 25.29 3.85 23.6 2.72 27.71 3.76 p<0.001 

RMTArQ 13.05 2.02 12.03 1.46 14.13 1.97 p<0.001 

LMTArQ 12.55 1.99 11.58 1.41 13.58 2.0 p<0.001 

RMCFQ 0.084 0.004 0.084 0.004 0.083 0.004  

LMCFQ 0.084 0.004 0.085 0.003 0.083 0.004  

RJFWQ 0.025 0.004 0.025 0.005 0.025 0.004  

LJFWQ 0.024 0.004 0.024 0.004 0.024 0.003  

RCBHQ 0.013 0.001 0.013 0.001 0.013 0.001  

LCBHQ 0.013 0.001 0.013 0.001 0.013 0.001  

RCBWQ 0.011 0.001 0.011 0.001 0.011 0.001  

LCBWQ 0.011 0.001 0.011 0.001 0.011 0.001  

RCLQ 0.005 0.0004 0.005 0.0005 0.005 0.0005  

LCLQ 0.005 0.0004 0.005 0.0005 0.005 0.0005  

 

Only the cranial width quotient (CWQ), external acoustic meatus area quotients 

(RMArQ and LMArQ) and mastoid triangle quotients (TMTArQ, RMTArQ and 

LMTArQ) show significant sex differences.  It is noteworthy that although males have 

significantly greater cranial width than females, when this parameter is expressed as a 

quotient of cranial size it is the females that have significantly larger values.  Figure 6.1 

above illustrates that when cranial size is the same females tend to have a wider cranium 

than males.  Table 6.3 also shows that when size differences between the sexes are 

nullified, males tend to have a relatively larger external acoustic meatus than females, 

and males tend to have a relatively larger mastoid triangle than females.  Table 6.3 
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reveals that like absolute pneumatisation, relative pneumatisation also lacks sexual 

dimorphism. 

6.3.3 – Age-Related Differences 

As seen in Table 6.1, the only cranial parameter to show any age-related variation by 

the ANOVA test is the cranial base angle.  Table 6.1 indicates that the cranial base 

angle tends to be smaller in older individuals.  The ANOVA also shows a significant 

interaction between age and sex in this parameter and this is shown in Figure 6.4.  There 

is no significant trend in females (the ANOVA on females alone is not significant) but 

the older males clearly tend to have a lower CBA score than younger males. 
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Figure 6.4 – Age and Cranial Base Angle 

6.3.4 – Pneumatisation 

Pneumatisation size has a very strong correlation with cranial width (TPnm: r = 0.41; 

RPnm: r = 0.43, LPnm; r = 0.34) and strong to very strong correlations with the middle 

cranial fossa widths (r > 0.32).  In each case, the tendency is for crania with higher 
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pneumatisation scores to have a wider cranium and wider middle cranial fossae 

(graphically presented in Figures 6.5 and 6.6). 
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Figure 6.5 – Total Pneumatisation Size and Cranial Width 

(r = 41, p<0.0007) 
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Figure 6.6 – Total Pneumatisation Size and Middle Cranial Fossa Width 

(RMCFW: r = 0.42, p<0.0007; LMCFW: r = 0.38, p<0.0007) 
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All of the pneumatisation size parameters correlate very strongly in a negative direction 

with mastoid cortical thickness (for example, TPnm to mean mastoid cortical thickness, 

r = -0.65): as the pneumatised spaces increase in size, the cortical bone at the mastoid 

tip gets thinner.  This is graphically presented in Figure 6.7. 
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Figure 6.7 – Total Pneumatisation Size and Mean Mastoid Cortical Thickness 

(r = -0.65, p<0.0007) 

In addition, the pneumatisation size parameters correlate very strongly with the mastoid 

triangle areas (for example, TPnm to total mastoid triangle area, r = 0.55) such that as 

pneumatisation size increases, the mastoid triangle gets larger, as seen in Figure 6.8. 

The size of mastoid pneumatisation did not correlate significantly with age for either 

side separately or for the combined value of the left and right sides. 
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Total Pneumatisation Size and Total Mastoid Triangle Area

0

500

1000

1500

2000

2500

0 2 4 6 8 10 12 14 16 18

Total Pneumatisation Size

T
o

ta
l 
M

a
s
to

id
 T

ri
a
n

g
le

 A
re

a

 

Figure 6.8 – Total Pneumatisation Size and Total Mastoid Triangle Area 

(r = 0.55, p<0.0007) 

6.3.5 – Asymmetry 

Paired t-tests for side differences in the cranial and temporal bone parameters show 

significant differences for the whole sample in auditory tube length (RATL>LATL, 

p<0.02) and external acoustic canal length (LEACL>REACL, p<0.05).  However, when 

the sexes are considered separately the side differences for auditory tube length and 

external acoustic canal length are significant only among females (p<0.05 for each).  

The mastoid triangle area also shows significant (p<0.001) side differences 

(RMTAr>LMTAr) for both sexes and for the sample as a whole.  The middle cranial 

fossa width shows side differences (LMCFW>RMCFW) for the sample as a whole 

(p<0.05), but when the sexes are considered separately, again the differences remain 

significant only for females (p<0.02).  Jugular foramen width also shows significant 

side differences: the right foramen is wider than the left for the sample as a whole 

(p<0.05).  Yet again, when the sexes are considered separately, the difference remains 

significant only for females (p<0.05). 
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The average of the absolute value of right minus left for the pneumatisation size for the 

whole sample is 0.52, while the average size for temporal bone pneumatisation is 5.53.  

This equates to the smaller side being on average 9.36% smaller than the larger side 

regardless of which side is larger.  Figure 6.9 below shows the distribution of the right 

minus left side in a histogram (left) and the test for normality of the distribution (right).   

Pneumatisation - R minus L

0

5

10

15

20

25

30

35

< -2
.2

5

-2
.2
5 to

 -1
.7

5

-1
.7
5 to

 -1
.2

5

-1
.2
5 -0

.7
5

-0
.7
5 to

 -0
.2

5

-0
.2
5 to

 0
.2

5

0.
25

 to
 0

.7
5

0.
75

 to
 1

.2
5

1.
25

 to
 1

.7
5

1.
75

 to
 2

.2
5

> 2
.2

5

Value

N
o

.

Normal Plot for C1

-1

-2

-2

-3

0

2

0

1

-1

21

Normal Score

O
rd

e
r 

S
ta

ti
st

ic

 

Figure 6.9 – Pneumatisation – Right minus Left Side 

A – Histogram; B – Test for Normality 

The normality test for this distribution indicates that it does not differ significantly from 

normal, and that there are therefore no significant side differences (asymmetries) 

present in the size of pneumatisation. 

A side difference was detected in the lumen width of the posterior semicircular canal 

pairing: the left canal‟s lumen tends to be wider than the lumen of the right canal 

(p<0.001). 

6.3.6 – Interactions between Parameters 

Table 6.2 above shows the results of the correlation tests between the various 

parameters of the cranium to be discussed below. 
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6.3.6.1 – Cephalic Index 

The cephalic index correlates very strongly with cranial length (r = -0.49) and cranial 

width (r = 0.55), and with the index of relative encephalisation (IRE) (r = 0.42).  Figure 

6.10 shows that crania that are larger relative to cranial base length (the IRE) tend to be 

brachycephalic. 

6.3.6.2 – Cranial Base Angle 

The index of relative encephalisation (IRE) has a very strong and positive correlation 

with the cranial base angle (r = 0.43) in that as the size of the cranium relative to total 

cranial base length increases, the cranial base angle increases, graphically presented in 

Figure 6.11. 
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Figure 6.10 – Cephalic Index and Index of Relative Encephalisation 

(r = 0.42, p<0.0007) 
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Cranial Base Angle and Index of Relative Encephalisation
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Figure 6.11 – Cranial Base Angle and Index of Relative Encephalisation 

(r = 0.43, p<0.0007) 

There is a strong negative correlation between CBA and posterior cranial length (PCL) 

such that as the CBA decreases, the PCL increases (r = -0.33) (Figure 6.12). 
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Figure 6.12 – Cranial Base Angle and Posterior Cranial Base Length 

(r = 0.33, p = 0.000705) 
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However, this relationship between CBA and PCL fails to remain significant after 

Bonferroni‟s adjustment is applied. 

6.3.6.3 – Auditory Tube Parameters 

The angle of the left auditory tube is strongly correlated with its length (r = -0.34) and 

the angle of the right auditory tube is weakly correlated with its length (r = -0.24); as the 

angle increases the length decreases, as depicted in Figure 6.13. 

Auditory tube length is strongly correlated with posterior cranial base length (right: r = 

0.36; left: r = 0.34) in that crania with a longer posterior cranial base tend to have longer 

auditory tubes (Figure 6.14).  The auditory tube angle is weakly correlated with cranial 

width (right: r = -0.25; left: r = -0.21) such that wider crania tend to have a smaller 

auditory tube angle. 

Neither auditory tube length nor angle are significantly correlated with pneumatisation. 
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Figure 6.13 – Auditory Tube Angle and Auditory Tube Length 

(LATAn and LATL: r = -0.34, p<0.0007; RATAn and RATL: r = -0.24, p<0.02) 
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Posterior Cranial Base Length and Auditory Tube Length
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Figure 6.14– Posterior Cranial Base Length and Auditory Tube Length 

(Right Auditory Tube: r = 0.36, p<0.0007; Left Auditory Tube: r = 0.34, p<0.0007) 

6.3.6.4 –External Acoustic Meatus Parameters 

The EAC length and EAM area are very strongly correlated (right: r = 0.39; 
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Figure 6.15 – External Acoustic Canal Length and External Acoustic Meatus Area 

(right: r = 0.39, p<0.0007; left: r = 0.45, p<0.0007) 



 

 106 

left: r = 0.45); crania with large ear apertures tend to have long ear canals (Figure 6.15). 

The external acoustic canal length is also very strongly correlated with middle cranial 

fossa width (right: r = 0.49; left: r = 0.63) (Figure 6.16).  The EAC length is strongly 

correlated with cranial width (right: r = 0.26; left: r = 3, not significant after applying 

the Bonferroni adjustment). 
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Figure 6.16 – Middle Cranial Fossa Width and External Acoustic Canal Length 

(right: r = 0.49, p<0.0007; left: r = 0.63, p<0.0007) 

The external acoustic meatus area is very strongly correlated with mastoid triangle area 

(right: r = 0.41; left: r = 0.42). 

6.3.6.5 – The Cochlea and Semicircular Canals 

The cochlear measurements all correlate strongly with cranial size, but the only cochlear 

parameter that remains significantly correlated with cranial size after applying the 

Bonferroni correction is the basal width of the left cochlea (r > 0.41, p<0.00003726).  

Cochlear base height correlates very strongly with cochlear base width (r > 0.67) 
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(Figure 6.17), but neither of the measurements of the cochlear base correlate 

significantly with cochlear length. 
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Figure 6.17 – Cochlear Base (Height and Width) 

(right: r = 0.67, p<0.0007; left: r = 0.7, p<0.0007) 

The semicircular canal parameters show strong positive correlations with one another 

with respect to their diameters such that they scale together in size.  This is true for the 

three canals on each side, and the pairs of canals on opposite sides.  Lumen width 

parameters show very strong positive correlations between left and right side pairs.  

Note however that for the posterior canal pair the left canal‟s lumen tends to be wider 

than the lumen of the right canal. 

While there is some relationship between the cochlear parameters and semicircular 

canal diameter and lumen width, it is not the case that all the parameters of the otic 

capsule used in this study scale together directly in size – unlike Dimopoulos and Muren 

(1990), this study did not find that large cochleae are routinely associated with wide 

semicircular canals that have a large lumen. 
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The measurements of cochlear base or of cochlear height, or of semicircular canal 

diameter, did not equal the values given in Warwick and Williams (1973) (see Section 

2.1.7 above).  All of the values found in the current study (see Table 6.1) were smaller 

than those cited in the literature.  The semicircular canal measurements for the current 

study differed from those given in Warwick and Williams (1973) to a lesser degree than 

did the cochlear parameters.  Of the canal parameters, the superior canal diameter was 

closest to that cited in the literature, while the lateral canal diameter was furthest. 

6.4 – Discussion 

6.4.1 – Size-Related Variation 

As expected, the majority of size parameters correlate strongly or very strongly in a 

positive direction with cranial size (CS) – larger crania tend to have larger canals, 

cavities and apertures than smaller crania, unless there are functional or developmental 

constraints that act to limit size-related variation.  However, parameters of the type that 

do not vary with cranial size are also of potential interest and will be discussed below. 

While the external acoustic meatus area correlates very strongly with CS, the tympanic 

membrane area correlates only weakly with CS (and this relationship becomes non-

significant after applying the Bonferroni correction).  This suggests that the tympanic 

membrane area is limited by functional constraints and that anything above (and 

perhaps also below) this size may interfere with its efficiency, as was found by 

Nummela (1995) in his research of middle ear allometric variation in mammals.  No 

such functional constraint on size seems to be imposed on the external acoustic meatus. 

External acoustic canal length also correlates only weakly with cranial size and fails to 

meet the Bonferroni threshold.  However, EAC length correlates very strongly with 

middle cranial fossa (MCF) width, and middle cranial fossa width correlates very 
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strongly with cranial size.  The correlation between EAC length and MCF width 

suggests that whatever process determines MCF width (possibly brain growth) also 

influences the size of some the structures within the temporal petrosa.  The lack of 

correlation between EAC length and cranial size suggests that structures within the 

petrosa have little to no influence on cranial size. 

The correlation between CS and mastoid cortical thickness is negative in direction but 

non-significant, suggesting that overall cranial size is unrelated to mastoid bone 

thickness.  This is similar to a finding of Bruner et al. (2003) that cranial size does not 

correlate with cranial bone thickness.  It must be remembered however that the Bruner 

et al. (2003) study measured cortical bone thickness at the parietal bossae and that quite 

different factors influence bone thickness at this region of the skull (muscle forces on 

the outer surface and neurocranial growth on the inner surface) than at the mastoid tip 

where cortical thickness was measured in this study (sternocleidomastoid and other 

muscle attachment on the outer surface, and epithelial bone erosion to form the mastoid 

air cells on the inner surface). 

The weak positive correlation of the cephalic index with CS suggests that larger crania 

tend to be brachycephalic in shape.  However, this correlation does not remain 

significant after applying the Bonferroni correction.  Despite this, there is some 

relationship between cranial size and cranial shape: larger crania tend to be wider 

relative to their length.  However, this finding contradicts the findings of Zollikofer and 

Ponce de Leon (2002) who suggest that larger crania tend to be more dolichocephalic in 

shape.  It is also possible that this result is an artefact of the analysis: more landmarks 

are located on the lateral parts of the cranium than on the anterior/posterior parts, so the 

analysis is more sensitive to differences in cranial width than it is to differences in 

cranial length. 
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The CBA does not correlate with cranial size (CS), contrary to the findings of previous 

research (i.e., Ross and Ravosa, 1993, Strait and Ross, 1999, Lieberman et al., 2000a, 

Lieberman et al., 2002, Bruner et al., 2003).  However, the index of relative 

encephalisation (IRE) correlates strongly with CS, similar to the findings of Ross and 

Ravosa (1993).  As cranial size increases relative to basicranial length (the IRE), the 

cranial base angle decreases.  In addition, crania with a large IRE value tend to be more 

brachycephalic.  Thus, the relationship between cranial base angle, cranial size relative 

to cranial base length and cranial shape found by Ross and Ravosa (1993) and 

Lieberman et al. (2002) is confirmed by the current study. 

The cochlear base measurements are all strongly correlated with cranial size (but only 

the left cochlear base width remains significant for after applying the Bonferroni 

adjustment).  None of the semicircular canal parameters show correlations with cranial 

size that remain significant after applying the Bonferroni correction.  It appears that 

there is little to no relationship between cranial size and the size of the bony labyrinth.  

While there is a slight tendency for the bony labyrinth to be larger in large crania, it is 

probable that there are functional and/or developmental constraints on its size (Lebrun 

et al., 2010). 

Moreover, this study finds that cochlear size is not directly related to the diameter or 

lumen width of the semicircular canals, contrasting with Dimopoulos and Muren 

(1990).  Differences in the methods used for data acquisition or sample composition 

between the two studies may account for this disparity in findings. 

6.4.2 – Sexual Dimorphism 

Similar to the results of Bruner et al. (2003) and in line with expectations, males are 

larger than females in overall cranial size as well as in most of the other size-related 
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parameters.  However when these parameters are expressed as a quotient of cranial size 

there are only a few that retain significant differences (Table 6.3, cranial width quotient, 

external acoustic meatus area quotient and mastoid triangle quotient).  Males tend to 

have larger external acoustic meati and larger mastoid triangle areas, while females tend 

to have a wider cranium, especially when the overall cranial size differences are 

removed. 

There are no significant sex differences in the cephalic index, although the female 

average is slightly higher than the male average, and females tend to have a greater 

cranial width than males after controlling for sex differences in cranial size.  This result 

weakly supports the expectation that females would tend to be more brachycephalic 

than males (as discussed in Section 3.2).  Furthermore, when taken as a quotient of 

overall cranial size, the female cranial width quotient was significantly larger than male 

cranial width quotient, despite the fact that absolute cranial width was larger in males 

than in females.  This suggests that a cranial width quotient would be of more use for 

sex determination in a sample of mixed ethnic composition than the cephalic index. 

The lack of sexual dimorphism in the cranial base angle (CBA) conflicts with some 

previous research.  For example, Bruner et al. (2003) found the CBA to be larger in 

females, while Schulter (1976) found no sexual dimorphism in the CBA.  Note however 

that Figure 6.3 suggests that there is sexual dimorphism in the CBA for the older groups 

in the sample.  The lack of sexual dimorphism in CBA for the pooled sample found here 

and for Schulter (1976) using a sample composed of Caucasian, Native American and 

Inuits suggests that a sample of mixed ethnicity may mask sex differences that are 

present in a sample of uniform ethnic composition. 
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As expected, the mastoid triangle area (MTAr) exhibits significant sex differences 

(p<0.001), both when each side is considered separately and when the values of each 

side are added together.  For all of the MTAr values only one female out of 52 has a 

score that is larger than the male mean.  For males, up to 5 out of the 49 have a score 

that is lower than the female mean.  It appears that even when applied to a sample of 

mixed ethnic composition, the MTAr is sexually dimorphic, but is more likely to 

erroneously estimate males with a small MTAr to be females than it is to estimate 

females with a large MTAr as males. 

The sexual dimorphism in mastoid triangle area is a reflection of the generally accepted 

fact that mastoid process tends to be larger in males than females (Keen, 1950, Paiva 

and Segre, 2003).  The sex differences in mastoid triangle area are still present when 

this parameter is calculated as a quotient of overall cranial size (see Table 6.3), 

indicating that males have both absolutely and relatively larger mastoid triangles (and 

perhaps also both absolutely and relatively larger mastoid processes) than females. 

The temporal bone pneumatisation size parameters are not sexually dimorphic, despite 

males being larger than females for nearly all of the other size measures.  The lack of 

sex differences in the extent of temporal bone pneumatisation found in this study is 

similar to results from other studies (Tos et al., 1984, Virapongse et al., 1985, Sade and 

Fuchs, 1996, Luntz et al., 2001) which have found no sex differences in the extent of 

mastoid pneumatisation.  It seems that regardless of the functional reason for the air cell 

system, the size of temporal bone pneumatisation is similar for each sex. 

Mastoid bone cortical thickness is sexually dimorphic, being thicker in males than it is 

in females.  This is likely to be associated with males having a larger mastoid process 

on average than females, and/or males being more muscular than females on average 
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(Keen, 1950).  It may also be related to the findings that females tend to have a 

relatively greater degree of pneumatisation within the temporal bone but males tend to 

have larger skulls.  Thus, when the volume of pneumatisation is equal the male skull 

will be larger its thickness will be greater. 

The tympanic membrane area does not show sexual dimorphism despite most other 

parameters being larger in males than in females.  This reinforces the idea suggested 

above (following Nummela 1995) that the tympanic membrane is functionally limited in 

size and that anything outside of a limited size range reduces its efficiency.  The 

tympanic membrane ratio parameters are not sexually dimorphic, indicating there are no 

sex differences in the shape of the tympanic membrane. 

The superior and posterior semicircular canal diameters display sexual dimorphism.  

This is probably an aspect of size-based sexual dimorphism, as these canals also showed 

correlations with cranial size that were strong (although these correlations did not 

remain significant after applying the Bonferroni correction). 

6.4.3 – Age-Related Differences 

The ANOVA tests for age differences in the cranial and temporal bone parameters 

returned no significant results for any of the size parameters used in this study.  It might 

have been expected that age differences would be found in the cranial length 

parameters, similar to the findings of Kendrick and Risinger (1967).  However, that 

study found that there were significant size increases in measurements obtained from 

the outer cranial table, and used different points to measure cranial length than those 

used in the current study.  In addition, the Kendrick and Risinger (1967) study sample 

was longitudinal while the current study sample is cross-sectional, and this factor makes 

a comparison of results somewhat tenuous.  The lack of age differences in any 
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component of cranial length found in this study is in keeping with the results of Macho 

(1986) and Doual et al. (1997), which also used a cross-sectional rather than a 

longitudinal study sample. 

The ANOVA test for age differences in the shape parameters reveal significant age 

differences in cranial base angle in that the CBA tends to be smaller in older specimens 

(p = 0.016).  The group that shows the smallest cranial base angle is the older males.  

The statistical analysis and Figure 6.4 show there to be no significant differences in 

CBA between young females and young males, or between young females and old 

females.  However, Figure 6.4 shows there to be a difference in CBA between old 

females and old males, and between young males and old males.  Bruner et al. (2003) 

hypothesised that the size and sex differences they found in the CBA were a result of a 

“vertical stretching” of the skull in male crania and larger crania that caused an inferior 

displacement of the posterior cranial base relative to the anterior cranial base, with the 

effect of decreasing the CBA.  While on average males do have a larger cranial size 

than females, there is no pattern of older males having a larger cranial size than younger 

males.  In addition, younger males have a larger cranial size on average than younger 

females, but there are no sex differences in CBA between the young age groups.  It may 

be that the age and sex differences in CBA are an artefact of the composition of the 

sample.  Future research focusing on the cranial base angle and its differences with 

respect to sex and age would be instrumental in resolving the issues raised here. 

As expected, there were no age-related differences in the length or angle of the auditory 

tube, or in any of the measurements of the bony labyrinth used in this study.  These 

parts of the cranium have attained their adult morphology before or by the age of 17, 

and undergo no further changes in adult life. 
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6.4.4 – Pneumatisation 

The strong positive correlation between cranial size and the measures of temporal bone 

pneumatisation indicates that larger crania tend to have larger pneumatisation scores 

and also suggests they have more extensively pneumatised temporal bones.  This result 

does not however prove suggestions by Virapongse et al. (1985) and Proctor (1989) that 

pneumatisation of the temporal bone and mastoid process acts to „inflate‟ these 

structures with the possible effect of increasing cranial size.  It is equally plausible that a 

large temporal bone provides more area for the processes that drive pneumatisation to 

take place within, as suggested by Witmer (1997). 

The pneumatisation size parameters negatively correlate with mastoid cortical thickness.  

This supports the position of Palva and Ramsay (2002) and Koc et al. (2003) that the 

process of pneumatisation is one of bone erosion on its inner surface coupled with bone 

deposition on the outer surface.  It also supports the position of Witmer (1997) that 

temporal bone air cell formation is a dynamic process which balances the process of 

bone resorption and air cell formation with the need for the temporal bone to serve its 

functional role as part of the cranial base and brain-case, and as a site of attachment of 

for some masticatory muscles, nuchal muscles and the sternocleidomastoid muscle. 

The strong positive correlation of mastoid triangle area with cranial size shows that 

large crania have a large mastoid portion of the temporal bone.  The strong and positive 

correlation of pneumatisation with the mastoid triangle area further suggests that the 

internal process of pneumatisation strongly affects the outer surface of the bone within 

which this process takes place.  This result is of clinical relevance, as it suggests that a 

large mastoid process may be indicative of a well pneumatised temporal bone.  No 

relationship was found between age and pneumatisation. 
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Similar to the results of previous research (Tos et al., 1984, Tos et al., 1985, Virapongse 

et al., 1985, Luntz et al., 2001, Vrabec et al., 2002, Koc et al., 2003, Lee et al., 2005, 

Todd, 2007), no statistically significant side differences in pneumatisation size were 

found in this study, either by the paired t-test of the right and left sides or the test for 

normality of distribution for the right minus left side values (Figure 6.9).  However, 

there is a non-significant asymmetry present in that the left and right sides differ in the 

extent to which they are pneumatised.  There is a slight bias to the right side being more 

pneumatised than the left, and on average the smaller side is approximately 90% of the 

size of the larger side, regardless of which side is more pneumatised. 

6.4.5 –Asymmetry 

Unlike Woo (1931) and Wahl and Graw (2001) but similar to Schulter (1976), the 

current study found few significant asymmetries in the cranium.  While there are many 

parameters that show a different mean value from each side of the cranium, the only 

length parameters to show significant side differences are auditory tube length, jugular 

foramen width, external acoustic canal length and middle cranial fossa width.  However, 

when the sexes are considered separately with respect to side differences in these four 

length parameters, only the female results remain significant.  Additionally, side 

differences are seen in the mastoid triangle area (R>L), both when the sexes are 

considered separately and for the sample as a whole. 

The results show that the right auditory tube is longer than the left (Table 6.1) and this 

may relate to anecdotal evidence that the left ear is more susceptible to otitis media with 

effusion (an infection of the middle ear) than the right (Lannigan, 2007, personal 

communication).  It may be that a shorter bony auditory tube is less efficient in fluid 

drainage and pressure equalisation for the tympanic cavity, this being associated with 

the greater susceptibility of the left ear to otitis media than the right.  It should be noted 
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however that chronic ear disease that occurs due to poor temporal bone pneumatisation 

is more commonly seen in the left ear (Lannigan, 2007, personal communication) – 

auditory tube length and pneumatisation volume may together be associated with ear 

infection susceptibility.  However, there is clinical evidence that boys have a higher 

frequency and greater severity of otitis media than girls (Tos et al., 1985, Fireman, 

1999, Forsen, 2000, Kenna, 2000).  The fact that asymmetry of the auditory tubes was 

found only in females suggests that the length of the bony auditory tube is not a factor 

in the greater susceptibility to otitis media in boys.  Note however that these 

observations have been made upon children and the current study‟s sample is age 17 or 

higher (the age at which the bony auditory tube has attained its adult dimensions), so 

any inferences made here are at tentative best, and should be treated with caution. 

The asymmetry in jugular foramen widths conforms to the expected pattern (following 

Bruner et al. 2003: the right jugular foramen is significantly wider then the left).  This 

holds true for the sample as a whole and for females, but is not the case for males.  This 

result is explainable in light of the finding of Bruner et al. (2003) that there is a slightly 

greater tendency in males than in females for the superior sagittal sinus to drain to the 

left instead of the right, and that there is a tendency for the left transverse sinus to be 

more developed in males than in females.  Both of these factors would increase the size 

of the left jugular foramen, thus reducing asymmetry in jugular foramen width in males. 

With respect to external acoustic canal length and middle cranial fossa width, the 

expected pattern of the left side measurements being larger than those of the right (due 

to the left temporal lobe tending to be larger than the right) is present (Table 6.1).  This 

may be explicable if the side bias in temporal lobe size causes an expansion in the 

lateral portion of the middle cranial fossa but not the medial portion.  If this is the case, 

the left-side bias in middle cranial fossa width may be driven by side differences in 
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temporal lobe growth/expansion that are experienced more in the lateral part of the 

fossa than in the medial.  Following this, the external ear canal may also be expected to 

be longer on the left side than it is on the right, but the auditory tube (occupying the 

medial part of the temporal bone) will not show the same left side bias.  These 

relationships between temporal lobe sizes, middle cranial fossa width, external acoustic 

canal length and auditory tube length should be further explored in future research.  

The difference in external acoustic canal length and middle cranial fossa width is 

significant for females but not for males (although the left side average is still wider 

than that of the right in both parameters for males)  That a significant left-side bias is 

present in females but not in males in middle cranial fossa width and external acoustic 

canal length contradicts suggestions by Kulynych et al. (1994) and Good (2001) that 

asymmetry of the temporal lobe is more pronounced in males than females, but lends 

support to suggestions by Geschwind and Levitsky (1968) and Galaburda et al. (1987) 

that testosterone reduces asymmetries in the temporal lobe (because perinatal levels of 

testosterone influence cerebral development to reduce temporal lobe asymmetry, and 

males have greater levels of testosterone in circulation than females, both prenatally and 

perinatally). 

The side differences in the pneumatisation scores are non-significant, but significant 

side differences were found in the mastoid triangle areas (R>L).  These results together 

suggest that the size of the mastoid region is associated with the muscles that attach 

there more than with the pneumatisation that occurs within.  However, the correlation 

between the pneumatisation score and the mastoid triangle area demonstrates that the 

pneumatisation process does have some effect on the outer bone of the mastoid process. 
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6.4.6 – Interactions between Parameters 

6.4.6.1 – Cephalic Index 

The cephalic index is positively correlated with the index of relative encephalisation: 

crania that are large relative to their basal length tend to be brachycephalic.  This 

suggests that an increase in cranial volume is accomplished by a lateral expansion of the 

cranium more than a superoinferior or anteroposterior expansion.  More research 

focusing on cranial volume, cranial shape and the cranial base would assist in 

determining the manner in which these variables interact. 

6.4.6.2 – Cranial Base Angle 

Cranial base angle correlates strongly with the index of relative encephalisation in a 

positive direction, indicating that crania that are large relative to their basal length have 

a larger CBA (i.e. a less-flexed cranial base).  This seemingly contradicts the research of 

Ross and Ravosa (1993) and Lieberman et al. (2002), where it was found that when 

considering the increase in brain size in primate evolution, as the brain and 

neurocranium get larger relative to basicranial length, the CBA decreases (i.e. it gets 

more deeply flexed).  However, these previous studies are based on a sample of many 

different primate genera and look at phylogenetic differences in primates – the 

differences in brain size in the human species are of a much lower order of magnitude 

than the differences in brain size across the Order Primates.  It is  possible that within 

the human species, a larger brain can be accommodated within the cranium by either 

getting larger (wider) relative to basicranial length (i.e. an increase in IRE) or the 

basicranium can get more deeply flexed (i.e. a decrease in CBA). 

The negative correlation between the cranial base angle (CBA) and the posterior cranial 

length (PCL; dorsum sellae to basion) indicates that as the CBA increases, the PCL 

decreases.  Despite its failure to maintain significance after applying the Bonferroni 
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adjustment, this is an interesting relationship: it suggests that as the cranial base angle 

decreases, the basion moves vertically to a relatively lower position in the cranium and 

the posterior cranial base lengthens to keep the basion in a similar anteroposterior 

position relative to the rest of the cranium and the spinal cord (as illustrated in Figure 

6.18 below).  Thus, the placement of the cranium on the spine remains relatively 

constant in humans, allowing for a similar axis of orientation for the orbits despite 

variation in the CBA, as suggested by Strait and Ross (1999). 

 

Figure 6.18 – Interaction between Cranial Base Angle and Posterior Cranial Base Length 

In the context of the evolution of bipedal locomotion and the maintenance of orbital axis 

orientation in modern humans, Lieberman and colleagues state: “the occipital condyles 

can be moved [forward] relative to overall head length by flexing the basicranium 

and/or shortening the posterior cranial base” (2000b: 148).  This study demonstrates (as 

illustrated in Figure 6.18, orbital axis orientation is maintained in modern humans by 

either flexing the basicranium or shortening the posterior cranial base, but not both.  

Furthermore, Lieberman et al. (2000b) note that after controlling for other factors, 

orbital axis orientation relative to posterior cranial base is strongly associated with head 
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and neck posture, suggesting that there is a relationship between locomotor behaviour 

and orbit orientation relative to the rest of the skull. 

6.4.6.3 – Auditory Tube Issues 

The relationship between auditory tube angle and length is that shorter tubes tend to 

have a greater angle, while longer tubes tend to have a smaller angle.  There is also a 

weak negative correlation between auditory tube angle and cranial width indicating that 

people with a wider cranium tend to have a less steeply inclined auditory tube.  These 

relationships may be associated with the need for the bony auditory tube to pass through 

the thickness of the cranial base to exit the cranium.  In two individuals that have 

different auditory tube lengths (perhaps due to one individual having a wider cranium 

and more laterally located tympanic cavities than the other) the basicranial thickness 

may remain similar, but the individual with the wider cranium has a longer auditory 

tube and decreased auditory tube angle for the tube to reach the basicranium. 

There is a strong positive correlation between auditory tube length (ATL) (for both 

sides) and posterior cranial base length (PCL) (a proxy measure for basicranial 

thickness?) that suggests the variation in auditory tube length may be related to 

differences in basicranial thickness.  This is probably a case of the bony auditory tube 

needing to be longer to get to its juncture with the cartilaginous auditory tube.  The 

relationship between ATL and PCL suggests that as the posterior cranial base gets 

longer, the entire cranial base gets thicker and the auditory tubes also increase in length.  

The relationship between cranial base angle and PCL is that as the CBA gets smaller, 

the posterior cranial base gets longer.  The relationship between ATL and PCL, and 

between CBA and PCL, may lead to the expectation that ATL and CBA also show some 

relationship, but no such finding was made. 



 

 122 

The above information suggests that variation in and the relationship between auditory 

tube angle and length results from differences in the mediolateral location of the 

tympanic cavity points coupled with differences in basicranial thickness.  As the 

cranium gets wider, the posterior cranial base increases in length (Table 6.2: r = 0.32, 

p<0.001), and the auditory tube angle decreases (right: r = -0.25, p<0.01; left: r = -0.21, 

p<0.05).  As the posterior cranial base increases in length, the basicranium gets thicker 

and the auditory tubes also increase in length (right: r = 0.36, p<0.001; left: r = 0.34, 

p<0.001).  Remembering that cranial width and posterior cranial base length are 

strongly correlated with cranial size (r = 0.83 and r = 0.5 respectively), this suggests that 

as the cranium increases in size and the cranial base gets wider, the auditory tube gets 

longer.  Concomitant with this, as the cranium increases in size, the posterior cranial 

base gets longer and the auditory tubes get longer.  However, the difference in the 

relative position of the auditory tube points that occur with the increase in size lead to 

an actual decrease in auditory tube angle.  The interactions between these components 

of the cranium deserve further investigation. 

Auditory tube length and angle are not significantly correlated with pneumatisation size.  

This supports the finding of Todd and Martin (1988).  This finding possibly casts doubt 

on the supposed protective properties that a long and steeply angled auditory tube has 

for the middle ear against infection.  However, Todd and Martin (1988) posit that it is 

the length of the cartilaginous auditory tube that protects against otitis media.  The 

current study has no data for cartilaginous auditory tube length or for the incidence of 

otitis media in the study sample, hence no definite conclusions can be made. 

6.4.6.4 –External Acoustic Meatus Issues 

External acoustic meatus area and external acoustic canal length are very strongly and 

positively correlated for both the right and left sides.  This may be of clinical relevance, 
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as clinicians may be able to assess the length of the canal by a quick appraisal of the 

area of the meatus. 

External acoustic canal (EAC) length and cranial width are positively and significantly 

correlated, but the significance of this correlation does not remain after applying the 

Bonferroni correction.  The positive correlation between EAC length and middle cranial 

fossa width does remain significant after applying the Bonferroni adjustment, 

suggesting that EAC length is more governed by the width of the internal cranium than 

by total width of the cranium.  The lateral expansion of the brain during development 

and growth may be the force that determines the length of the external acoustic canal.  

This has been discussed in Section 6.4.5 above and so will not be reiterated here. 

6.4.6.5 – Cochlear and Semicircular Canal Issues 

The cochlear base parameters strongly correlate with one another but not with the 

cochlear length parameters, identical to the findings of Dimopoulos and Muren (1990).  

This indicates that there is no relationship between the size of the cochlear base and its 

length.  While there is some indication that large cochleae are associated with large 

semicircular canals (following Dimopoulos and Muren, 1990), the association is weak 

rather than strong. 

The semicircular canal parameters correlate strongly and positively with one another in 

two ways: (i) the trio of canals for each side; and (ii) the pairs of complementary canals 

on opposite sides.  This indicates that (i) the canals of the labyrinth on each side of the 

cranium scale together in size; and (ii) the semicircular canal pairs on the opposite side 

of the cranium scale together in size.  This is probably necessitated by functional 

constraint: if the three canals on each side were radically different in size, the signals 

sent to the brain may be so varied that any interpretation with respect to vestibular 
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function is impossible.  The same constraint may apply to the canal pairs on the 

opposite side of the cranium. 

6.5 – Conclusions 

This chapter considered variation in and relationships between various measurements of 

the temporal bone and its components with respect to cranial size, sexual dimorphism, 

age variation, pneumatisation and asymmetries.  Key findings of the analysis are 

summarised as follows: 

 As the cranium increases in size, so do most of its components; 

 External acoustic canal length and tympanic membrane area do not scale with 

cranial size – there are functional restraints on how large these can get before 

their efficiency is impaired; 

 Cranial shape is only weakly related to cranial size: 

o There is a slight tendency for large crania to be brachycephalic; 

o Crania that are large relative to cranial base length have a tendency to be 

rounded and globular in shape with a smaller cranial base angle, similar 

to the results of Ross and Ravosa (1993) and Lieberman at al. (2002); 

o The interactions between cranial base angle and posterior cranial base 

length serve to maintain the axis of orbital orientation in modern 

humans; 

 There is little to no relationship between the size of the bony labyrinth and the 

size of the cranium; 

 Mastoid bone thickness is unrelated to cranial size; 

 Sexual dimorphism in some cranial and temporal bone structures occurs because 

on average, males tend to be larger than females; 
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 Aspects of cranial shape that have been found to be sexually dimorphic in 

samples of uniform ethnic composition (such as the cephalic index and the 

cranial base angle) are found to lack sexual dimorphism in a sample of mixed 

ethnic composition; 

o On average, males have absolutely wider crania than females, but when 

width is taken as a quotient of overall cranial size females have 

proportionally wider crania than males – the proportional width of the 

cranium may more reflective of sexual dimorphism in a sample of mixed 

ethnic composition than the cephalic index; 

 The mastoid triangle area showed significant sexual dimorphism both as an 

absolute value and as a proportion of overall cranial size – when applied to a 

sample of mixed ethnicity, the mastoid triangle area is indicative of sex; 

 Mastoid cortical bone thickness is greater in males than it is in females; 

 No age differences were found in any of the parameters except for the cranial 

base angle (which is lower in older males).  This finding is either a result of 

biases in sample composition, or of a secular trend that is present only in males.  

The issue cannot be resolved with the limited personal information about each 

individual in the study sample that was available for this research; 

 Large crania tend to be extensively pneumatised, with the pneumatisation 

extending into the accessory areas of pneumatisation (see Chapter 2) and 

throughout the mastoid process; 

 Pneumatisation is related to cranial size and cranial size tends to be larger in 

males than in females, yet the pneumatisation centroid size (both absolute and 

relative) is not sexually dimorphic; 
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o Pneumatisation size does not differ between the sexes, suggesting that 

the factors that determine the size of pneumatisation affect males and 

females equally; 

 The pneumatisation process is probably one of resorption of bone by the 

epithelial lining of the middle ear, and this process must be balanced against the 

needs of the bone to retain structural integrity (as suggested by Witmer, 1997); 

 Pneumatisation does not vary with age; 

 Auditory tube asymmetry may relate to differences in the thickness of the cranial 

base on each side: 

o A wide cranial base displaces the tympanic cavity point laterally without 

affecting the position of the basicranial point, while a thick cranial base 

displaces the basicranial point inferiorly without affecting the position of 

the tympanic cavity point.  Interactions between these variables should 

be a target for future research; 

 The auditory tube length and angle are unrelated to pneumatisation size; 

 The jugular foramen is significantly wider on the right side for females but not 

for males; 

o Males have a greater tendency for the superior sagittal sinus to drain to 

the left instead of the right, and for the left transverse sinus to be more 

developed.  Both of these tendencies would reduce asymmetry in the 

jugular foramen; 

 The left-side asymmetry bias in external acoustic canal length and middle 

cranial fossa width reflects the fact that the left temporal lobe is usually more 

developed than the right in humans; 

o The left side bias of the asymmetry in middle cranial fossa width is 

significant only in females – this lends support to the hypothesis that 
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high testosterone levels in prenatal and perinatal development reduce 

temporal lobe asymmetry so that it is more evident in females than in 

males; 

 While external acoustic canal length is heavily influenced by growth of the 

internal neurocranium during ontogeny (i.e. the role the cranium plays as a 

container for the brain), external acoustic meatus area is influenced by growth of 

the external neurocranium (i.e. the role the cranium plays as a site of attachment 

for the muscles of the head, neck); 

 Due to the strong positive correlation between the two, external acoustic meatus 

area may be useful to clinicians as an indicator of external acoustic canal length; 

 The cochlea and semicircular canals scale together in size, possibly due to 

developmental and/or functional constraints. 

 

The parameters of the cranium analysed in this chapter show some expected 

relationships, such as larger crania tending to have a more globular neurocranium, or 

that the cranial base angle decreases as the size of the cranium relative to cranial base 

length increases.  Other findings (such as the relationship between cranial base angle 

and posterior cranial base length) lend support to the speculations of other 

investigations, while yet others (such as the relationship between auditory tube angle 

and length, and how these may relate to cranial base thickness) are previously 

unrecognised.  Despite being an area of research that has been visited many times for 

more than 100 years, there are still novel findings to be made in the analysis of metric 

parameters of the cranium and its components. 

* * * * * * * 
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Chapter 7  – Geometric Morphometric Analysis 

7.1 – Introduction 

Geometric morphometric analysis has become a common approach to shape analysis of 

the primate cranium in recent years, with numerous publications appearing that have 

considered its structure with respect to allometry and sexual dimorphism (Hennessy and 

Moss, 2001, Hennessy et al., 2002, Rosas and Bastir, 2002, Bastir et al., 2004, Schaefer 

et al., 2004, Bastir and Rosas, 2006, Bastir et al., 2006), population affiliation (Ross et 

al., 1999, Hennessy and Stringer, 2002, Strand-Vidarsdottir et al., 2002, Lockwood et 

al., 2005, Harvati and Weaver, 2006, Smith et al., 2007), comparative anatomy in 

primates (Lockwood et al., 2002, Berge and Penin, 2004, Lockwood et al., 2004, 

Mitteroecker et al., 2005), and in studies of evolution and phylogeny (Bookstein et al., 

1999, Delson et al., 2001, Ponce-de-Leon and Zollikofer, 2001, Harvati, 2002, 

Bookstein et al., 2003, Harvati, 2003, Terhune et al., 2007). 

In the previous chapter issues of size-related variation, sexual dimorphism, age-related 

variation and other aspects of cranial and temporal bone variation were investigated 

using measurements and angles derived from three-dimensional landmark coordinates 

taken from computed tomography scans of the cranium.  This chapter investigates these 

issues using geometric morphometric techniques, and will also consider how some 

aspects of the cranium interact in producing cranial morphology in adults.  Specific 

issues to be addressed will be discussed below. 

7.1.1 – Size-Related Variation 

It was mentioned in Chapter Six that the relationship between cranial size and cranial 

shape is uncertain despite being a subject of much research – it has been suggested that 

large crania tend to be dolicocephalic (Zollikofer and Ponce de Leon, 2002) but also 
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that they tend to be brachycephalic (Rosas and Bastir, 2002).  Thus, the question 

remains unanswered as to what are the characteristic shapes of small and large crania. 

It has been suggested that the cranial base angle (CBA) is related to overall cranial 

shape in that a more globular (high and rounded) neurocranium is associated with a 

smaller CBA (Ross and Ravosa, 1993, Lieberman et al., 2002).  This occurs because the 

neurocranium expands laterally and superiorly to accommodate the large human brain, 

while simultaneously the degree of basicranial flexure increases to provide even more 

space for brain growth (Ross and Ravosa, 1993, Strait and Ross, 1999, Lieberman et al., 

2000a, Lieberman et al., 2002).  Enlow (1990) did not consider cranial size or volume 

as a variable, but did find an interaction between cranial base width, cranial base angle 

and cranial shape in that individuals with a narrow cranial base and dolichocephalic 

cranium tend to have a large CBA, while individuals with a wide cranial base and 

brachycephalic cranium tend to have a small CBA. 

As mentioned in Chapter Six, Lieberman et al. (2000b) have suggested that the posterior 

cranial base is linked with locomotor behaviour and orbital orientation relative to the 

rest of the skull so that the eyes are directed forward and slightly down during 

locomotion.  Thus there are suggestions that a relationship exists between the posterior 

cranial base and the CBA to keep the anterior point of the foramen magnum (the basion) 

in the same position relative to the rest of the skull, allowing the spinal cord and 

cranium to maintain the same relative positioning humans despite variation in the CBA. 

Virapongse et al. (1985) have suggested that extensive pneumatisation of the temporal 

bone acts to expand it laterally so that the cranium is bowed out in a convex manner.  

With respect to pneumatisation, Proctor (1989) suggested that individuals with a small 

petrosa tend to have an otic capsule that is closely surrounded by cortical bone with 
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minimal pneumatisation, but individuals with a large petrosa have cortical bone that is 

expanded in all directions by pneumatisation so that the otic capsule is surrounded by 

air cells.  Thus, there may be a pattern of temporal bones with a small petrosa being 

minimally pneumatised, while temporal bones with a large petrosa show extensive 

pneumatisation. 

The research of Lahr and Wright (1996) indicates that larger skulls tend to be more 

robust and rugged, with the sites of muscle attachment (such as the nuchal crest of the 

occiput and the mastoid process) showing a greater degree of development.  The 

dimensions of the skull affect the degree of robusticity (not vice-versa) (Lahr and 

Wright, 1996).  The factor behind the degree of robusticity is the forces exerted upon 

the cranium by muscular and masticatory remodelling (Lahr and Wright, 1996). 

7.1.2 – Sexual Dimorphism 

As stated in Chapter Six, sexual dimorphism in cranial shape has been found in the 

cephalic index: there is a tendency for female crania to be more brachycephalic than 

male crania, regardless of population affinity (Cameron, 1929, Schulter, 1976, Shah and 

Jadhav, 2004).  Sexual dimorphism has also been found in the CBA.  For example, 

Bruner and colleagues (2003) suggest that this angle is smaller in males because male 

crania (which are generally larger than female crania) get „stretched‟ in a superoinferior 

direction during growth, vertically separating the anterior and posterior parts of the 

cranial base with the effect of decreasing the CBA.  In addition, the inion and nuchal 

crest have been found to be more inferiorly located in males than in females, and that 

the occipital squama is more rounded in shape in males than in females (Rosas and 

Bastir, 2002). 
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When considering the temporal bone, numerous sex-related shape issues have been 

observed.  Schulter found that females have a relatively shallower temporal squama (i.e. 

it is smaller in the superoinferior dimension) than males, and that the temporal squama 

is relatively more anteriorly located in females (Schulter, 1976).  In addition, Harvati 

(2003) found that the zygomatic process is relatively longer anteroposteriorly in females 

than in males.  In a study of the external ear and its bony canal, Paulsen et al. (2002) 

found that males tend to have a wide and short external acoustic canal (EAC) while 

females have a relatively long and narrow EAC.  In addition, the overall size of the 

EAC is sexually dimorphic (males tend to be larger than females) (Paulsen et al., 2002). 

Keen (1950) notes that the ridges, processes, tubercles and crests that serve as sites of 

muscle attachment on the cranium tend to be larger and more prominent in males.  This 

results from the higher levels of androgens that males are subjected to, and their effects 

upon bone, during growth (Iuliano-Burns et al., 2009).  The mastoid process in 

particular is well-recognised as being sexually dimorphic in humans, with the male 

mastoid being larger with a greater degree of inferior projection than that of the female 

(Novotny et al., 1993, Buikstra and Ubelaker, 1994, Berge and Bergman, 2001).  

However, Rosas and Bastir (2002) have suggested that size and sex can work in 

opposing directions on the mastoid process: in large male crania the mastoidale does not 

project below the level of the foramen magnum, while in large female crania the 

mastoidale does project below the level of the foramen magnum. 

Harvati (2003) also found sex differences in the mastoid portion of the temporal bone as 

a whole in that it is longer anteroposteriorly and shorter superoinferiorly in females.  

This sex difference is not correlated with centroid size, and are therefore true sex 

differences that are independent of cranial size (Harvati, 2003).  With regard to 

pneumatisation of the mastoid process and the temporal bone, it is generally accepted 
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that this is not a sexually dimorphic feature in humans (Tos et al., 1984, Virapongse et 

al., 1985, Luntz et al., 2001). 

7.1.3 – Age Differences 

Growth changes that are said to occur in the neurocranium between three years of age 

and adulthood are a relative „flattening‟ in the superoinferior direction due to growth in 

the mandible and masticatory muscles (Zollikofer and Ponce de Leon, 2002).  While 

growth-related age variation in the cranium is thought cease in early adulthood, changes 

due to biomechanical demands upon the bone or due to bony deterioration are thought 

to occur (Doual et al., 1997).  This position is supported by findings that the cranium 

increases in length in the third and fourth decades of life (Kendrick and Risinger, 1967, 

West and McNamara, 1999).  In contrast to these suggestions that cranial length 

increases with age, Macho (1986) and Doual et al. (1997) found that the cranium does 

not increase in length after growth has ceased.  Macho (1986) did however find that the 

height dimensions of the neurocranium decrease with advancing age, possibly due to 

secular changes in neurocranial height. 

The bony labyrinth of the inner ear reaches its adult size by 23 weeks in utero (Anson 

and Donaldson, 1973, Spoor and Zonneveld, 1998, Jeffery and Spoor, 2004b), and has 

also been found to remain constant in shape after birth (Eby and Nadol, 1986).  

However, the relative position of the labyrinth within the otic capsule may change with 

age due to biomechanical modification (see below). 

Mouret (1904, cited in Bushkovitz, 1924) suggested that pneumatisation becomes more 

widely distributed in the temporal bone with advancing age, extending to the bone 

anterior and posterior to the bony labyrinth and the bone above the middle ear‟s attic.  

In contrast, Diamant (1940) suggested that the planimetric area of pneumatisation 
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actually shrinks in size in people of 30 years or older, because the part of his sample 

above this age had a smaller air cell area than people of less than age 30.  Diamant 

(1940) thought this to be a result of age-related changes in individuals, though 

Tumarkin (1957) suggested it was a secular trend that occurred across generations.  

Differing from all the above studies, Virapongse et al. (1985) found there to be no age-

related differences in the volume or distribution of pneumatisation in any part of the 

temporal bone.  However, Lee et al. (2005) found the volume of pneumatisation to 

increase from birth up to the third decade, then decrease again thereafter. 

Craniosynostosis (premature closure of the cranial sutures) adversely alters neurocranial 

and basicranial morphology (Marchac and Renier, 1989, Richtsmeier et al., 1991).  

Also, both artificial cranial deformation and craniosynostosis can affect the cranial 

sutures with regard to the presence of wormian ossicles (Herring, 1993, O'Loughlin, 

2004).  Thus there is a clear relationship between cranial sutures and cranial shape that 

may cause age-related differences in cranial shape between adults of differing ages.  

However, the cranial sutures are known to vary as to their time of closure in adults 

(Lovejoy et al., 1985, Meindl and Lovejoy, 1985, Hauser et al., 1991).  This variation in 

the time of sutural closure suggests that there is no clear pattern that is followed by all 

individuals as they age, and thus no cranial shape that is characteristic of age due to the 

pattern of cranial suture closure. 

Biomechanical remodelling is known to affect bone morphology (Wolff, 1884, cited in 

Alexandridis 1985), and it has been established that the masticatory muscles influence 

facial morphology (Vig and Hewitt, 1975, Ingervall and Helkimo, 1978, Shah and Joshi, 

1978, Chebib and Chamma, 1981, Weijs and Hillen, 1986, Ingervall and Bitsanis, 1987, 

van Spronsen et al., 1991, Kiliaridis, 1995).  Dynamic force upon bone results in 

apposition, leading to increased thickness in the bone experiencing this force (Herring, 
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1993).  Herring and Teng (2000) found that both compression and tension are felt at a 

suture during mastication.  Herring (1993) observed that this form of dynamic loading 

leads to bone apposition, and hence sutural growth.  Thus it is possible that the 

masticatory muscles can directly influence the morphology of the temporal squama. 

Applying Herring‟s (1993) model of bone remodelling to this information, it may be 

hypothesised that the intermittent loading and dynamic tension exerted upon the 

squamo-parietal suture by the temporalis muscle during mastication leads to bone 

apposition on the squamosal and parietal bones that results in the temporal squama 

becoming relatively larger in crania that have large and powerful temporalis muscles, or 

in older subjects.  Thus it may be hypothesised that crania with larger masticatory 

muscles (e.g. male crania) may show a relatively taller temporal squama.  In addition, 

older people may show a relatively taller temporal squama than younger people because 

older people have been masticating for a longer period. 

Biomechanical effects upon bone may result in changes in position or orientation of 

structures rather than an increase in their height, length or thickness (Herring, 1993).  

Other remodelling effects may also occur.  For example, Doden and Halves (1984) 

suggested that normal mechanical stressors on the skull (such as those that are caused 

by walking) can be transmitted to the petrous pyramid, causing a forward rotation of the 

petrous pyramid around its transverse axis so that its posterior surface rotates in an 

anterosuperior direction.  In extreme cases this can cause a rotation of the whole of the 

bony labyrinth in the same direction, and can make the internal acoustic meatus on the 

posterior petrosal surface visible from above (Doden and Halves, 1984). 

Sorensen and colleagues note that bone remodelling can occur in the cranial base and 

otic capsule via resorption and apposition in response to dynamic loading (Sorensen et 
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al., 1990, Sorensen, 1994).  This has been observed during growth, but because bone 

remodelling can occur in other bones during adulthood in response to muscular 

influences, it is hypothetically possible that the cranial base can be morphologically 

altered by the same processes.  Bone degeneration through osteoporosis or deterioration 

may also result in changes in a bone‟s morphology (Wahl and Graw, 2001).  Thus, there 

may be numerous age-related changes in the morphology of the temporal bone and its 

contents that are detectable by geometric morphometric analysis. 

7.1.4 – Issues to Address 

The issues discussed above can be addressed by a geometric morphometric analysis of 

the temporal bone.  These are: 

 The relationships between cranial size, the cephalic index and the cranial base 

angle; 

 The relationship between cranial size and temporal bone shape (including the 

influence of temporal bone pneumatisation on cranial and temporal bone shape); 

 Sexual dimorphism in particular aspects of cranial and temporal bone shape; and 

 Age-related changes in particular aspects of cranial and temporal bone shape. 

An exploration of these issues will follow. 

7.2 – Materials and Methods 

The material comprising the study sample was presented in Chapter Five.  The 

coordinate landmark data for the full set of 130 landmarks were collected by use of the 

Amira software.  The sample was divided into sex and age groups (<21, 21-30, 31-40, 

41-50, 51-60, and >60). 

The landmark data were registered by generalised Procrustes analysis (GPA) and put 

through a principal components analysis (PCA).  Size and sex differences were 
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identified by using morphologika’s Procrustes form space option, while age differences 

were identified by using a standard PCA in shape space.  Permutation tests for 

differences in means were conducted upon the Procrustes-registered data to identify 

significant shape differences between sex and age groups.  The first principal 

component from the form space analysis was studied to identify size differences, and 

also to identify sex differences that are a by-product of the size differences between the 

sexes.  Correlation tests were run for PC1 against the metric parameters used in Chapter 

Six to test for specific parts of the cranium that are associated with size. 

Multivariate regression analyses (MRA) were conducted upon the principal component 

output to identify the specific principal components that were associated with sex (using 

the PC output from the form space analysis excluding PC1) or with age (using the 

whole of the PC output from the shape space analysis).  Wireframe images and thin 

plate spline grids were used to identify and illustrate the shape differences associated 

with size, sex or age. 

7.3 – Results 

7.3.1 – Size-Related Variation 

The first principal component (PC1) in the Procrustes form space analysis is very 

strongly correlated with centroid size (r>0.99, p<0.001) and contains 29.05% of the 

total variation in the sample.  None of the other PCs from this analysis display any 

correlation with size.  The first principal component correlates with both centroid size 

(which is used in this study as a proxy for cranial size), and also with the size and shape 

parameters of the temporal bone and cranium as shown in Table 7.1.  Most of these 

correlations are positive in nature, reflecting the fact that as the cranium gets larger, so 

do its components.  The correlation between PC1 and sex confirms that male skulls are 

on average larger than female skulls.  A t-test on PC1 scores for the sexes shows 
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significant differences between females and males (p<0.001).  The size of the cranium 

has no correlation with age. 

Table 7.1 – Correlations between PC1 and Cranial/Temporal Bone Parameters  

 Correlation Value Significance 

Centroid size 0.99 p<0.001* 

Sex 0.62 p<0.001* 

Age -0.03 - 

Cranial length 0.57 p<0.001* 

Cranial width 0.82 p<0.001* 

Cephalic index 0.26 p<0.01 

Cranial base angle 0.06 - 

Anterior cranial length 0.55 p<0.001* 

Posterior cranial length 0.47 p<0.001* 

Total pneumatisation 0.56 p<0.001* 

Pneumatisation quotient 0.35 p<0.001* 

Temporal bone pneumatisation – right 0.58 p<0.001* 

Temporal bone pneumatisation – left 0.48 p<0.001* 

Right auditory tube angle -0.18 - 

Left auditory tube angle -0.14 - 

Right auditory tube length 0.35 p<0.001* 

Left auditory tube length 0.33 p<0.001* 

Right tympanic membrane area 0.23 p<0.05 

Left tympanic membrane area 0.14 - 

Right tympanic membrane ratio 0.03 - 

Left tympanic membrane ratio 0.17 - 

Right external acoustic meatus length 0.18 - 

Left external acoustic meatus length 0.21 p<0.05 

Right external acoustic meatus area 0.38 p<0.001* 

Left external acoustic meatus area 0.43 p<0.001* 

Right mastoid cortical thickness -0.25 p<0.02 

Left mastoid cortical thickness -0.11 - 

Mean mastoid cortical thickness -0.19 p<0.05 

Index of relative encephalisation 0.34 p<0.001* 

Right mastoid triangle area 0.75 p<0.001* 

Left mastoid triangle area 0.73 p<0.001* 

Total mastoid triangle area 0.76 p<0.001* 

Right middle cranial fossa width 0.73 p<0.001* 

Left middle cranial fossa width 0.68 p<0.001* 

Right jugular foramen width 0.17 - 

Left jugular foramen width 0.22 p<0.05 

Right cochlear base height 0.35 p<0.001* 

Left cochlear base height 0.33 p<0.001* 

Right cochlear base width 0.32 p<0.01* 

Left cochlear base width 0.4 p<0.001* 

Right cochlear length 0.37 p<0.001* 

Left cochlear length 0.33 p<0.001* 

* = correlation remains significant after applying the Bonferroni correction. 

As mentioned above, most of the size measurements in Table 7.1 correlate positively 

with both PC1 and cranial (centroid) size.  However, this is not the case for all of the 
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parameters: the tympanic membrane area, external acoustic meatus length and jugular 

foramen width parameters correlate with PC1 only weakly or not at all.  The mastoid 

cortical thickness negatively correlates with PC1 for the right side and as an average of 

the two sides, but does not correlate for the left side.  The pneumatisation and mastoid 

triangle parameters strongly and positively correlate with PC1, as do the middle cranial 

fossa width and cochlear parameters.  The only shape parameter that correlates 

(positively) with PC1 is the cephalic index, indicating that large crania tend to be wider 

relative to their length than small crania.  The cranial base angle, auditory tube angle 

and tympanic membrane ratio shape parameters do not correlate with PC1. 

Figure 7.1 shows the size-related differences in temporal bone morphology associated 

with PC1.  The central graph shows a plot of PC1 against centroid size.  To the left and 

right of this graph are left lateral and superior views of wireframe models of the small 

(left) and large (right) extremes of cranial and temporal bone morphology.  The figures 

on the left (small crania, low PC1 values) have undeformed thin plate spline (TPS) grids 

while those on the right (large crania, high PC1 values) have deformed TPS grids that 

show how large crania differ from small crania.  The left lateral view grids are located 

in a sagittal plane passing through the mandibular fossa and mastoidale, while the 

superior view grids are located in a horizontal plane at the level of the floor of the 

middle cranial fossa.  To aid in visualisation, the grid deformations have been magnified 

by a factor of two. 

Comparing Figure 7.1A and C reveals that large crania tend to have a temporal squama 

that is relatively short in the anteroposterior direction and tall in the superoinferior 

direction.  The shorter and taller temporal squama in large crania is indicated by the 

horizontal compression and vertical expansion of the grid in the region of the squama in 

Figure 7.1C.  Specifically, the pterion (pt) and infratemporal crest (itc) tend to be more
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Figure 7.1– Size-Related Shape Variation Associated With PC1 

(fc = foramen caecum,, pt = pterion, ds = dorsum sellae, spp = superior pneumatisation point, smc = supramastoid crest, pn = parietal notch, ppp = posterior 

pneumatisation point, opis = opisthion, mas = mastoidale, ipp = inferior pneumatisation point, bas = basion, itc = infratemporal crest, app = anterior pneumatisation 

point) 
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posteriorly located in larger crania.  Also, large crania have a relatively more 

posterosuperiorly positioned supramastoid crest (smc) and parietal notch (pn) than small 

crania, with a more inferiorly located mastoidale (mas). 

Comparing Figure 7.1A and C also shows a difference in the distribution of the 

temporal bone pneumatisation points.  The grid in Figure 7.1C shows expansions of the 

posterior and inferior pneumatisation points (ppp and ipp), suggesting that when 

compared to small crania, the pneumatised region of the temporal bone is both 

differentially distributed in large crania and occupies a larger proportion of the temporal 

bone.  Particularly evident in Figure 7.1C is that in large crania, the inferior 

pneumatisation point tends to be less inferiorly located within the mastoid tip, and the 

posterior point tends to be more posterosuperiorly located.  The relationship between 

cranial size and the extent of pneumatisation of the temporal bone suggested by the 

GMA is supported by the correlation between PC1 and the pneumatisation size 

parameters (represented in this case by the total pneumatisation score). 

Both the inferior pneumatisation point and the mastoidale (mas) are relatively more 

posteroinferiorly located with respect to the rest of the squama in large crania than in 

small crania.  This difference in the relative position of these inferior mastoid process 

landmarks has the effect of giving large crania a relatively thin mastoid cortex and a 

relatively large mastoid process when compared to small crania.  This is reflected by the 

correlation between PC1 and the mastoid triangle area parameters seen in Table 7.1. 

The cranial base angle (CBA) as seen in Figure 7.1A and C shows no discernible 

difference between small and large crania.  Although there are small differences in the 

relative locations of the foramen caecum, dorsum sellae and basion points (mostly in the 
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location of the foramen caecum), there is no apparent difference in the angle at the 

dorsum sellae for the small and large mean shapes.  In addition, the orientation of the 

foramen magnum (between the basion and opisthion) presents no discernible difference 

between small and large crania. 

When comparing the small and large figures in Figure 7.1B and D, the stretching of the 

grid in the region of the line between the supramastoid crests (smc) suggests that large 

crania are relatively wider than small crania, reflecting this relationship between cranial 

size and cranial width on the wireframe models.  This relationship between PC1 and the 

cephalic index is confirmed by the correlation coefficients seen in Table 7.1, and is 

graphically presented in Figure 7.2. 
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Figure 7.2 – Principal Component 1 and Cephalic Index 

(r = 0.26, p<0.01) 

The analysis of shape differences that are associated with size reveals subtle size-related 

differences within the temporal petrosa in the positions and orientations of the external 
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acoustic meatus, external acoustic canal, tympanic membrane and bony labyrinth of the 

otic capsule.  These are difficult to see in Figure 7.1, and will be explored in detail in 

Chapter Eight. 

7.3.2 – Sexual Dimorphism 

Significant sex differences were found by the permutation test for differences in means 

for the sample (p = 0.003).  The multivariate regression analysis shows PCs 2, 6, 12 and 

26 to contain the sex-related shape variation in the sample (Table 7.2).  Principal 

component one is also associated with sexual dimorphism in temporal bone morphology 

in a way that reflects the size differences described above (small crania = females, large 

crania = males).  Only those aspects of sexual dimorphism that occur independently of 

the size differences between the sexes will be presented in this section. 

Table 7.2 – Principal Components that Relate to Sex Differences in the Sample 

 
% 

Variance 

Regression 

p-value 

PC2 8.49% p<0.0013 

PC6 2.97% p<0.03 

PC12 1.83% p<0.05 

PC26 0.79% p<0.05 

 

Figure 7.3 shows the sex-related shape variation detected by the multivariate regression 

analysis.  On the left and right of this figure are wireframe models representing the 

female (left) and male (right) extremes.  The figures on the left have undeformed thin 

plate spline (TPS) grids while those on the right have deformed TPS grids that show the 

differences between female and male crania.  Figure 7.3A and C show left lateral view 

grids that are located in a sagittal plane passing through the inferior pneumatisation 

point and superior zygotemporale suture point.  Figure 7.3B and D show posterior view 

grids that are located in a coronal plane passing through the left and right suprameatal
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Figure 7.3 – Sexual Dimorphism in the Temporal Bone that is Independent of Size 

(app = anterior pneumatisation point, spp = superior pneumatisation point, ppp = posterior pneumatisation point, ipp = inferior pneumatisation point, mas = mastoidale, 

fc = foramen caecum, ds = dorsum sellae, lam = lambda, iop = internal occipital protuberance, opis = opisthion, bas = basion, impp = inferior medial pneumatisation point, 

smpp = superior medial pneumatisation point) 
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spine points.  The grid deformations have been exaggerated by a factor of eight to aid in 

visualisation. 

A comparison of Figure 7.3A and C shows a horizontal stretching of the grid in the 

latter that indicates the temporal bone and zygomatic process tend to be relatively 

longer anteroposteriorly in males than they are in females.  A comparison of Figure 

7.3A and C also reveals that the cranial base angle (as defined by the foramen caecum, 

dorsum sellae and basion in Figure 5.3C) tends to be smaller in males (this aspect of 

sexual dimorphism is captured by PC 26 of the principal components analysis).  In 

addition, the occipital squama at the rear of the cranium (as defined by the opisthion, 

internal occipital protuberance and lambda) tends to be more rounded in males. 

A comparison of the images on the left with those on the right in Figure 7.3 suggests 

that there are sex differences in the extensiveness and distribution of temporal bone 

pneumatisation: there is an apparent tendency for it to be less extensive in the male 

when size is removed from the analysis.  A MRA of sex with the combined PC output 

from a morphologika shape space analysis (not shown) indicates that there are no sex 

differences in the extent to which pneumatisation is distributed throughout the temporal 

bone, and that the spatial distribution of pneumatisation is similar to that seen in Figure 

7.1.  It is seen there that the inferior limit of pneumatisation does not extend as deeply 

into the mastoid tip in males when compared to females, and the posterior limit of 

pneumatisation extends more into the posterosuperior part of the temporal bone in 

males. 
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7.3.3 – Age Differences 

The permutation test for differences in means found significant age differences between 

males less than 31 and males greater than 50 (p = 0.003), and between females less than 

31 and females greater than 50 (p = 0.034).  When the sample is pooled the age 

difference is not significant (p = 0.0669).  Analyses for age differences were therefore 

conducted upon females and males separately. 

7.3.3.1 – Age Differences in Females 

A multivariate regression test with age as the independent factor and the principal 

component output as the dependent factors found that PCs 10, 12, 16 and 28 contain the 

age-related shape variation for females as seen in Table 7.3. 

Table 7.3 – Principal Components Containing Age-Related Shape Variation in Females 

 
% 

Variance 

Regression 

p-value 

PC10 3.24% P=0.048 

PC12 2.65% P=0.049 

PC16 2.03% p<0.0383 

PC28 0.98% p<0.0454 

 

Figure 7.4 shows the age-related differences in females detected by the multivariate 

regression analysis.  The figure presents left lateral (top) and posterior (bottom) views 

of wireframe models of the young (left) and old (right) extremes of cranial and temporal 

bone morphology.  The figures on the left have undeformed thin plate spline (TPS) 

grids while those on the right have deformed TPS grids that illustrate how the old 

extreme differs from the young extreme.  The left lateral view grids are located in a 

sagittal plane that passes through the anterior tympanic sulcus point and inferior 

pneumatisation point, while the posterior view grids are located in a coronal plane that 

passes through the left and right supramastoid crest points.  The grid deformations have 
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Figure 7.4 – Age Differences in Females Detected by Multivariate Regression Analysis 

(app = anterior pneumatisation point, spp = superior pneumatisation point, smc = supramastoid crest, pn = parietal notch, lam = lambda, iop = internal occipital 

protuberance, opis = opisthion, ppp = posterior pneumatisation point, mas = mastoidale, ipp = inferior pneumatisation point, bas = basion, gf = glenoid fossa, zygo = 

zygomatic process, impp = inferomedial pneumatisation point, smpp = superomedial pneumatisation point) 
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been exaggerated by a factor of two to aid in visualisation. 

A comparison of Figure 7.4A and C shows anteroposterior and superoinferior 

deformations of the grid from the zygomatic process (zygo) to the mastoidale (mas) that 

suggests the temporal bone tends to be both anteroposteriorly and superoinferiorly 

relatively larger in older females.  Displacements of the supramastoid crest (smc) and 

parietal notch (pn) points in Figure 7.4C show a tendency for older females to have a 

more deeply incised parietal notch.  In addition, a visual inspection of the two left 

lateral views reveals the mastoidale tends to project further below the foramen magnum 

(as represented by the line between the basion and opisthion) in older females.  

Furthermore, lateral displacements of the grid in the vicinity of the supramastoid crests 

in Figure 7.4D suggest that the cranium tends to be relatively wider in older females 

(i.e. that the cephalic index is relatively higher in older females). 

An anteroposterior stretching of the grid just above the glenoid fossa indicates that it 

tends to be relatively longer anteroposteriorly in older females, and also undergoes a 

posterosuperior displacement.  Furthermore, a comparison of the zygomatic process in 

Figure 7.4A and C indicates that it tends to be relatively taller superoinferiorly and 

shorter anteroposteriorly in older females.  In addition, the difference in the relative 

positions of the lambda, internal occipital protuberance and opisthion in Figures 7.4A 

and C suggests that the occipital squama tends to be more rounded in older females. 

Figure 7.4A and C also reveals differences in the extent of temporal bone 

pneumatisation between young and old females.  In older females, the anterior point 

tends to be more anteriorly located, the superior and posterior points more 

posterosuperiorly located, and the inferior point more posteroinferiorly located.  These 
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differences result in a tendency for older females to have a more extensively 

pneumatised temporal bone than younger females. 

The difference in the extent of pneumatisation is also seen when comparing Figure 7.4B 

and D.  In Figure 7.4D the superior point is more superolaterally located, the inferior 

point is more inferolaterally located, and the inferior medial and superior medial points 

are more superiorly located in older females than they are in younger females.  Again, 

the net effect of these differences is to give older females a more extensively 

pneumatised temporal bone than younger females.  Moreover, a downwards bending of 

the grid at its edges indicate that the lateral portions of the temporal bone tend to occupy 

a more inferior location in older females, particularly in its more lateral components 

such as the external acoustic meatus. 

7.3.3.2 – Age Differences in Males 

A multivariate regression test with age as the independent factor and the principal 

component output as the dependent factors found that PC 4 contains the age-related 

shape variation for males as seen in Table 7.4. 

Table 7.4 – Principal Components Containing Age-Related Shape Variation in Males 

 
% 

Variance 

Regression 

p-value 

PC4 6.41% p<0.0032 

 

Figure 7.5 illustrates the age-related differences in males detected by the multivariate 

regression analysis.  The figure presents left lateral (top) and posterior (bottom) views 

of wireframe models of the young (left) and old (right) extremes of cranial and temporal 

bone morphology.  The figures on the left have undeformed thin plate spline (TPS) 

grids while those on the right have deformed TPS grids that illustrate how the old
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Figure 7.5 – Age Differences in Males Detected by Multivariate Regression Analysis 

(app = anterior pneumatisation point, ds = dorsum sellae, spp = superior pneumatisation point, pn = parietal natch, lam = lambda, iop = internal occipital protuberance, 

ppp = posterior pneumatisation point, opis = opisthion, mas = mastoidale, ipp = inferior pneumatisation point, bas = basion, zygo = zygomatic process, smc = supramastoid 

crest, impp = inferomedial pneumatisation point) 
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extreme differs from the young extreme.  The left lateral view grids are located in a 

sagittal plane that passes through the anterior articular eminence point and posterior 

tympanic sulcus point, while the posterior view grids are located in a coronal plane that 

passes through the left and right suprameatal spine points.  The grid deformations have 

been exaggerated by a factor of two to aid in visualisation. 

An inspection of Figure 7.5A and C reveals a horizontal stretching of the gird in the 

latter that suggests the temporal squama tends to be anteroposteriorly longer in older 

males.  A difference is also seen in the relative position of the parietal notch that 

indicates this tends to be more deeply incised in older males.  The cranial base is more 

deeply flexed in Figure 7.5C (at the dorsum sellae), showing that the cranial base angle 

tends to be smaller in older males.  The posteroinferior stretching of the grid to the right 

of Figure 7.5C suggests that the occipital squama (as represented by the lambda, 

internal occipital protuberance and opisthion points) tends to be more rounded in older 

males.  Moreover, a contraction of the grid at the zygomatic process in Figure 7.5C 

suggests that this tends to be relatively shorter in older males. 

Also seen in Figure 7.5C are differences in the extent of temporal bone pneumatisation 

and mastoid process protuberance.  The different locations of the anterior, superior, 

posterior and inferior pneumatisation points between Figure 7.5A and C indicates that 

the temporal bone tends to be less extensively pneumatised in older males.  The 

difference in the position of the mastoidale in relation to the foramen magnum (defined 

by the line between the basion and opisthion) indicates that the mastoid process tends to 

less protuberant in older males.  Furthermore, the difference in the relative positions of 

the mastoidale and inferior pneumatisation point suggest that the mastoid cortical bone 

tends to be thicker in older males. 
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An inspection of Figure 7.5B and D shows grid distortions in the latter between the 

supramastoid crests that suggest that the cranium tends to be more brachycephalic in 

older males.  Differences in the locations of the superior, inferior, superomedial and 

inferomedial pneumatisation points shows the already mentioned difference in the 

extent of pneumatisation between young and old males (it tends to be less extensive in 

the latter).  Moreover, differences in the relative locations of the mastoidale and inferior 

pneumatisation point reiterate the tendency in older males to have thicker mastoid 

cortical bone.  Finally, the downwards bending of the lateral parts of the gird in Figure 

7.5D suggests that the lateral parts of the temporal bone tend to occupy a more inferior 

location in older males. 

7.4 – Discussion 

7.4.1 – Size-Related Variation 

The size analysis found a slight tendency for large crania to be more brachycephalic 

than small crania, supporting Zollikofer and Ponce de Leon (2002) and contrary to 

Rosas and Bastir (2002).  This brachycephaly may be caused by a lateral expansion of 

the squamous portion of the temporal bone, an issue which will be discussed below in 

relation to pneumatisation and how this phenomenon affects temporal bone and/or 

cranial size and shape. 

The relationship between cranial size and the cephalic index found here supports 

findings made in several investigations regarding cranial shape variation in primates 

(Ross and Ravosa, 1993, Strait and Ross, 1999, Lieberman et al., 2000a, Lieberman et 

al., 2002).  These investigations found that an increase in cranial (and brain) size is 

facilitated by a lateral and superior expansion of the cranium, which was also found in 

this study.  However, this study did not find the increase in size to be accompanied by a 
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decrease in the cranial base angle (which was found by Ross and Ravosa, 1993, Strait 

and Ross, 1999, Lieberman et al., 2000a, Lieberman et al., 2002).  This may be because 

these other investigations compared primates of numerous genera to investigate 

phylogenetic and evolutionary relationships while the current study considered only 

modern Homo sapiens.  Perhaps the variation between and interactions of these cranial 

components are too subtle to be detected in a sample made up entirely of one species. 

When considering only modern humans, Enlow (1990) found there to be interactions 

between cranial shape and cranial base angle.  While this study finds a relationship 

between cranial size and cranial shape, the cranial base angle shows no size-related 

variation, and nor does the cephalic index show any relationship to the cranial base 

angle.  Similarly, this study finds is no relationship between cranial size and the 

orientation of the foramen magnum, contrary to the findings of Lieberman et al. 

(2000b). 

The size analysis also indicates that small crania have temporal bones that are relatively 

long in the anteroposterior dimension and short in the vertical dimension, while large 

crania have temporal bones that are relatively short in the anteroposterior dimension and 

tall in the vertical dimension.  This suggests that size increases in the cranial vault (as 

seen in the temporal bone from the lateral view) are achieved more by a superoinferior 

than an anteroposterior expansion, in addition to the lateral expansion mentioned above.  

It is also a possibility that this difference in the temporal squama relates to size 

differences in the masticatory muscles and their remodelling effects upon bone.  This 

proposition is worthy of consideration in future research. 
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Both the squama and petrosa of large crania tend to be relatively shorter in the 

anteroposterior direction and/or relatively larger in the superoinferior dimension than 

small crania.  This may relate to size-associated differences in the muscles that attach to 

the cranium – larger crania tend to be more robust and have more rugged areas of 

muscle attachment (Lahr and Wright, 1996), which may through remodelling processes 

affect the overall shape of the bone as well as the specific locations at which the 

muscles attach (Herring, 1993, Lieberman et al., 2004). 

Large crania tend to have a relatively larger mastoid process and mastoid triangle than 

small crania, as indicated by the difference in the relative position of the parietal notch, 

asterion and mastoidale landmarks between the average small and large landmark 

configurations (and supported by the correlations between PC1 and the mastoid triangle 

area parameters seen in Table 7.1).  This is possibly due to larger crania having larger 

cranial superstructures (such as the mastoid process) than smaller crania (as found by 

Lahr and Wright, 1996). 

In larger crania the pneumatisation landmarks tend to be much more widely spaced, 

indicating that larger crania tend to have a more extensively pneumatised temporal 

bone.  In particular, in larger crania the inferior pneumatisation landmark tends to be 

more inferiorly located than in smaller crania, and the posterior pneumatisation 

landmark tends to be located more superiorly in the mastoid process. 

The size difference in the distribution of pneumatisation in larger crania affects mastoid 

cortical thickness only slightly: while larger crania do tend to have a thinner mastoid 

cortical thickness than smaller crania, the correlation between PC1 and mastoid cortical 

thickness is weak and does not remain significant after applying the Bonferroni 
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adjustment (Table 7.1).  It may be inferred from this that cranial thickness varies less 

with cranial size than does pneumatisation distribution and volume. 

Previous research (Proctor, 1989) has found that crania with a large petrosa are 

extensively pneumatised, while crania with a small petrosa are poorly pneumatised.  

This study found that large crania are extensively pneumatised but have a relatively 

smaller petrosal bone, contrary to the findings of Proctor. 

7.4.2 – Sexual Dimorphism 

The cephalic index was found to be sexually dimorphic in that when sex differences in 

size are removed from the analysis, males tend to have a more dolicocephalic cranium 

than females.  This supports the results of several other investigations (i.e., Cameron, 

1929, Schulter, 1976, Shah and Jadhav, 2004).  When considering both the size and sex 

analyses together, an apparent paradox is revealed: large crania tend to be more 

brachycephalic than small crania, and female crania are more brachycephalic than male 

crania.  The paradox occurs because male crania tend to be larger than female crania, 

and therefore might be inferred to be more brachycephalic.  However, the sex analysis 

was conducted after removing sex-based size differences from the data.  The paradox is 

resolved because while large crania tend to be more brachycephalic than small crania 

and male crania are larger than female crania, when male and female skulls of the same 

size are compared, it is the females that tend to be more brachycephalic. 

The cranial base angle was found to be smaller in males, supporting a finding of Bruner 

et al. (2003).  Whether this is due to a greater “vertical stretching” of the cranium in 

males as suggested by Bruner and colleagues (2003) cannot be answered here due to a 

lack of precise metric data of cranial height in this analysis.  It is possible that sex 
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differences in cranial growth are the cause of the sexual dimorphism in the CBA.  A 

longitudinal study specifically addressing this issue would be fruitful in shedding light 

on the matter. 

The occipital squama was found to be more rounded in males, supporting the research 

of Rosas and Bastir (2002).  This difference may be a result of differential growth 

trajectories between the sexes, or may be caused by the larger neck muscles of males 

exerting a downward pull upon and remodelling the occipital bone (following Keen 

1950).  It is possible that both factors are responsible for this sexually dimorphic feature 

of the cranium. 

Sexual dimorphism was detected in the temporal bone and zygomatic process: these 

tend to be relatively longer anteroposteriorly in the male than in the female.  This 

contradicts Harvati‟s (2003) result and indirectly corroborates Schulter‟s (1976) finding 

that the temporal bone tends to be relatively smaller in the superoinferior dimension in 

females than in males.  Possible causes of the longer temporal bone in males may be 

growth differences in the facial skeleton and cranium between the sexes, or sex 

differences in masticatory musculature (as per Keen, 1950). 

In the size analysis the larger crania that tend to be male (r>0.66, p<0.0001) have a 

more extensively pneumatised temporal bone, and the posterior and inferior mastoid 

pneumatisation landmarks are located more posterosuperiorly and less inferiorly 

respectively.  However when size is eliminated in the sex analysis, females are seen to 

have much more extensively pneumatised temporal bones.  This paradox may be a 

result of the form space analysis used, where PC1 contains all the variation associated 

with size, including the more pneumatised temporal bone.  Thus, when the subsequent 
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PCs are included in a MRA with sex as the independent variable, the females are seen to 

have much more extensively pneumatised temporal bones.  In the MRA by sex using all 

the combined PC output in a form space analysis there are no apparent differences in the 

overall distribution of the pneumatisation landmarks, but the same differences are seen 

in the location of the posterior and inferior mastoid pneumatisation landmarks. 

These findings agree with the results of several previous investigations (Tos et al., 1984, 

Virapongse et al., 1985, Luntz et al., 2001), where no sex differences were seen in the 

size of the pneumatised area within the temporal bone.  In addition, the analysis 

suggests that in males the air cells do not extend as deeply into the mastoid tip, but 

extend further into the posterosuperior part of the mastoid process. 

A further aspect of sexual dimorphism is seen in the mastoid process in that males tend 

to have a relatively thicker mastoid cortex than females.  This finding supports the well-

documented sex difference in cranial robusticity that has become a standard for the 

identification of sex from cranial remains, as seen in (e.g.) Buikstra and Ubelaker 

(1994). 

7.4.3 – Age Differences 

The analyses for age differences indicate that there are some age-related changes in the 

temporal bone that are common to the sexes, some that go in opposite directions to one 

another, and some that are unique to each sex.  Accordingly, age differences will be 

discussed in this order. 

An age difference that is shared by females and males is a tendency for the cranium to 

be more brachycephalic in older individuals.  In addition, the lateral portions of the 

temporal bone tend to undergo an inferiorly directed displacement in older individuals.  
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These age differences are possibly associated with biomechanical remodelling of the 

cranium due to the long-term pull of the jaw and neck muscles upon the temporal 

squama (as suggested in Sorensen et al., 1990, Sorensen, 1994).  This may also relate to 

findings by Zollikofer and Ponce de Leon (2002) that the neurocranium tends to be 

relatively flatter in older individuals, due to growth in the mandible and masticatory 

muscles.  The Zollikofer and Ponce de Leon study focuses upon differences between 

children and adults, but it is plausible (following Herring, 1993) that some remodelling 

of these structures can occur in later life. 

Both females and males share a tendency for the temporal squama to be relatively 

longer anteroposteriorly in older individuals.  This is similar to findings by Kendrick 

and Risinger (1967) and West and McNamara (1999) (although these investigations 

found this relative difference in length to affect the whole cranium rather than just the 

temporal bone).  The finding in this research is probably again associated with bone 

remodelling by the jaw and neck muscles over time, although the influence of the facial 

skeleton upon cranial shape cannot be ruled out.  A study focusing on the 

interrelationships of these elements of the cranium over time would assist in pinpointing 

the factors at work here. 

The zygomatic process was found to be relatively shorter anteroposteriorly in older 

individuals of both sexes.  This may relate to remodelling on this bone over time by the 

masseter muscle, changes in the neurocranial and/or facial skeleton with advancing age, 

or some other factor that cannot be determined due to the lack of personal data that was 

available in this study. 
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Older individuals are seen to have a tendency for a more rounded occipital squama, 

regardless of their sex.  It is probable that this relates to remodelling on the bone by the 

nuchal muscles (see Herring, 1993).  In addition, the parietal notch is more deeply 

incised in older individuals regardless of sex.  This may again relate to the remodelling 

effects over time of muscle upon bone, in this case the forces exerted upon the temporal 

squama and mastoid process (respectively) by the temporalis and sternocleidomastoid 

muscles (as per Herring, 1993). 

An interesting outcome of the age analysis is that there are age differences present that 

go in the opposite direction for each sex.  For example, the degree of mastoid 

protuberance tends to increase in females with advancing age, but decreases in males.  

Moreover, the degree of mastoid protuberance is similar in elderly females and males.  

What is more, the extent of temporal bone pneumatisation increases in females with 

age, but decreases in males.  However (and contrasting with the degree of mastoid 

protuberance), elderly females and males have quite a different pattern of temporal bone 

pneumatisation.  Why these differences are present, and why they go in differing 

directions for females and males, begs for future investigation. 

Findings that are unique to each sex were also detected in this analysis.  For instance, 

the zygomatic process tends to be relatively larger in the superoinferior dimension in 

older females than in younger females.  This is possibly associated with the forces 

exerted on the zygomatic process by the masseter muscle over time (as per Herring, 

1993). 

It was found in males that the mastoid cortical bone tends to be thicker in older 

individuals.  As mentioned above, it was also found that temporal bone pneumatisation 
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tends to be relatively more widely distributed throughout the temporal bone in younger 

males than in older males.  When taken together, these results suggest that either the 

mastoid cortical bone is made thicker over time by the forces exerted upon it by the 

sternocleidomastoid muscle, or that temporal bone pneumatisation decreases in males 

over time.  It is also possible that both effects occur.  These results suggest that a study 

considering the effects of ageing in males on the mastoid process and temporal bone 

pneumatisation would be an interesting endeavour. 

7.5 – Conclusion 

This chapter considered variation in cranial and temporal bone shape through the 

methodology of geometric morphometric analysis.  Key findings of the analysis are 

summarised as follows: 

 Large crania have a tendency to be more brachycephalic than small crania; 

o Size variation in the cranium is probably relates more to differences in 

the lateral and superoinferior dimensions of the cranium than differences 

in the anteroposterior dimension. 

 There is no size-related variation in the cranial base angle; 

o There is no relationship between cranial size and foramen magnum 

orientation. 

 Small crania tend to have a relatively longer (anteroposteriorly) and shallower 

(superoinferiorly) temporal bone than large crania; 

 The squamous and petrosal portions of the temporal bone tend to relatively 

shorter in the anteroposterior dimension and/or larger in the superoinferior 

dimension in larger crania; 

 The mastoid process and mastoid triangle tend to be relatively larger in large 

crania; 
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o Sites of muscle attachment tend to be relatively larger in large crania. 

 Larger crania tend to be more extensively pneumatised than small crania: 

 Mastoid cortical bone thickness is only marginally related to cranial size; 

o Cranial thickness (in the mastoid process) is less related to cranial size 

than is pneumatisation volume and distribution; 

 Female crania tend to be more brachycephalic than male crania; 

 The cranial base angle is smaller in males; 

 The occipital squama is more rounded in males; 

 The temporal bone and zygomatic process tend to be longer anteroposteriorly in 

males than in females; 

o This may relate to sex differences in growth and/or in musculature; 

 Pneumatisation tends to be relatively more widespread in female crania than in 

male crania; 

o The mastoid cortex tends to be relatively thicker in males than in 

females. 

 The cranium tends to be more brachycephalic in older individuals; 

o Cranial width is interrelated with age, but cranial length and height are 

not; 

 The lateral portions of the cranial vault tend to be more inferolaterally located in 

older individuals; 

 The temporal squama tends to be longer anteroposteriorly in older individuals; 

 The zygomatic process is relatively shorter anteroposteriorly in older 

individuals; 

o This difference may relate to many years of mastication-related loading 

and force upon the temporal bone and zygomatic process; 

 The occipital squama tends to be more rounded in older individuals; 



 

 161 

 Some age differences are opposing in females and males: 

o The degree to which the mastoid protrudes below the foramen magnum 

increases in females with age, but in males this decreases with age; 

o In the elderly of both sexes, the degree of mastoid protuberance is 

similar; 

o The extent of temporal bone pneumatisation increases in females with 

age, but decrease in males; 

o The pattern of temporal bone pneumatisation in older individuals is 

sexually dimorphic; 

 Age differences unique to each sex are present: 

o The zygomatic process tends to be relatively larger in the superoinferior 

dimension in older females; 

o The cortical bone at the tip of the mastoid process tends to be relatively 

thicker in older males.  This may be associated with a relative „shrinking‟ 

of the pneumatised spaces of the temporal bone, with an increase in bone 

deposition due to muscular pull upon the mastoid process over time, or 

both factors may influence mastoid bone cortical thickness. 

 

Many of these issues are worth investigating as research questions in their own right, 

and are potential targets of future research. 

* * * * * * * 
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Chapter 8 – The Ear Complex and Otic Capsule 

8.1 – Introduction 

This chapter examines variation in the inner, middle and external ear structures of the 

petrous temporal bone (referred to as the ear complex, or EC).  The following issues 

will be considered: (i) variation in cranial size and its effect on the shape, location and 

orientation of the components of the ear complex; (ii) sexual dimorphism in the 

components of the ear complex; (iii) age-related changes in the morphology of the ear 

complex; (iv) asymmetry of the ear complex; and (v) variation in the dimensions and 

orientations of the semicircular canals of the inner ear. 

8.1.1 –Variation in Cranial Size 

In a study of cochlear variation, Dimopoulos and Muren (1990) found that large crania 

tend to have large cochleae, and large cochleae tend be associated with large 

semicircular canals that have a wide lumen.  No studies could be found that report on 

the effect of cranial size on the relative position and orientation of the ear complex, or 

on variation in cochlear shape or semicircular canal orientation that occurs with 

differences in cranial size. 

In a study of size-related relationships between the cranium and the middle ear in 

mammals, Nummela (1995) found that there is less size variation in the middle ear (as 

represented by ossicular mass) than there is size variation in the cranium.  Nummela 

concluded that “this illustrates the general principal that small vertebrates have 

proportionately very large sense organs” (1995).  While no explanation was proposed 

for this phenomenon by the author, it is probable that functional and/or developmental 

constraints are factors that work to give the middle ear and its components an allometric 

(albeit negative in nature) rather than an isometric relationship with cranial size.  
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Whether this relationship is allometric or isometric in adult humans will be explored in 

this chapter. 

8.1.2 – Sexual Dimorphism in the Ear Complex 

Sexual dimorphism has been described in the length and shape of the external acoustic 

meatus (Paulsen et al., 2002).  It seems that there have been very few studies conducted 

on the issue of sexual dimorphism in any component of the ear complex. 

8.1.3 – Age-Related Shape Changes in the Ear Complex 

Several investigations have found that the size and shape of the bony labyrinth of the 

inner ear do not change between infancy and adulthood (Eby and Nadol, 1986, Spoor 

and Zonneveld, 1998, Jeffery and Spoor, 2004b).  However, there may be age-related 

changes in the relative position of the bony labyrinth that occur due to biomechanical 

remodelling of the petrosal pyramid (Doden and Halves, 1984).  Doden and Halves 

(1984) suggest that this remodelling leads to a forward rotation of the pyramid around 

its transverse axis so that the posterior surface moves in an anterosuperior direction.  

Sorensen and colleagues (1990) note that remodelling of bone can occur in the cranial 

base and outer layers of the otic capsule by the same processes that remodelling occurs 

in long bones (resorption and apposition under dynamic loading).  This may 

hypothetically affect the shape and/or relative position of the otic capsule, temporal 

bone and/or cranial base over time. 

There is clinical evidence that superior semicircular canal dehiscence (a phenomenon 

where the bone overlying the superior semicircular canal‟s apex erodes to the point 

where the canal opens into the middle cranial fossa) is more common in middle-aged or 

older people (Belden et al., 2003, Minor, 2005, Branstetter et al., 2006) and in men 
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(Minor, 2005).  The question of whether this condition is more frequent in the elderly or 

in men can potentially be addressed in this analysis. 

8.1.4 – Asymmetry of the Ear Complex 

Woo (1931) found that the right temporal bone tends to be longer anteroposteriorly and 

shallower superoinferiorly than the left, while Wahl and Graw (2001) noted that 

temporal bone superoinferior height was greater on the right side than the left.  Tanner 

(1990) reports that the upper temporal lobe and whole occipital lobe are larger on 

average on the left side than the right, while Galaburda et al. (1978) report that cerebral 

hemisphere asymmetry is associated with asymmetry in cranial and temporal bone 

shape. 

Research on whether asymmetry of the temporal bone extends to any of the structures of 

the ear complex could only be found with respect to the internal acoustic meatus (IAM) 

and the semicircular canals.  Shapiro and Jansen (1960) state that in only 41% of cases 

are the IAM canals alike on both sides, but provide no information on the nature of this 

asymmetry.  In contrast, Berge and Bergman (2001) and Kariya et al. (2004) found that 

IAM asymmetry is rare.  Research into asymmetry of the dimensions and angular 

relationships of the semicircular canals will be discussed in the following section. 

8.1.5 – Variation in Semicircular Canal Dimensions and Orientations 

The semicircular canals in adult humans are all approximately 0.8 to 1.0 mm in 

diameter (Anson and Donaldson, 1973, Warwick and Williams, 1973), but these 

dimensions have been found to be widely variable (Muren, 1986).  The curvature and 

orientation of the canals has also been found to vary from person to person.  In addition, 
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the curvature and orientation of the canals are often asymmetrical in an individual 

(Proctor, 1989). 

The semicircular canals are often described as lying in orthogonal planes, with the 

superior and posterior canals lying in nearly vertical planes and the lateral canal lying in 

a nearly horizontal plane.  The superior canal of one temporal bone is thought to lie in a 

parallel plane with the posterior canal of the other, while the lateral canals in each 

temporal bone lie in the same plane.  In addition, the paired superior canals and the 

paired posterior canals are perpendicular (Anson and Donaldson, 1973). 

Recent research on the angle at which the canals on the same side are oriented to one 

another has found that the three canals on the same side lie at approximately 90 degrees 

when averaged across a sample (Della Santina et al., 2005, Hashimoto et al., 2005).  

The angle at which the canals on opposite sides are oriented to one another has been 

found on average to be approximately 103 degrees for the superior canals and 83 

degrees for the posterior canals (i.e., they do not lie in orthogonal planes), and 11 

degrees for the lateral canals (i.e., they do not lie in the same plane) (Della Santina et 

al., 2005).  The angle at which the superior and posterior canals on opposite sides are 

oriented to one another has been found to be on average approximately 15 degrees (i.e., 

they do not lie in the same plane) (Della Santina et al., 2005). 

8.1.6 – The Arcuate Eminence 

The arcuate eminence has long been thought to be an indicator of the location of the 

superior semicircular canal‟s apex on the floor of the middle cranial fossa [refs], and as 

such has been considered a reliable landmark for middle cranial fossa surgery (Sindel et 

al., 2002).  However, its utility as a surgical landmark is questionable due to the 
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variation in the positional relationship between the arcuate eminence and the superior 

semicircular canal‟s apex (Tsunoda et al., 2000, Faure et al., 2003, Seo et al., 2007).  

This chapter will attempt to resolve the exact nature of the relationship between these 

two structures. 

8.1.7 – Focus of this Chapter 

Shape variation in the sample relating to size, sex, age or asymmetry will be examined 

using the 68, 32 and 17 landmark datasets outlined in Section 8.2.  Variation in the 

dimensions and angular relationships of the semicircular canals of the otic capsule will 

be examined using the 17 landmark otic capsule dataset.  The following issues will be 

addressed in this chapter with a focus on the relationships of the ear complex as a whole 

using each dataset: 

 Is variation in the ear complex related to variation in cranial size? 

o Is the relative location and orientation of the ear complex related to 

variation in cranial size? 

o Is there size-related variation in the shape of the components of the ear 

complex and in their relative positions to one another? 

 Is there sexual dimorphism in the ear complex or any of its components? 

o Is there sexual dimorphism in the shape of the components of the ear 

complex and in their relative positions to one another? 

o Is there sexual dimorphism in the relative location and orientation that is 

unrelated to sexual dimorphism in size? 

 Does the morphology of the ear complex remain constant with age? 

o Are there age-related differences in the orientation and relative location 

of the ear complex? 

 Is there asymmetry in any component of the ear complex? 
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o If asymmetry is present, is it an aspect of cerebral or cerebellar 

asymmetry? 

 

The following questions are posed with respect to relationships between the 

semicircular canals of the inner ear: 

 Do the semicircular canals on the same side lie at true orthogonal angles to one 

another? 

 What are the relationships between the semicircular canals on the opposite sides 

of the cranium? 

o Do the superior canals lie in planes that are orthogonal to one another? 

o Do the posterior canals lie in planes that are orthogonal to one another? 

o Do the superior and posterior canals on opposite sides lie in parallel 

planes? 

o Do the lateral canals occupy the same plane, parallel planes or 

intersecting planes? 

 Is there asymmetry in the size and orientation of the semicircular canals? 

 What is the nature of the relationship between the arcuate eminence and superior 

semicircular canal? 

 

8.2 – Materials and Methods 

The study sample was described in Chapter Five.  Subsets of 68, 32 and 17 landmarks 

from the original set of 130 were used for the analyses, as presented in Table 8.1.  The 

68 landmark set represents the left and right ear complexes and cranial midline for 101 

individuals (the bilateral ear complex), and has been used to explore how the ear 

complexes vary in orientation and relative position from the cranial midline with 
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differences in cranial size, sex and age.  The 32 landmark set represents the ear complex 

for 200 sides (100 left, 100 right) and has been used to explore shape variation in the ear  

Table 8.1– Landmarks of the Ear Complex and Otic Capsule 

No. Type Name and Definition 
Ear 

Complex 

Otic 

capsule 

1 & 8 II 
Scutum (superior point of attachment of the tympanic 

membrane) 
X  

2 & 9 III 
Most inferior point of attachment of the tympanic membrane 

in the tympanic sulcus  
X  

3 & 10 III 
Most anterior point of attachment of the tympanic membrane 

in the tympanic sulcus 
X  

4 & 11 III 
Most posterior point of attachment of the tympanic 

membrane in the tympanic sulcus 
X  

5 & 12 II Posterolateral tip of short process of incus X  

6 & 13 II Facial recess (second genu of the facial nerve) X  

7 & 14 III Middle ear cavity auditory tube point X  

15 & 33 II Most superior point of apex of superior semicircular canal X X 

16 & 34 II Most inferior point of apex of superior semicircular canal X X 

17 & 35 II Most anterior point of arc of superior semicircular canal X X 

18 & 36 II Most posterior point of arc of superior semicircular canal X X 

19 & 37 II Most lateral point of apex of lateral semicircular canal X X 

20 & 38 II Most medial point of apex of lateral semicircular canal X X 

21 & 39 II Most anterior point of arc of lateral semicircular canal X X 

22 & 40 II Most posterior point of arc of lateral semicircular canal X X 

23 & 41 II Most lateral point of apex of posterior semicircular canal X X 

24 & 42 II Most medial point of apex of posterior semicircular canal X X 

25 & 43 II Most superior point of arc of  posterior semicircular canal X X 

26 & 44 II Most inferior point of arc of posterior semicircular canal X X 

27 & 45 III Most superior point on basal turn of the cochlea X X 

28 & 46 III Most inferior point on basal turn of the cochlea X X 

29 & 47 III Most medial point on basal turn of the cochlea X X 

30 & 48 III Most lateral point on basal turn of the cochlea X X 

31 & 49 II Modiolus at the apex of the cochlea  X X 

32 & 50 II Transverse crest of the fundus of the internal acoustic meatus  X  

51 I Foramen caecum *  

52 III Dorsum sellae *  

53 II Basion (midline) *  

54 II Opisthion (midline) *  

55 & 58 III Arcuate eminence X  

56 & 59 III 
External acoustic meatus point – inferior midpoint of the 

external opening of the external acoustic meatus 
X  

57 & 60 II Porion X  

61 & 65 II Intracranial petrous apex X  

62 & 66 III Most medial point of the internal acoustic meatus X  

63 & 67 I Suprameatal spine X  

64 & 68 I Most lateral point of the petrotympanic fissure X  

* These landmarks represent the cranial midline and are not part of the ear complex or otic capsule. 

complex that is associated with size differences, sexual dimorphism or age differences 

and ear complex asymmetry in the sample.  The 17 landmark set represents the otic 
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capsule for 200 sides (100 left, 100 right) and allowed the analysis of variation in the 

shape, orientation and relative position of the cochlea and semicircular canals that 

occurred with differences in size, sex or age.  Asymmetry of the otic capsule and its 

components was also assessed using the 17 landmark otic capsule dataset.  One 

individual was excluded from the last two analyses due to an unknown pathology that 

rendered the collection of landmark data from these structures unreliable. 

The analyses were performed using univariate, bivariate, multivariate and geometric 

morphometric techniques.  Summary statistics (mean and standard deviation), 

correlation tests and t-tests (for differences in size, sex or age groups, and to test for 

asymmetry) were calculated for the multivariate data.  The size, length and angle 

parameters were also used to assist in understanding the shape changes associated with 

the principal components of shape variation from the geometric morphometric analyses. 

Various measures of size were used in these analyses that relate to overall cranial size, 

the size of the bilateral ear complex, unilateral ear complex size or otic capsule size.  

These size parameters are all centroid sizes, derived from the 130, 68, 32 and 17 

landmark datasets (respectively, cranial size, bilateral ear complex size, ear complex 

size and otic capsule size).  The parameters were used to investigate relationships 

between the size of the cranium and the size of the ear complex and otic capsule. 

For the geometric morphometric analyses (GMA), size differences and sexual 

dimorphism in the ear complex were analysed using the “Procrustes form space” option 

of morphologika.  This option includes the logged centroid size of each individual as a 

variable in the GMA, and usually forces all size-related shape variation into the first 

principal component (Milne et al., 2009).  In this way, size-related variation can be 
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analysed, and sex-related variation that occurs independent of size can also be revealed.  

Age variation and asymmetry in the ear capsule were analysed using the normal shape 

space option offered in morphologika. 

The Procrustes-registered data were subjected to permutation tests for differences in 

means to test for sex and age differences in the shape of the ear complex.  Principal 

component analyses were then carried out to further explore patterns of shape variation 

the sample that may be related to differences in size, sex or age in the sample. 

Multivariate regression analyses were conducted upon the principal component (PC) 

output of the morphologika software using sex or age as the independent variable and 

the PCs as the dependent variables.  Wireframe images that combine all the PCs were 

then generated to illustrate the manner in which shape varies with differences in size, 

sex or age.  Thin plate spline (TPS) grids were then superimposed over the wireframe 

images to illustrate how large crania differ from small crania, males differ from females, 

and old individuals differ on average from young individuals. 

Differences in the wireframe models between small and large crania, females and males, 

or young and old individuals were not exaggerated or were exaggerated by a factor of 

two, four or eight depending upon their subtlety.  These exaggerations were utilised as a 

visual aid to highlight particular aspects of size-, sex- or age-related variation in the ear 

complex and otic capsule.  When wireframe images for the multivariate regression 

analyses were presented, differences were magnified two, four or eight times because 

the effects of the significant principal components were masked by the effects of the 

non-significant components.  When individual principal components were presented, 
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differences were not magnified, or were magnified only as much as necessary to show 

their nature. 

Several parameters representing the diameter, width and orientation of the semicircular 

canals were calculated to explore size and shape variation in these structures.  These are 

listed in Table 8.2. 

Table 8.2 – Measurements of the Otic Capsule Calculated from the Landmark Coordinates 

Name Code Point 1 Point 2 

Superior semicircular 

canal diameter 

RSSCD, 

LSSCD 

Most anterior point of arc of 

superior semicircular canal 

Most posterior point of arc of 

superior semicircular canal 

Lateral semicircular 

canal diameter 

RLSCD, 

LLSCD 

Most anterior point of arc of 

lateral semicircular canal 

Most posterior point of arc of 

lateral semicircular canal 

Posterior semicircular 

canal diameter 

RPSCD, 

LPSCD 

Most superior point of arc of 

posterior semicircular canal 

Most inferior point of arc of 

posterior semicircular canal 

Superior semicircular 

canal lumen width 

RSSCLW, 

LSSCLW 

Most superior point of apex of 

superior semicircular canal 

Most inferior point of apex of 

superior semicircular canal 

Lateral semicircular 

canal lumen width 

RLSCLW, 

LLSCLW 

Most lateral point of apex of 

lateral semicircular canal 

Most medial point of apex of 

lateral semicircular canal 

Posterior semicircular 

canal lumen width 

RPSCLW, 

LPSCLW 

Most lateral point of apex of 

posterior semicircular canal 

Most medial point of apex of 

posterior semicircular canal 

Internal acoustic 

meatus length 

RIAML, 

LIAML 

Most medial point of internal 

acoustic meatus 

Transverse crest at fundus of 

internal acoustic meatus 

 

With respect to the semicircular canals, „diameter‟ refers to the distance between the 

arms of each canal at its widest point, whereas „width‟ refers to the size of the lumen of 

the bony canal.  The angles at which pairs of semicircular canals are oriented with 

respect to one another, and the angles between each canal and the mid-sagittal or 

horizontal planes, were calculated by the use of vector mathematics.  The plane in 

which each semicircular canal lies was defined by three points on that canal.  A vector 

perpendicular to each plane (known as the normal vector) was calculated.  The angle 

between the normals for each pair of planes was calculated in radians by the use of unit 

vectors.  The formulae used in these calculations are provided in Appendix A. 
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Single sample t-tests were conducted upon the angular values calculated between 

selected pairs of semicircular canals (superior-lateral, superior-posterior, lateral-

posterior, left superior-right superior, and left posterior-right posterior) to test whether 

the calculated angles differed significantly from 90 degrees.  Single sample t-tests were 

conducted upon the angular values calculated between other selected pairs of 

semicircular canals (left lateral-right lateral, left superior-right posterior, and right 

superior-left posterior) to test whether the calculated angles differed significantly from 

zero degrees.  In addition, a t-test was calculated on the results derived from the current 

study and those of a previous study (Della Santina et al. 2005) to test whether the angles 

calculated were statistically the same or different. 

8.3 – Results 

8.3.1 – Geometric Morphometric Analysis 

8.3.1.1 – Variation in Cranial Size 

8.3.1.1.1 – The Bilateral Ear Complex 

Size differences in the relative position and orientation of the ear complex were 

analysed using the 68 landmark set in Procrustes form space.  A multivariate regression 

analysis of the principal component output reveals only the first principal component to 

be significantly associated with size-related shape differences in the bilateral ear 

complex (p<0.0001).  The first principal component is strongly correlated with the 

bilateral ear complex centroid size (r>0.99, p<0.0001) and overall cranial size (r = 0.97, 

p<0.0001), and contains 63.71% of the shape variation in the bilateral ear complex. 

Figure 8.1 shows the size-related variation in the relative position and orientation of the 

ear complex associated with PC1.  On the left and right of this figure are wireframe 

models representing small (left) and large (right) extremes of PC1 for the bilateral ear
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Figure 8.1 – Size-Related Shape Variation in the Bilateral Ear Complex Associated With PC1 

(ec = ear complex, coch = cochlea, oc = otic capsule, eam = external acoustic meatus, tm = tympanic membrane) 
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complex.  The figures on the left (small crania, negative PC1 values) have undeformed 

thin plate spline (TPS) grids while those on the right (large crania, positive PC1 values) 

have deformed TPS grids that show the differences in ear complex orientation and 

relative position between small and large crania.  The superior view grids (top) are 

located in a horizontal plane that passes through the inferior cochlear base points, while 

the posterior view grids (bottom) are located in a coronal plane that passes through the 

posterior point of each superior semicircular canal.  The deformations of the grid have 

been exaggerated by a factor of two to aid in visualisation. 

A comparison of Figure 8.1A and 6.1B with Figure 8.1C and 6.1D suggests that in large 

crania, the whole ear complex (ec) tends to be relatively more laterally located with 

respect to the cranial midline, as indicated by the horizontal stretching of the grid in the 

region medial to each cochlea (coch) in Figure 8.1C and Figure 8.1D.  However, a 

vertical compression of the grid in the area comprising the otic capsule (oc) suggests 

that it tends to be relatively smaller in large crania.  The inferiorly directed distortion of 

the lateral regions of the grid in Figure 8.1D also indicates that the external acoustic 

canal tends to take a more inferior course from tympanic membrane to external acoustic 

meatus in large crania. 

8.3.1.1.2 – The Unilateral Ear Complex 

Thirty-two landmarks from each temporal bone of 100 crania (200 sides) were used for 

an analysis of size-related shape differences in the ear complex.  The multivariate 

regression by size on the principal components output in Procrustes form space shows 

that PCs 1 and 4 are associated with size-related shape differences in the ear complex at 

the levels indicated in Table 8.3. 
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Table 8.3 – Principal Components Associated with Size Variation in the Unilateral Ear Complex 

 
% 

Variance 

Regression 

p-value 

PC1 16.74% p<0.0001 

PC4 7.76% p<0.0002 

 

Figure 8.2 illustrates the size-related shape differences in the unilateral ear complex 

detected by the multivariate regression analysis.  The figure shows superior (top) and 

posterior (bottom) views of the wireframe models of small (left) and large (right) 

extremes of the unilateral ear complex.  The figures on the left (small crania) have 

undeformed thin plate spline (TPS) grids while those on the right (large crania) have 

deformed TPS grids that show the differences in the unilateral ear complex between 

small and large crania.  The superior view grids (top) are located in a horizontal plane 

that passes through the medial and lateral cochlear base points and the cochlear 

modiolus, while the posterior view grids (bottom) are located in a coronal plane that 

passes through the suprameatal spine point and the apex of each lateral semicircular 

canal.  The deformations of the grid have been exaggerated by a factor of two to aid in 

visualisation. 

A comparison of Figure 8.2A and Figure 8.2C shows grid distortions in the latter 

indicating that the otic capsule (oc) tends to be relatively smaller and the external 

acoustic meatus (eam) tends to be relatively larger in large crania.  A comparison of 

Figure 8.2B and Figure 8.2D reveals grid deformations in the latter indicating that the 

external acoustic canal (eac) tends to have a more inferiorly directed course from 

tympanic membrane (tm) to eam in large crania. 

There is also a size-related difference in the relationship between the arcuate eminence 

and the apex of the superior semicircular canal that is not revealed by any grid 
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deformations (because none of the grids pass through these structures).  A visual 

comparison of Figure 8.2B and Figure 8.2D shows that in small crania, the arcuate 

eminence tends to be laterally located with respect to the superior canal‟s apex, but in 

large crania the arcuate eminence is less-laterally located, almost to the extent that it is 

positioned directly above the canal‟s apex in the sagittal plane. 

 

Figure 8.2 – Size-Related Shape Variation in the Unilateral Ear Complex Detected by the 

Multivariate Regression Analysis 

(eam = external acoustic meatus, oc = otic capsule, ae = arcuate eminence, assc = apex of superior 

semicircular canal, eac = external acoustic canal, tm = tympanic membrane) 

8.3.1.1.3 – The Otic Capsule 

The multivariate regression by size on the principal component output in Procrustes 

form space shows that the first three PCs all contain size-related shape variation in the 

otic capsule (Table 8.4). 
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Table 8.4 – Principal Components Associated with Size-Related Shape Variation in the Otic 

Capsule 

 
% 

Variance 

Regression  

p-value 

PC1 31.16% p<0.0001 

PC2 15.35% p<0.0001 

PC3 10.26% p<0.0001 

 

The multivariate regression images show small differences in the orientation of the 

semicircular canals and cochlea to one another between small and large crania.  The 

exact nature of this variation will be examined in a section relating specifically to the 

otic capsule (Section 8.3.2). 

8.3.1.1.4 – Interrelationships between the Cranium and the Ear Complex 

The size measurements for the cranium, bilateral ear complex, unilateral ear complex 

and otic capsule are the centroid sizes from the 130, 68, 32 and 17 landmark datasets 

respectively.  The relationships between cranial size with the bilateral ear complex, ear 

complex and otic capsule sizes are presented in Figure 8.3, along with the equation of 

the regression line and coefficient of regression for each pair of size variables. 

The high value of the slope variable for the regression between cranial size and bilateral 

ear complex size (0.69) indicates that the distance between the ear complexes scales 

strongly with cranial size.  The low value of the slope variable for the regressions of 

cranial size with the ear complex (0.08) and particularly the otic capsule (0.02) indicates 

that these structures scale only weakly with cranial size.  Thus, the left and right ear 

complexes are relatively further apart in large crania, but the ear complex and otic 

capsule do not scale with the size of the cranium: in larger crania the ear complex and 

otic capsule are relatively smaller.  Furthermore, the range of size variation is greater in 

the whole cranium than it is in the ear complex and otic capsule. 
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Differential Size Analysis
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Figure 8.3 – Size Relationships between the Cranium, Ear Complex and Otic Capsule 

8.3.1.2 – Sexual Dimorphism in the Ear Complex 

The permutation tests for differences in means found that significant sex differences 

exist in the bilateral ear complex (p<0.007), the unilateral ear complex (p<0.001) and 

the otic capsule (p<0.001). 

8.3.1.2.1 – The Bilateral Ear Complex 

A multivariate regression analysis on the Procrustes-registered data in Procrustes form 

space found PCs 1, 3, 8 and 41 to be significantly associated with sexual dimorphism in 

the bilateral ear complex.  The level of significance of the regression of each principal 

component with sex is shown in Table 8.5 below. 

The first principal component‟s relationship with sexual dimorphism echoes its 

relationship with size described above in Section 8.3.1.1 and presented in Figure 8.1.  

The nature of this size-related sexual dimorphism is that males tend to have an 

absolutely larger but relatively smaller ear complex than females, and the ear complexes 



 

 179 

are relatively more widely separated in males.  In addition, males tend to have a slightly 

more inferiorly directed external acoustic canal than females. 

Table 8.5 – Principal Components Associated with Sexual Dimorphism in the Bilateral Ear 

Complex 

 
% 

Variance 
Regression p-value 

PC1 63.71% p<0.0001 

PC3 3.52% p = 0.0118 

PC8 1.65% p = 0.00624 

PC41 0.13% p = 0.0266 

 

Figure 8.4 illustrates the sexual dimorphism in ear complex location and orientation 

recognised by the multivariate regression analysis.  The first principal component has 

been excluded from the analysis to allow the identification of sexual dimorphism that 

occurs independent of size.  To the left and right are wireframe models representing 

female (left) and male (right) extremes of the bilateral ear complex as viewed from the 

posterior.  The figures on the left have undeformed thin plate spline (TPS) grids while 

those on the right have deformed grids that show how males differ from females.  The 

grids are located in a coronal plane that passes through the scutum on each side of the 

cranium.  The grid deformations have been exaggerated by a factor of eight to aid in 

visualisation. 

The grid deformations in Figure 8.4B suggest that the ear complex tends to be relatively 

larger in the superoinferior dimension in males.  Grid deformations around the arcuate 

eminence (ae) and apex of the superior semicircular canal (assc) indicate that in males 

the ae tends to be more laterally positioned and relatively lower (in relation to the assc) 

than it is in females.  In addition, the superior view of the bilateral ear complex (not 

shown) indicates that the ae tends to be posterior to the assc in females, but anterior to 

the assc in males. 
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Figure 8.4 – Sexual Dimorphism in the Bilateral Ear Complex Detected by the Multivariate Regression Analysis 

(ae = arcuate eminence, assc = apex of superior semicircular canal, eam = external acoustic meatus) 
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8.3.1.2.2 – The Unilateral Ear Complex 

A multivariate regression analysis on the Procrustes-registered data in Procrustes form 

space found PCs 1, 3, 9, 14, 19, 21, 24, 32 and 45 to be significantly associated with 

sexual dimorphism in the components of the unilateral ear complex.  The level of 

significance of the regression of each PC with sex is shown in Table 8.6. 

Table 8.6 – Principal Components Associated with Sexual Dimorphism in the Unilateral Ear 

Complex 

 
% 

Variance 
Regression p-value 

PC1 16.74% p<0.0001 

PC3 8.99% p = 0.0057 

PC9 2.82% p = 0.0014 

PC14 1.85% p = 0.0011 

PC19 1.3% p = 0.0109 

PC21 1.04% p = 0.0379 

PC24 0.81% p = 0.0428 

PC32 0.47% p = 0.0158 

PC45 0.18% p = 0.0458 

 

Section 8.3.1.1.2 above shows the size-related shape differences that exist in the 

unilateral ear complex as detected by the Procrustes form space multivariate regression 

analysis.  The first principal component from the form space analysis is associated with 

both size-related and sex-related shape variation in the unilateral ear complex by the 

multivariate regression tests.  Thus, PC1 contains those elements of sexual dimorphism 

that are present in the unilateral ear complex that are interrelated with size. 

The size-related sexual dimorphism that is associated with PC1 is presented in Figure 

8.5.  On each side of the figure are superior and posterior views of the wireframe 

models of female (small) and male (large) extremes of the ear complex.  The images on 

the left (female, negative PC1 value) have undeformed thin plate spline (TPS) grids 

while those on the right (male, positive PC1 value) have deformed TPS grids that show 

how males differ from females.  The superior view grids are located in a horizontal 
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plane passing through the medial and lateral cochlear base points, while the posterior 

view grids are located in a coronal plane passing through the apex of the superior 

semicircular canal and the anterior point of the lateral semicircular canal.  The grid 

deformations have been exaggerated by a factor of two to aid in visualisation. 

 

Figure 8.5 – Sexual Dimorphism in the Unilateral Ear Complex Associated With PC1 

(oc = otic capsule, eam = external acoustic meatus, eac = external a acoustic canal) 

A comparison of the female and male extremes of PC1 in Figure 8.5 shows a 

compression of the grid in the vicinity of the otic capsule (oc) in Figure 8.5B and 6.5D 

indicating that it is relatively smaller in male crania.  An anterolateral grid expansion 

around the external acoustic meatus (eam) in Figure 8.5C indicates that it tends to be 

relatively larger in male crania.  Figure 8.5D also shows an inferior warping of the grid 

around the external acoustic canal (eac) indicating that it tends to have a more inferiorly 

directed course from tympanic membrane to external acoustic meatus in male crania. 
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The non-size sex differences in ear complex shape detected by the multivariate 

regression analysis of PCs 2 to 90 are illustrated in Figure 8.6.  On each side of the 

figure are posterior and left lateral views of the wireframe models of female and male 

extremes of the ear complex.  The images on the left (female) have undeformed thin 

plate spline (TPS) grids while those on the right (male) have deformed TPS grids that 

show how males differ from females.  The posterior view grids are located in a coronal 

plane passing through the anterior point of the lateral semicircular canal and the inferior 

cochlear base point, while the left lateral view grids are located in a sagittal plane 

passing through the arcuate eminence and posterior semicircular canal‟s apex.  The grid 

deformations have been exaggerated by a factor of eight to aid in visualisation. 

 

Figure 8.6 – Sexual Dimorphism in the Unilateral Ear Complex Detected by the Multivariate 

Regression Analysis 

(ae = arcuate eminence, assc = apex of superior semicircular canal, apsc = apex of posterior 

semicircular canal, lsc = lateral semicircular canal, ms = suprameatal spine, ptfp = petrotympanic 

fissure point, eam = external acoustic meatus) 
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that lateral canal (lsc) and apex of the posterior canal (apsc) tend to be relatively more 

inferiorly located in males; these differences are also seen when comparing Figure 8.6B 

and D.  In addition, comparing Figure 8.6B and D shows the ae to be posterior to the 

assc in females, but anterior to the assc in males. 

A visual comparison of Figure 8.6B and Figure 8.6D indicates that the petrotympanic 

fissure point (ptfp) tends to be more inferior and the suprameatal spine point (sms) tends 

to be more superior in males.  This has the effect of giving the eam a flattened oval 

shape in females and a rounded oval shape in males. 

8.3.1.2.3 – The Otic Capsule 

A multivariate regression of the principal component output in Procrustes form space 

shows PCs 1, 2, 3, 11, 16 and 42 to be significantly associated with sexual dimorphism 

in the otic capsule.  These PCs contain 59.69% of the total variation in otic capsule 

shape (Table 8.7); they together show small sex-related differences in the relationship of 

the semicircular canals to one another and to the cochlea.  The specifics of this sexual 

dimorphism of the inner ear will be discussed below in Section 8.3.2. 

Table 8.7 – Principal Components Associated with Sexual Dimorphism in the Otic Capsule 

 % Variance Regression p-value 

PC1 31.16% p<0.0001 

PC2 15.35% p<0.0001 

PC3 10.26% p = 0.0465 

PC11 1.89% p<0.0135 

PC16 0.95% p<0.0055 

PC42 0.08% p = 0.0495 
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8.3.1.3 – Age-Related Shape Changes in the Ear Complex 

The permutation tests for differences in means were conducted upon different age 

groupings to thoroughly explore age-related shape variation in the components of the 

ear complex.  The results of these tests are presented in Table 8.8. 

Table 8.8 – Permutation Tests for Difference in Means by Components of the Ear Complex 

Component and Age Grouping p-value 

Bilateral ear complex:  

- <41 and >40 p = 0.04 

- <31 and >50 p = 0.015 

- <21 and >60 p = 0.036 

Unilateral ear complex:  

- <41 and >40 p = 0.003 

- <31 and >50 p = 0.006 

- <21 and >60 p = 0.007 

Otic capsule:  

- <41 and >40 p = 0.1089* 

- <31 and >50 p = 0.0629* 

- <21 and >60 p = 0.0849* 

* = not significant 

Significant age-related differences are present in the bilateral ear complex and unilateral 

ear complex, but not in the otic capsule.  Multivariate regression analyses of the 

bilateral ear complex and unilateral ear complex were conducted to illustrate the shape 

differences in them that may be related to age. 

8.3.1.3.1 – The Bilateral Ear Complex 

A multivariate regression analysis found PCs 2, 8, 18, 22, 39 and 47 to be significantly 

associated with age-related differences in the bilateral ear complex.  The contribution of 

each principal component to total variance and the level of significance of the 

regression of each principal component with age are shown in Table 8.9 below. 
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The age-related shape differences in the bilateral ear complex detected by the 

multivariate regression analysis are illustrated in Figure 8.7.  To the left and right are 

wireframe models representing young (left) and old (right) extremes of the bilateral ear 

Table 8.9 – Principal Components Associated with Age Differences in the Bilateral Ear Complex 

 
% 

Variance 

Regression 

p-value 

PC2 9.81% p = 0.0197 

PC8 3.89% p = 0.0194 

PC18 1.41% p = 0.037 

PC22 1.01% p = 0.0496 

PC39 0.35% p = 0.0148 

PC47 0.24% p = 0.0498 

 

from a posterior view.  The figures on the left have undeformed thin plate spline (TPS) 

grids while those on the right have deformed grids that show how the old extreme 

differs from the young.  The grids are located in a coronal plane that passes through the 

inferior external acoustic meatus point on each side of the cranium.  The grid 

deformations have been exaggerated by a factor of four to aid in visualisation. 

Inferiorly-directed distortions of the grid in Figure 8.7C suggest that in relation to the 

middle cranial fossa, the lateral portions of the ear complex tend to be more inferiorly 

located in older individuals.  In addition, these distortions suggest that the external 

acoustic canal (eac) tends to take a more inferior course from tympanic membrane (tm) 

to external acoustic meatus (eam) in older individuals, and both the tm and eam tend to 

face a more inferior direction.  It is also seen that the posterosuperior portion of the 

temporal petrosa, as represented by the line between the arcuate eminence (ae) and 

petrous apex (pa), tends to be less steeply sloped in older individuals.  Furthermore, a 

comparison of the young and old extremes in Figure 8.7 shows that in younger 

individuals, the ae tends to occupy the same sagittal plane as the apex of the superior
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Figure 8.7 – Age-Related Shape Changes in the Bilateral Ear Complex Detected by the Multivariate Regression Analysis 

(ae = arcuate eminence, assc = apex of superior semicircular canal, pa = petrous apex, eam = external acoustic meatus, eac = external acoustic canal, tm = tympanic 

membrane) 
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semicircular canal (assc), but in older individuals it tends to be more superolaterally 

located than the assc.  In addition, Figure 8.7 suggests that the superoinferior distance 

between the ae and assc (thickness of bone) tends to be greater in older individuals. 

The second principal component contains an aspect of age-related shape variation in the 

bilateral ear complex that apparently contradicts the general trend detected by the 

multivariate regression analysis.  This is illustrated in Figure 8.8.  Each wireframe 

depicts a posterior view of the bilateral ear complex for young (left) and old (right) 

individuals.  The image on the left has an undeformed TPS grid while the image on the 

right has a deformed TPS grid that shows the differences in the bilateral ear complex 

between young and old individuals.  The grids are located in a coronal plane that passes 

through the porion on each temporal bone.  The grid deformation has not been 

exaggerated. 

There are apparent similarities between Figure 8.7 and Figure 8.8, but there are 

differences in the relative positions of the arcuate eminence and superior semicircular 

canal‟s apex.  Comparing Figure 8.8A and 8.8B shows that the arcuate eminence tends 

to be positioned relatively high above and lateral to the apex of the superior semicircular 

canal in young individuals, while in old individuals the arcuate eminence tends to be 

positioned only slightly above and in nearly the same sagittal plane as the superior 

canal‟s apex. 

8.3.1.3.2 – The Unilateral Ear Complex 

A multivariate regression analysis found PCs 3, 5, 10, 18 and 32 to be significantly 

associated with age-related shape differences in the unilateral ear complex.  The level of 

significance of the regression of each PC with age is shown in Table 8.10. 
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Figure 8.8 – Age-Related Shape Differences in the Bilateral Ear Complex Associated with PC2 

(ae = arcuate eminence, assc = apex of superior semicircular canal)  

 

Young Old 

Posterior Posterior 
ae 

assc 



 

 190 

 

Table 8.10 – Principal Components Associated with Age Differences in the Unilateral Ear Complex 

 
% 

Variance 

Regression 

p-value 

PC3 10.1% p = 0.0192 

PC5 5.44% p = 0.0004 

PC10 2.87% p<0.0001 

PC18 1.53% p = 0.0176 

PC32 0.53% p<0.0001 

 

The age-related shape differences in the unilateral ear complex detected by the 

multivariate regression analysis are illustrated in Figure 8.9.  To the left and right are 

wireframe models representing young (left) and old (right) extremes of the unilateral ear 

from a posterior view (top) and left lateral view (bottom).  The figures on the left have 

undeformed thin plate spline (TPS) grids while those on the right have deformed grids 

that show how the old extreme differs from the young.  The posterior view grids are 

located in a coronal plane that passes through the apex of the superior semicircular canal 

and the posterior tympanic sulcus point, while the left lateral view grids are located in a 

sagittal plane that passes through the apex of the posterior semicircular canal and the 

anterolateral point of the superior semicircular canal.  The grid deformations have been 

exaggerated by a factor of four to aid in visualisation. 

A comparison of Figure 8.9A with Figure 8.9C shows grid distortions in the latter 

suggesting that in young individuals the arcuate eminence (ae) tends to be slightly 

lateral to the apex to the superior semicircular canal (assc), while in old individuals the 

ae tends to be more lateral in relation to the assc.  A downward bending of the grid in 

Figure 8.9C in the vicinity of the external acoustic canal (eac) suggests that in older 

individuals, this structure tends to take a slightly more inferior course from tympanic 

membrane to external acoustic meatus (eam). 
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Figure 8.9 – Age-Related Shape Differences in the Unilateral Ear Complex 

(ae = arcuate eminence, assc = apex of superior semicircular canal, eam = external acoustic meatus, 

eac = external acoustic canal) 

 

When comparing Figure 8.9B and Figure 8.9D, grid distortions around and a visual 

inspection of the ae and assc indicate that in young individuals the ae tends to be 

anterior and slightly superior to the assc, while in older individuals the ae tends to be 

posterior and appreciably superior to the assc.  Comparing the young extremes with the 

old also shows differences in the location of the eam landmarks that suggest it tends to 

be relatively flatter in the superoinferior dimension and face a more anteroinferior 

direction in older individuals. 

8.3.1.4 – Asymmetry of the Ear Complex 

The permutation test for differences in means found no differences to exist between the 

left and right sides for the ear complex (p = 0.253), the otic capsule (p = 0.411) or the 

semicircular canals (p = 0.225).  Thus, while small asymmetries may be present, they 

are non-significant and have no consistent pattern that can be detected by this analysis. 

Young Old 

Posterior Posterior 

A 

B 

C 

D 
Left lateral Left lateral 

assc 

ae 

ae 
assc 

eam 

eam 

eac 
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8.3.2 – Variation in Semicircular Canal Dimensions and Orientations 

8.3.2.1 – Statistical Analysis 

The means and standard deviations for the parameters of the semicircular canals are 

shown in Table 8.11.  Also presented in this table are the results of the t-tests for sex 

and side differences and the ANOVA test for age differences in the parameters.  Table 

8.11 shows that males tend to have a significantly larger diameter than females for the 

superior and posterior canals, but not the lateral canal.  Males also tend to have a larger 

lumen width than females, but this is significant only in the right lateral canal.  Sexual 

dimorphism also exists in internal acoustic meatus (IAM) length (males > females), but 

this difference is greater in the right side than the left.  There were no significant age-

related differences in any measurements of the ear complex. 

Table 8.11 – Summary Statistics for the Ear Complex 

(Measurements in centimetres, sex and side differences tested by paired t-tests, age differences 

tested by ANOVA) 

 
Whole Sample Females Males Sex 

Diffs 

Age 

Diffs 

Side 

Diffs Mean SD Mean SD Mean SD 

RSSCD 0.78 0.05 0.76 0.05 0.8 0.04 p<0.001  
 

LSSCD 0.78 0.05 0.76 0.04 0.81 0.05 p<0.001  

RLSCD 0.6 0.04 0.6 0.04 0.61 0.05   
 

LLSCD 0.6 0.05 0.6 0.05 0.61 0.05   

RPSCD 0.72 0.05 0.7 0.05 0.74 0.05 p<0.001  
 

LPSCD 0.73 0.05 0.71 0.05 0.75 0.05 p<0.001  

RSSCLW 0.12 0.03 0.11 0.03 0.12 0.02   
 

LSSCLW 0.12 0.02 0.12 0.02 0.13 0.02   

RLSCLW 0.11 0.03 0.1 0.02 0.12 0.03 p<0.001  
 

LLSCLW 0.12 0.02 0.11 0.02 0.12 0.02   

RPSCLW 0.13 0.02 0.13 0.02 0.12 0.02   
p<0.001 

LPSCLW 0.13 0.02 0.13 0.02 0.14 0.02   

 

Semicircular canal diameters and lumen widths show considerable variation across the 

sample.  The superior canal ranges from 0.58 to 0.91 cm in diameter with an average 

diameter of 0.78 cm.  The lateral canal ranges from 0.49 to 0.72 cm in diameter with an 

average diameter of 0.6 cm.  The posterior canal has a diameter range of 0.59 to 0.85 

cm with an average diameter of 0.725 cm.  On average, the superior canal has the 
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largest diameter and the lateral canal has the smallest, with the differences in canal 

diameter being statistically significant (p<0.001). 

With respect to semicircular canal lumen widths, the superior canal has a lumen width 

range of 0.05 to 0.21 cm with an average width of 0.119 cm.  The lateral canal ranges 

from 0.06 to 0.19 cm in lumen width with an average lumen width of 0.114 cm.  The 

posterior canal ranges from 0.08 to 0.19 cm in lumen width with an average lumen 

width of 0.13 cm.  The posterior canal has the largest average lumen width and the 

lateral canal has the smallest.  The difference in lumen width between the superior and 

lateral canals is not statistically significant, but posterior canal lumen width does 

significantly differ from the lumen width of the other two semicircular canals 

(p<0.001). 

Table 8.12 shows the means and standard deviation for angles calculated between pairs 

of semicircular canals for the left and right sides separately and for the pooled data, and 

for angles calculated between pairs of contralateral canals.  A single sample t-test 

indicates that the angle between the superior-lateral and superior-posterior semicircular 

canal pairings differs significantly from 90 degrees, but the angle between the lateral 

and posterior semicircular canals does not.  Single sample t-tests to determine whether 

the contralateral canal pairs of the superior-posterior and lateral-lateral canals lie in the 

same or a parallel plane (i.e. the planes have an angle of intersection of zero degrees) 

indicate that the canal pairs do not lie in the same plane.  Moreover, t-tests on canal-pair 

angles between males and females did not detect any significant sex differences in the 

sample. 
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A series of paired t-tests indicates that there are no significant differences between the 

angle calculated for each canal pairing when comparing the left and right sides.  In 

addition, the angles calculated for the left superior-right posterior pairing and the right 

superior-left posterior pairing are not significantly different.  A t-test of whether the 

average angle calculated for pairings on the same side (e.g. right superior-lateral, right 

posterior-lateral, right superior-posterior) shows that the average angle differs 

significantly for each pairing for both sides of the cranium. 

Table 8.12– Angular Relationships between Semicircular Canal Pairs 

Canal Pairs Mean ± SD 

Left superior-left lateral 93.3±6.6 

Left superior-left posterior 98.4±5.7 

Left posterior-left lateral 89.3±5.1 

Right superior-right lateral 94.1±7.4 

Right superior-right posterior 97.9±5.3 

Right posterior-right lateral 90.2±5.3 

Average superior-lateral 93.7±7.0 

Average superior-posterior 98.2±5.5 

Average posterior-lateral 89.8±5.2 

Left superior-right superior 77.0±8.7 

Left posterior-right posterior 120.6±10.2 

Left lateral-right lateral 10.5±5.6 

Left superior-right posterior 23.9±8.6 

Right superior-left posterior 24.0±8.0 

 

Independent sample t-tests were conducted to determine whether the values calculated 

for semicircular canal angular relationships in this study are significantly different from 

those of the research of Della Santina et al. (2005).  These tests find that the two studies 

obtain statistically similar results for the pairings of the superior-lateral canals and 

posterior-lateral canals, but that the values are significantly different for the superior-

posterior canal pairing.  When considering canals on the opposite sides of the cranium, 

the only canal pairing for which statistically similar results were obtained in this 

research and the research of Della Santina et al. (2005) was the lateral-lateral pair.  

These results are presented in tabular form below in Table 8.13. 
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Table 8.13 – Comparison of the Results of this Study with Della Santina et al. (2005) 

Canal Pairs 

Mean ± SD 

(Della Santina 

et al. 2005) 

Mean ± SD 

(Current 

Study) 

Significant 

Difference? 

Left superior-left lateral 91.1±6.3 93.3±6.6 N 

Left superior-left posterior 93.9±3.7 98.4±5.7 Y (p<0.0005) 

Left posterior-left lateral 90.1±4.6 89.3±5.1 N 

Right superior-right lateral 90.2±6.3 94.1±7.4 N 

Right superior-right posterior 94.2±4.3 97.9±5.3 Y (p<0.0005) 

Right posterior-right lateral 90.7±5.2 90.2±5.3 N 

Average superior-lateral 90.6±6.2 93.7±7.0 N 

Average superior-posterior 94.0±4.0 98.2±5.5 Y (p<0.0005) 

Average posterior-lateral 90.4±4.9 89.8±5.2 N 

Left superior-right superior 103.4±9.5 77.0±8.7 Y (p<0.0005) 

Left posterior-right posterior 83.2±9.7 120.6±10.2 Y (p<0.0005) 

Left lateral-right lateral 11.3±6.8 10.5±5.6 N 

Left superior-right posterior 15.0±7.1 23.9±8.6 Y (p<0.0005) 

Right superior-left posterior 15.3±7.2 24.0±8.0 Y (p<0.0005) 

 

8.3.5.2 – Geometric Morphometric Analysis 

Size- and sex-related shape differences were detected in the semicircular canals dataset 

by a multivariate regression test of the principal component output from morphologika.  

A permutation test for differences in means found significant sex differences exist in the 

semicircular canals dataset (p<0.001).  No significant age differences can be detected by 

the permutation test in the otic capsule for any age groups (see Table 6.8).  No age-

related differences are detected by the permutation test in the semicircular canals for 

any of the age groups (<41 and >40 (p = 0.138), <31 and >50 (p = 0.064), and <21 and 

>60 (p = 0.136)).  No significant differences can be detected by the permutation test for 

differences in means between the left and right sides for either the otic capsule as a 

whole (p = 0.411) or the semicircular canals alone (p = 0.225).  Thus, only size and sex 

differences will be presented below. 

8.3.5.2.1 – Size-related Differences in the Semicircular Canals 

A multivariate regression analysis by size shows that PCs 1, 2 and 3 contain the size-

related shape variation in the sample.  Correlation tests of these PCs with the angular 
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values obtained for the sample demonstrate that they have some relationship with shape 

differences in the semicircular canals. 

However, this size difference relates to the semicircular canals as a complex, and 

captures aspects of shape variation that are separate from differences in the angles 

between pairs of canals.  Correlation tests between canal-pair angles and cranial size 

(and centroid size for the semicircular canals when considered as a complex) show that 

no significant size-related differences are present. 

8.3.5.2.1 – Sex-related Differences in the Semicircular Canals 

A multivariate regression analysis by sex shows that PCs 1, 2, 3, 11, 16 and 42 contain 

the sex-related shape variation in the sample.  Correlation tests of these PCs with the 

angular values obtained for the sample demonstrate that they have some relationship 

with sex differences in angles between canal pairs. 

As with the size difference in semicircular canal angular relationships discussed above, 

these sex differences relate to the semicircular canals as a complex, and capture aspects 

of shape variation that are separate from differences in the angles between pairs of 

canals.  Two-sample unequal variance t-tests between canal-pair angles for the sexes 

show that no significant sex-related differences are present. 

8.4 – Discussion 

In the preceding pages, variation in the shape and orientation of the components of the 

ear complex has been presented with respect to differences in cranial size, sexual 

dimorphism and age.  This section will summarise the results described above and 

present them in the order of size-related variation, sexual dimorphism and age-related 
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variation in the ear complex.  A short section on the relationship of the arcuate 

eminence to the apex of the superior semicircular canal will follow. 

8.4.1 –Variation in Cranial Size and the Ear Complex 

The ear complex and otic capsule are remarkably constant in size despite the variation 

in cranial size seen in the sample.  This is seen in the Procrustes form space analysis of 

the bilateral ear complex, where the ear complex and otic capsule are relatively smaller 

in larger crania.  It was also seen in the Procrustes form space analyses of the ear 

complex and otic capsule alone, where two or three principal components contained 

elements of the size-related shape variation in the ear complex and otic capsule.  It 

seems that the ear complex and otic capsule are constant in size in modern humans 

despite there being much variation in cranial size.  It is likely that this constancy of ear 

complex and otic capsule size is due to a functional constraint; the middle and inner ear 

become functionally inefficient beyond a certain size.  A similar finding was reported 

by Nummela (1995) for the mammalian middle ear cavity. 

With respect to the otic capsule, it is also possible that there is a developmental 

constraint on otic capsule size.  The bony labyrinth attains its adult size by the 23
rd

 week 

of embryological development and ceases growth thereafter, after which time it is 

surrounded by the dense petrosal bone that forms the otic capsule (Anson and 

Donaldson, 1973, Eby and Nadol, 1986, Spoor and Zonneveld, 1998, Jeffery and Spoor, 

2004b).  It may therefore be less affected by postnatal growth (when the size differences 

between individuals become more pronounced) (Tanner, 1990).  It is also possible that 

because the otic capsule develops from cartilage (see Section 2.1.7), the growth 

processes available to the rest of the cranium are not possible in the otic capsule as there 
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are no epiphyses or sutures at which growth can occur (Anson and Donaldson, 1973).  

This would also act to limit the size that this structure can attain. 

The Procrustes form space analysis of the ear complex and otic capsule returned 

unexpected results.  A Procrustes form space analysis should force all size-related shape 

variation into principal component one (PC1), but for the ear complex and otic capsule 

two and three PCs respectively contained elements of size-related shape variation.  This 

unusual occurrence may be due to there being more shape variation in the ear complex 

and otic capsule than there is size variation.  This is resolved by morphologika by 

spreading the size-related shape variation among several principal components rather 

than forcing it all into the first principal component (O'Higgins, 2008, personal 

communication). 

The results show that the ear complex tends to be more laterally located with respect to 

the cranial midline in larger crania, probably associated with size-related differences in 

growth at the petro-occipital and/or petro-sphenoid sutures.  In addition, the external 

acoustic meatus tends to be relatively lower in relation to the tympanic membrane in 

larger crania, with the effect that the external acoustic canal tends to have a more 

inferiorly directed course (from tympanic membrane to external acoustic meatus) in 

larger crania.  Also, the external acoustic meatus tends to be relatively larger in larger 

crania.  The cause of these size-related differences in external acoustic meatus relative 

position and size and in external acoustic canal direction cannot be determined with the 

available data.  It may due to skeletal factors that constrain the position of the external 

acoustic meatus, biomechanical remodelling as suggested by Sorensen (1994), or 

something else that is only coincidentally related to variation in cranial size.  Future 
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research focusing on the external acoustic meatus and canal would shed light on these 

matters. 

Although not presented here, analyses of size differences in female crania and size 

differences in male crania present virtually identical results to the size differences found 

in the pooled sample.  Whether or not large female and male crania are more alike than 

large and small male crania (and so on) is beyond the scope of this work, but could be 

addressed in future research. 

8.4.2 – Sexual Dimorphism in the Ear Complex 

Much of the sexual dimorphism found in this analysis is a reflection of the fact that on 

average, males tend to be larger than females.  Thus, the findings presented above 

relating to size-related differences in ear complex shape also relate to sexual 

dimorphism in ear complex shape (hence the strong similarities between Figure 8.2 and 

Figure 8.5).  As noted above, size differences in males and size differences in females 

are similar to the size differences seen in the sample as a whole. 

Sexual dimorphism in the ear complex that is unrelated to size is seen in that it tends to 

be relatively larger in the superoinferior dimension in males.  This difference may be 

related to sex differences in the cranium as a whole.  In addition, when size is removed 

from the equation, the external acoustic canal still tends to take a more inferiorly 

directed course from tympanic membrane to external acoustic meatus in male crania.  

This may also relate to sex differences in cranial growth, or may be an aspect of sexual 

dimorphism in the mastoid process.  It may be that the on-average heavier musculature 

of males (in this case the sternocleidomastoid muscle) works upon the bone to increase 

the length of the mastoid process, and as a by-product, the external acoustic canal 
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acquires the more inferiorly directed course detected by this analysis (Weijs and Hillen, 

1986, Sorensen, 1994, Raadsheer et al., 1999). 

The external acoustic meatus tends to be relatively larger in male crania, and also seems 

to be sexually dimorphic in its shape: in females it tends to have a flattened oval shape 

while in males it tends to have a more rounded oval shape.  This sex difference in 

external acoustic meatus size and shape may also be influenced by sex differences in the 

action of the sternocleidomastoid muscle upon the mastoid process and surrounding 

bone (Weijs and Hillen, 1986, Sorensen, 1994, Raadsheer et al., 1999). 

8.4.3 – Age-Related Shape Changes in the Ear Complex 

The ear complex tends to be relatively more inferiorly located in older individuals.  In 

addition, the tympanic membrane and external acoustic meatus tend to face a more 

inferior direction, and the external acoustic canal tends to take a more inferiorly directed 

course from tympanic membrane to external acoustic meatus in older individuals.  

Furthermore, the petrous ridge tends to be less steeply sloped in older individuals, and 

the arcuate eminence is relatively more posterolaterally and more superiorly located in 

relation to the superior semicircular canal‟s apex in older individuals. 

These age-related differences suggest that the lateral portion of the ear complex tends to 

experience a downwards bending with advancing age.  These differences in ear complex 

shape, position and orientation may be influenced by degenerative or biomechanical 

remodelling processes.  That such a remodelling effect is at all possible is suggested by 

Sorensen and colleagues (1990), and by solo research Sorensen (1994) has conducted 

demonstrating that remodelling (including bending) of the cranial base is possible.  The 

downwards „bending‟ of the lateral parts of the ear complex may also be associated with 
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the forces exerted upon the lateral cranial vault by the masticatory muscles.  Zollikofer 

and Ponce de Leon (2002) found that these forces create a relatively flatter 

neurocranium in adults when compared with children; it is plausible therefore 

(following Sorensen‟s models) that a downward bending of the neurocranium 

throughout adult life may also occur.  Longitudinal studies with a focus on the temporal 

petrosa and ear complex would be of great assistance in determining the exact nature of 

and the causes behind the age-related differences identified in this study. 

8.4.4 – The Semicircular Canals 

The semicircular canals show considerable variation in their diameters, lumen widths 

and angular relationships, with none of this affecting their function.  The only canal pair 

to have an approximate 90° angle (when averaged across the sample) was the lateral-

posterior pairing.  The superior canal on one side and the posterior canal on the other 

side do not lie in the same plane, nor do the lateral canals on each side of the cranium.  

There appears to be no need for true orthogonality to exist between canal pairs within an 

otic capsule, or for complimentary (i.e. superior-posterior canals) on opposite sides of 

the cranium, for efficient functioning of the vestibular apparatus.  In other words, the 

adaptability of the brain and habituation of the „user‟ allow for detection of changes in 

momentum and velocity without needing the canals to lie in true orthogonality to one 

another. 

There is no sexual dimorphism in the angles between canal pairs that can be detected by 

the statistical analysis. 

When compared these results against the results of Della Santina et al. (2005), 

significant differences were present in the same-side canal pairing of the superior and 
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posterior canals but not for the superior-lateral or posterior-lateral pairings.  With canal 

pairings on the opposite sides of the cranium, the only pairing that had statistically 

similar results between the two studies was that of the lateral pairs. 

The geometric morphometric analysis finds that both size- and sex-related shape 

differences are present in the relationship of the semicircular canals to one another.  

These relate to the canals as a complex and are so subtle that they defy explanation by 

any of the hypotheses posed in this research.  It is possible that what has been detected 

may be normal random variation, population-based variation, or changes over time due 

to age-related degeneration or biomechanical remodelling.  This could be resolved by 

future studies specifically designed to test for changes over time, ethnic differences or 

activity-related differences using (respectively) using longitudinal samples, sub-samples 

of known ethnicity, to sub-samples of different occupations or activity levels (e.g. 

inactive individuals against elite athletes). 

8.4.5 – The Arcuate Eminence and Superior Semicircular Canal 

This chapter had the potential to address the oft-visited question of whether the arcuate 

eminence is a protrusion of the superior semicircular canal or not.  The results are 

conclusive: the amount of variation in the two structures, and the differences in the 

relative position of each in the analyses by age, sex and size, suggest that the 

relationship not direct.  It is more likely that the arcuate eminence is caused by some 

other intracranial feature such as a sulcus of the temporal lobe (see Tsunoda et al., 2000, 

Faure et al., 2003).  Specific findings are recapitulated below. 

The size analysis reveals that the arcuate eminence is clearly separated from the 

superior canal‟s apex for both small and large crania, but is in a different relative 
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location for each extreme.  This variation suggests the superior canal‟s apex is not 

causally related to the arcuate eminence. 

Sexual dimorphism is seen in the position of the arcuate eminence: it tends to be 

superolateral and posterior to the superior semicircular canal‟s apex in females, but 

tends to be considerably less superior, more lateral and anteriorly positioned in relation 

to the superior canal‟s apex in males.  In neither the female nor male extreme does the 

arcuate eminence sit directly above the superior canal‟s apex.  These results again 

suggest that the relationship between the arcuate eminence and apex of the superior 

semicircular canal is more likely to be a coincidence rather than direct.  The observed 

sex difference in arcuate eminence position and prominence are possibly caused by sex 

differences in the brain (specifically the inferior surface of the temporal lobes) (see 

Tsunoda et al., 2000, Faure et al., 2003).  A study using both soft tissue and bony tissue 

imaging techniques that tests for sexual dimorphism in the temporal lobes (focusing on 

the parts that lie on the basicranium), and the relationship between the arcuate eminence 

and temporal lobes, would assist in revealing the exact nature of arcuate eminence 

sexual dimorphism detected in this analysis. 

The results also reveal an age-related difference in the position of the arcuate eminence 

(ae) in relation to the apex of the superior semicircular canal (assc): in younger 

individuals the ae tends to occupy the same sagittal plane as and be anterior to the assc, 

but in older individuals the ae tends to be located posterolaterally to the assc.  In 

addition, the ae tends to be more superiorly located with respect to the assc in older 

individuals.  However, PC2 in the bilateral ear complex analysis detected the opposite 

pattern: in younger individuals the ae tends to be superolateral to the assc (the distance 

between the two points is relatively large), but in older individuals the ae tends to be 
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only slightly superior to and in the same sagittal plane as the assc (the distance between 

the two points is relatively small).  This phenomenon may result from bony remodelling 

of the otic capsule (as demonstrated by Sorensen et al., 1990, Sorensen, 1994), and from 

an error in the inhibiting process that normally prevents the perilabyrinthine region from 

being affected by the remodelling process. 

The variation in the arcuate eminence-superior semicircular canal relationship suggests 

that some individuals may have an ageing pattern that predisposes them to semicircular 

canal dehiscence, and these individuals are detected by PC2.  This finding also supports 

clinical observations that semicircular canal dehiscence tends to occur more commonly 

in older individuals (Belden et al., 2003, Minor, 2005, Branstetter et al., 2006).  As 

above, this variation in arcuate eminence position and its varying position with respect 

to the superior canal‟s apex suggests their relationship is coincidental rather than direct.  

These findings corroborate the position of Tsunoda et al. (2000) and Faure et al. (2003) 

that the arcuate eminence is an unreliable surgical landmark. 

8.5 – Conclusion 

This chapter considered variation in the shape of the temporal bone and variation in ear 

complex and otic capsule orientation and relative position through the methods of 

univariate, multivariate and geometric morphometric analysis.  Key findings are 

summarised as follows: 

 The ear complex and otic capsule tend to be absolutely larger but relatively 

smaller in larger crania. 
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 The ear complex and otic capsule show a narrow range of size variation 

compared to cranial size variation, probably due to functional and/or 

developmental constraints. 

 Otic capsule shape variation is greater than otic capsule size variation. 

 The left and right ear complexes tend to be relatively more widely separated in 

larger crania and in male crania; 

o This is probably associated with size or sex differences in growth at the 

petro-sphenoid and/or petro-occipital sutures; 

 The external acoustic meatus tends to be relatively larger and relatively more 

inferiorly located in larger crania; 

 The external acoustic canal tends to be more inferiorly directed in larger crania 

and in male crania; 

 Much of the sexual dimorphism seen in the ear complex and otic capsule reflects 

the fact that on average, males tend to be larger than females; 

 The aspects of sexual dimorphism unrelated to size are: 

o The ear complex tends to be larger in the superoinferior dimension in 

males; 

o The external acoustic meatus tends to have a flattened oval shape in 

females and a rounded oval shape in males; 

o The arcuate eminence tends to be relatively more laterally located in 

males; 

o The arcuate eminence is anterior and slightly superior to the superior 

semicircular canal‟s apex in males, but posterior and more superior to the 

superior semicircular canal‟ apex in females; 

 Age-related differences in the ear complex that may be ascribed to 

biomechanical remodelling processes and/or bone degeneration include: 
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o The ear complex tends to be relatively more inferiorly located in older 

individuals; 

o The tympanic membrane and external acoustic meatus tend to face a 

more inferior direction in older individuals; and 

o The external acoustic canal tends to take a more inferior course from 

tympanic membrane to external acoustic meatus in older individuals; 

 There is much variation in semicircular canal diameter, lumen width and angles 

between canal pairs, none of which seems to affect the vestibular function of 

these structures; 

o None of the variation in semicircular canal angular relationships can be 

ascribed to size, sex or age differences; 

o The geometric morphometric analysis of the otic capsule (semicircular 

canals and cochlea) detected small and subtle size-related shape 

differences in the capsule as a whole that elude explanation.  These size-

related differences also contain most of the sexual dimorphism on the 

otic capsule that could be detected by this analysis. 

 The arcuate eminence shows considerable variation in its position and its 

relationship to the superior semicircular canal‟s apex by the size, sex and age 

analyses.  From this it may be concluded that: 

o The arcuate eminence is probably not caused by the protrusion of the 

apex of the superior semicircular canal; and 

o The arcuate eminence may possibly be created by a sulcus of the 

temporal lobe of the brain. 

 There was seen to be a tendency for a closer proximity between the arcuate 

eminence and the apex of the superior semicircular canal in males, and in some 

of the older individuals; 
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o It is possible that these groups tend to be more susceptible to 

semicircular canal dehiscence. 

 

* * * * * * * 
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Chapter 9 – General Discussion 

9.1 – Introduction 

The analyses conducted in the preceding chapters found there to be a great deal of 

morphological variation in the cranium.  This chapter will discuss the results of the 

experimental chapters, considering themes that were common to each chapter, findings 

that were unique, and findings that were seemingly contradictory.  Also presented will 

be tables that show how this research relates to previous research, in terms of whether it 

confirms previous research, contradicts it, or is a novel finding. 

9.2 – Size-Related Variation 

The metric analysis found that as the cranium increases in size, so to do most of its 

components and sub-structures.  However, several parameters that do not scale with 

cranial size were detected in the metric and the morphometric analyses.  These 

parameters are of potential interest as they may indicate structures that are constrained 

in size for functional reasons (e.g. if the structure grows beyond a certain size its 

functionality is reduced) or by developmental factors (e.g. growth ceases in the structure 

at an early age).  Table 9.1 summarises the size-related shape variation found in this 

study.  Noteworthy findings (both those that do correlate with size and those that do not) 

will be discussed below. 

While most of the size-related parameters used in the metric analysis scale directly with 

cranial size, there are several that do not.  For example, the external acoustic canal 

length does not differ significantly between small and large crania.  Also, large crania 

do not have a significantly larger tympanic membrane than small crania.  Both of these 

size limitations are probably functional constraints: if either gets too large then their 
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function (the transmission of sound waves to the inner ear) gets impeded (as suggested 

by Nummela, 1995), hence they do not scale directly with cranial size. 

Table 9.1 – Size-related Variation in the Human Cranium 

Feature Nature of Size Difference Confirms, 

Contradicts 

or Novel? 

Cephalic index (CI) Tendency (albeit slight) for larger crania to be 

brachycephalic 

Confirms 

Crania that are large relative to cranial base length tend 

to be more brachycephalic 

Novel 

Cranial base angle (CBA) No relationship between cranial size and CBA Contradicts 

Temporal bone shape In larger crania the temporal squama tends to be 

relatively shorter anteroposteriorly and taller 

superoinferiorly 

Novel 

Temporal bone pneumatisation Larger crania tend to be more extensively pneumatised Confirms 

No relationship detected between distribution of 

pneumatisation and length of internal acoustic meatus 

Contradicts 

Ear complex Less variation in ear complex size than in cranial size Novel 

The left and right sides tend to be relatively more 

widely separated in larger crania. 

Novel 

Internal acoustic meatus No size-related variation found. Contradicts 

Otic capsule There is only a weak relationship between cranial size 

and the size of the otic capsule and its components 

Novel 

Less variation in otic capsule size than in cranial size Novel 

There is more shape-related variation in the otic capsule 

than there is size-related variation 

Novel 

Large cochleae are NOT associated with large 

semicircular canals that have a wide lumen 

Contradicts 

External acoustic meatus Tendency for EAM to be relatively larger and relatively 

more inferiorly located in large crania 

Novel 

External acoustic canal Tendency for EAC to take a more inferiorly directed 

course from the middle ear cavity to the external 

acoustic meatus in larger crania 

Novel 

No significant difference in EAC length between large 

and small crania 

Novel 

Tympanic membrane No significant difference in TM area between small and 

large crania 

Novel 

Mastoid process (and triangle) Tend to be larger in larger crania Confirms 

Mastoid cortical bone Tends to be thinner in crania that are more extensively 

pneumatised 

Novel 

Does not correlate with cranial size despite cranial size 

and pneumatisation being correlated. 

Novel 

(This table is to be read in conjunction with Table 3.1) 

Similarly, the bony labyrinth (cochlea and semicircular canals of the inner ear) is also 

seen to have only a weak relationship with cranial size by the metric analysis.  In 

support of this, Figure 8.3 shows that the ear complex and otic capsule scale in size 

much less strongly with cranial size than does the distance between the temporal bones.  
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There are probably developmental constraints behind this finding: the otic capsule 

reaches its adult size by the 19
th

 week of in utero development (Jeffery and Spoor, 

2004b), but the cranium continues growing until late adolescence (Tanner, 1990).  

Functional constraints on otic capsule size similar to those proposed by Nummela 

(1995) may also be a factor here. 

The analyses indicate that there is less variation in ear complex size and otic capsule 

size than there is in overall cranial size.  In addition, there is more shape-related 

variation in the otic capsule than there is size-related variation.  This is demonstrated by 

the finding from the geometric morphometric analysis in form space, where instead of 

being wholly contained within the first principal component, the size-related shape 

variation was spread among principal components one to three.  Again, a combination 

of functional and developmental constraint probably accounts for this: parts of the ear 

complex are limited in the size they can attain for functional reasons (as per Nummela, 

1995), while the otic capsule shows only a small amount of size variation due to 

developmental constraint. 

Unlike Dimopoulos and Muren (1990), this study found no size-based relationships 

between the cochleae and the semicircular canals.  While the cochlear parameters 

correlate positively (and in some cases very strongly) with one another and the 

semicircular canal parameters also correlate positively (and again, in some cases very 

strongly) with one another, the cochlear parameters do not consistently and positively 

correlate with either semicircular canal diameter or semicircular canal lumen width. 

Both the metric and the geometric morphometric analyses found that there was a slight 

tendency for larger crania to be more brachycephalic in shape, in agreement with Rosas 
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and Bastir (2002) who found there was a tendency for larger crania to be more rounded 

and globular in shape but contradicting Zollikofer and Ponce de Leon (2002), who 

found there was a tendency for larger crania to be more dolichocephalic. 

While the metric analysis found that there was no relationship between cranial base 

angle and cranial size (contrary to Ross and Ravosa, 1993, Strait and Ross, 1999, 

Lieberman et al., 2000a, Lieberman et al., 2002, Bruner et al., 2003), it was found that 

crania that are larger relative to cranial base length have a tendency to be more 

brachycephalic.  The research of Ross and Ravosa (1993) and Lieberman et al. (2002) 

demonstrates that when comparing cranial size in primates, as the cranium gets larger 

relative to its basal length, the cranial base angle gets smaller.  Thus, an increase in 

brain size over the course of human evolution may have occurred by an increase in 

overall cranial size and an increase in the degree of basicranial flexion.  The results of 

the present study suggest that within modern humans, differences in cranial size are not 

accompanied by differences in cranial base angle but are instead associated with 

differences in cranial width (i.e. larger crania tend to be more brachycephalic). 

It must be noted that the majority of landmarks in this study are located laterally and 

only a few are located at the anterior, posterior, superior and inferior limits of the 

cranium.  Thus, centroid size may be biased by and reflect cranial width more than 

cranial length or height and thereby contribute to the tendency for large crania to be 

more brachycephalic.   In a similar fashion, Zollikofer and Ponce de Leon (2002) had 

the majority of their landmarks on the anterior and posterior of the cranium, and found 

there was a tendency towards dolichocephaly in larger crania. 
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The morphometric analysis indicates that the temporal squama tends to be relatively 

shorter anteroposteriorly and taller superoinferiorly in large crania than in small crania.  

This difference may result from biomechanical demands associated with differences in 

cranial size.  It may also indicate that an increase in cranial size is partially achieved by 

a superoinferior expansion of the cranial vault as well as the lateral expansion referred 

to above, but an anteroposterior expansion does not occur. 

The current study indicates that the external acoustic meatus tends to be relatively larger 

and relatively more inferiorly located in larger crania.  This difference may be 

associated with growth, with biomechanical remodelling or with some other factor that 

is only coincidentally related to size.  A related finding is that the external acoustic 

canal is seen to take a more inferiorly directed course from tympanic membrane to 

external acoustic meatus in larger crania.  This may be associated with growth 

differences between small and large crania, or may be related to biomechanical 

remodelling of the lateral parts of the cranial vault and base. 

A possible mechanism for this biomechanical remodelling is the pull of the 

sternocleidomastoid muscle upon the mastoid process.  Lahr and Wright (1996) have 

found that people with larger crania tend to have more robust cranial superstructures 

such as the mastoid process, and it is known that the dynamic tension exerted by muscle 

upon bone can result in the bone being remodelled to cause an increase in size or change 

in shape (Herring, 1993).  Other investigators have suggested that in response to the 

dynamic loading exerted upon it by biomechanical forces, structures within the temporal 

petrosa can rotate (Doden and Halves, 1984) or that the cranial base may „bend‟ 

(Sorensen, 1994), lending support to the explanation proposed here. 
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The geometric morphometric analysis found that there was a tendency for the ear 

complexes on each side of the skull to be more widely separated in large crania and for 

large crania to be relatively wider than small crania, but that the size of the ear complex 

tends not to vary with cranial size.  It is therefore clear that the difference in cranial 

width is associated with size-related differences in growth near the cranial midline at the 

petro-sphenoid and/or petro-occipital sutures rather than with differences in the size of 

the outer, middle or inner ear. 

The metric and morphometric analyses both found that there was a tendency for larger 

crania to be more extensively pneumatised than small crania.  Virapongse et al. (1985) 

and Proctor (1989) have suggested that pneumatisation acts to „inflate‟ the temporal 

bone.  The results of the present study indicate only that larger crania tend to be more 

extensively pneumatised, but it cannot be concluded that the pneumatisation acts to 

expand the temporal bone.  It is equally plausible that a larger temporal bone is more 

extensively pneumatised because of “opportunistic pneumatising” by the epithelium 

within the cavity with the secondary effect of reducing its weight, as suggested by 

Witmer (1997). 

The analyses indicate that cranial size is associated with cranial shape (larger crania 

tend to be brachycephalic) and that larger crania tend to have a greater degree of 

pneumatisation.  Furthermore, clinical evidence shows that a greater degree of 

pneumatisation is associated with a reduced susceptibility to some chronic diseases of 

the middle ear (such as otitis media with effusion, or OME).  These associations suggest 

that the shape of the cranium (and perhaps also the temporal bone as the vessel that 

contains the pneumatisation) may be correlated with a predisposition to these ear 

diseases.  This requires further study using a series of CT scans that have been 
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confirmed to have experienced OME and similar diseases.  Caution must be taken 

however, as debate still exists as to whether these diseases are the cause or a result of 

reduced pneumatisation of the mastoid process and temporal bone. 

The current study suggests that larger crania tend to have a larger mastoid process and 

larger mastoid triangle area.  As already mentioned, Lahr and Wright (1996) have found 

that a larger cranial size is very strongly associated with a greater size in cranial features 

such as the mastoid process.  The results of the present study support this position.  This 

tendency for larger crania to have larger mastoid processes may be associated with size-

related differences in the sternocleidomastoid muscle and the remodelling effect that 

this muscle may have upon the mastoid portion of the temporal bone. 

The results of the current study suggest that mastoid cortical bone thickness is related to 

pneumatisation in that crania with a more extensively pneumatised temporal bone tend 

to have a thinner mastoid cortex.  This is possibly associated with the way in which the 

pneumatisation process „erodes‟ the inner region of the mastoid process to create air 

cells within its interior.  Mastoid cortical bone thickness is another parameter that was 

found to have no relationship with cranial size by any of the analyses.  From this it may 

be inferred that the bone thickness of the mastoid process is determined by a 

combination of the muscular forces exerted upon it by the sternocleidomastoid muscle 

and the pneumatisation process within the mastoid‟s interior recesses. 

This study shows that while most components of the cranium and/or the temporal bone 

scale with cranial size, some do not.  Some shape differences are also present: larger 

crania are relatively wider and more globular in shape, have a temporal bone that is 

shorter from front to back and taller from top to bottom, are more extensively 
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pneumatised, have a larger mastoid process and have ear complexes that are relatively 

more laterally located.  In addition, larger crania tend to have a relatively larger external 

acoustic meatus and a more inferiorly directed external acoustic canal.  Some of these 

differences may be ascribed to differences in cranial or brain growth, some may relate 

to the remodelling effects of muscle upon bone, some may be associated with the 

pneumatisation process, and some of these size differences are also sexually dimorphic.  

There are also some components of the temporal bone that do not scale with cranial 

size.  These components are located within the ear complex and otic capsule.  There are 

probably functional and/or developmental constraints on size in effect that limit the size 

these structures can attain. 

9.3 – Sexual Dimorphism 

The metric and morphometric analyses together demonstrate that many features of the 

cranium are sexually dimorphic because males tend to be larger than females.  These 

were identified in the metric analysis (Chapter Six) and the geometric morphometric 

analyses in Procrustes form space of Chapters Seven and Eight (where all of the size-

related differences are forced into the first principal component).  The sexual 

dimorphism that is independent of size was identified by the Procrustes form space 

analyses, where the multivariate regression analyses of principal components two and 

above captured all of the non-size sexual dimorphism.  Key findings of these analyses 

are summarised in Table 9.2.  These findings will be discussed separately below. 

Sexually dimorphic identified in this study that are aspects of the size difference 

between the sexes include a difference in the position of the ear complexes relative to 

the cranial midline, the course of the external acoustic canal, and the thickness of 

mastoid cortical bone.  For instance, the left and right ear complexes tend to be 
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relatively further apart in male crania.  Another size-related sex difference is that the 

external acoustic canal tends to take a more inferiorly directed course from tympanic 

membrane to external meatus in males.  In addition, pneumatisation tends to be more 

widespread in male crania.  These size-related characteristics are related to sexual 

dimorphism by virtue of the fact that males tend on average to be larger than females.  

They have been discussed in the section above and will not be reiterated here. 

Table 9.2 – Sexual Dimorphism in the Cranium 

Feature Direction of Sexual Dimorphism Confirms, 

Contradicts 

or Novel? 

General sexual dimorphism Many features that show size differences are also 

sexually dimorphic 

Confirms 

Cephalic index (CI) Not sexually dimorphic by the metric analysis Contradicts 

GMA finds that females tend to have a relatively wider 

cranium 

Confirms 

Cranial base angle (CBA) Not sexually dimorphic by the metric analysis Contradicts 

GMA finds that males tend to have a smaller CBA  Confirms 

Temporal squama Relatively longer in the anteroposterior dimension in 

males 

Novel 

Zygomatic process Relatively longer in the anteroposterior dimension in 

males 

Novel 

External acoustic meatus  Larger in males Confirms 

Mastoid process Larger in males Confirms 

Mastoid triangle area Larger in males  Confirms 

Pneumatisation Size of pneumatisation is not sexually dimorphic Confirms 

Extent of distribution of pneumatisation is sexually 

dimorphic – in males it tends to extend less into the 

mastoid tip and the posterior limit is more 

posterosuperiorly located 

Novel 

Occipital squama More rounded in males Confirms 

(This table is to be read in conjunction with Table 3.2) 

Shape parameters that were sexually dimorphic by the geometric morphometric (but not 

the metric) analyses were the cephalic index (CI) and the cranial base angle (CBA).  

The CI is a parameter that has been found by other investigators to be greater in females 

(Cameron, 1929, Schulter, 1976, Shah and Jadhav, 2004).  The metric analysis 

conducted in this study found that the CI was not sexually dimorphic, but did find the 

cranial width quotient (cranial width divided by centroid size) to possess strong sex 
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differences (M<F) (see Tables 4.1 and 4.3).  The CBA has also been found to be 

sexually dimorphic in other investigations (smaller in males) (Bruner et al., 2000), but 

again no sexual dimorphism was found by the metric analysis of this research (Table 

4.1). 

It must be noted however that these previous investigations used sample of homogenous 

ethnic composition.  Due to ethical restrictions, the ethnic background of the individuals 

comprising the sample used in the current study was not known.  However, data 

obtained from the 2006 census (collected by the Australian Bureau of Statistics for the 

Perth area) indicate that approximately 84% of the Perth population is of “Australian” 

or European ancestry (with many counties from Europe contributing to the mix), 

approximately 7% is of Asian ancestry and the remainder is a mix of over 100 different 

nationalities – a heterogeneous mix of many different ethnic groups.  It is possible that 

the ethnic heterogeneity of the sample used in this study masked any sex differences in 

both the CI and the CBA.  More analysis is needed on sub-samples of uniform ethnic 

origin to test this hypothesis. 

Despite the CI and the CBA failing to be sexually dimorphic in the metric analysis, both 

showed sex differences in the morphometric analysis.  The present study found the 

cranium to be relatively wider in females, and the cranial base angle to be smaller in 

males (Figure 5.3).  These results corroborate the findings of Cameron (1929), Schulter 

(1976) and Shah and Jadhav (2004) for the cephalic index, and of Bruner et al. (2003) 

for the cranial base angle.  This result is interesting in that it reveals that the geometric 

morphometric analysis to be more discriminating than the traditional morphometric 

analysis, because shape differences that were detected by the former were not detected 
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by the latter.  This suggests that geometric morphometric analysis is the better tool to 

use when estimating sex for a forensic or archaeological specimen. 

Numerous aspects of the cranium were found to possess sexual dimorphism that is 

independent of size differences between the sexes.  For example, the morphometric 

analysis found a tendency for the occipital squama to be more rounded in males (also 

found by Rosas and Bastir, 2002).  This may relate to biomechanical remodelling 

processes, as the occipital squama is the site of attachment for the nuchal muscles.  Sex 

differences in cranial growth and/or in nuchal muscle development (as suggested by 

Keen, 1950) may also be associated with this difference in occipital squama 

morphology. 

Another non-size sex difference detected by the morphometric analysis is that the 

temporal squama and zygomatic process both tend to be relatively longer in the 

anteroposterior dimension in males (the latter contradicting Harvati, 2003).  This may 

be associated with sex differences in growth in the craniofacial skeleton, or sex 

differences in the masticatory musculature that affect temporal squama and zygomatic 

process morphology. 

The metric analysis of Chapter Six finds that the absolute pneumatisation volume (as 

represented by pneumatisation centroid size) was not sexually dimorphic either in 

absolute centroid size or as a proportion of overall cranial size.  This supports the 

findings of previous investigators (Tos et al., 1984, Virapongse et al., 1985, Luntz et al., 

2001).  The metric analysis also helps to resolve the paradox seen in the size and sex 

differences in pneumatisation seen in Chapter Seven, indicating that the MRA by sex 

using all the PCs from a form space analysis gives the most realistic result.  There are 
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no sex differences in the overall spread of the pneumatisation landmarks, although in 

males, the inferior limit less inferiorly located and the posterior limit is more 

posterosuperiorly located. 

Clinical evidence suggests that in children, males are more susceptible to diseases of the 

middle ear (such as otitis media) than females (Tos et al., 1985, Fireman, 1999, Forsen, 

2000, Kenna, 2000), and that poor pneumatisation is a factor in susceptibility to middle 

ear infection (Lannigan, 2007, personal communication).  The results of the current 

study indicate that the volume of pneumatisation is not significantly different when 

comparing adult males and females, but the spatial distribution of pneumatisation is 

seen to be sexually dimorphic.  If this is also reflected in juveniles, these findings 

suggest that the greater susceptibility of males to otitis media is not related to 

volumetric differences in pneumatisation between the sexes, but may instead be 

associated with sex differences its the spatial distribution.  Future research using a 

sample of juveniles that addresses the relationship between pneumatisation volume, 

pneumatisation distribution, and sex differences in susceptibility to middle ear disease is 

needed. 

The mastoid triangle area was found to be sexually dimorphic by the metric analysis 

(F<M), supporting the research of Paiva and Segre 2003.  In addition, the thickness of 

cortical bone at the mastoidale is also seen to be sexually dimorphic by both the metric 

and morphometric analyses (F<M).  Thus: (i) the mastoid triangle area is larger in 

males: (ii) mastoid cortical bone thicker in males; (iii) the volume of pneumatisation 

(both as an absolute value and as a quotient of cranial centroid size) is not sexually 

dimorphic; and (iv) the spatial distribution of pneumatisation is sexually dimorphic.  

When considered together, these findings suggest that the size of the mastoid portion of 
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the temporal bone is unrelated to the pneumatisation process, but instead is associated 

with some other factor such as sex differences in growth or muscle-related 

biomechanical remodelling.  This result suggests that the pneumatisation process does 

not „inflate‟ the temporal bone (contra Virapongse et al., 1985, and Proctor, 1989).  

Instead, the size of the mastoid process (and by inference the temporal bone and 

cranium) are more likely to be affected by growth processes and biomechanical 

remodelling. 

The analyses of sex differences in the cranium found that some sexual dimorphism 

results from the fact that males tend to be larger than females, and that some sexual 

dimorphism exists that is independent of size.  This non-size dimorphism is probably 

associated with sex differences in growth and/or muscle development.  An interesting 

finding is seen with respect to the GMA of sexual dimorphism in pneumatisation, 

wherein an apparent paradox was seen in the sex differences associated with size and 

the non-size sex differences. 

9.4 – Age-Related Variation 

The morphometric analyses revealed several age-related differences in the cranium.  

These are summarised in Table 9.3 and discussed below. 

In older individuals of both sexes there is a tendency for the cranium to be more 

brachycephalic, the lateral portions of the cranial vault tend to be more inferolaterally 

located, the ear complex tends to be more inferiorly located, the external acoustic canal 

tends to take a more inferiorly directed course from tympanic membrane to external 

acoustic meatus, the tympanic membrane and external acoustic meatus tend to face 

more inferiorly, and the occipital squama tends to be more rounded in shape.  Excluding 
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the occipital squama, the net result of these differences may be thought of as a bending 

of the lateral portions of the middle cranial fossa.  All of these differences are possibly 

associated with age-related bony remodelling caused by the action of the 

sternocleidomastoid, temporalis and nuchal muscles.  This can happen because the 

dynamic loading exerted by these muscles upon the cranium over time will cause 

remodelling of the bone (Herring, 1993) with the result that ridges, processes, tubercles 

and crests may become more robust, or the bone may be reshaped and bent in response 

to the loading (Doden and Halves, 1984, Herring, 1993, Sorensen, 1994). 

Table 9.3 – Age Differences in the Cranium 

Feature Direction of Age Differences Confirms, 

Contradicts 

or Novel? 

Neurocranium Tends to be more brachycephalic Novel 

Lateral portions of the cranial vault tend to be more 

inferolaterally located in older individuals 

Novel 

Cranial length No age differences detected by metric analysis Contradicts 

Cranial height No age differences detected by metric analysis Contradicts 

Cranial base angle Tends to be smaller in older males Novel 

Ear complex Tends to be more inferiorly located in older individuals Novel 

External acoustic canal Tends to take a more inferiorly-directed course from 

tympanic membrane to external acoustic meatus in 

older individuals 

Novel 

Tympanic membrane Tends to face a more inferior direction in older 

individuals 

Novel 

External acoustic meatus Tends to face a more inferior direction in older 

individuals 

Novel 

Occipital squama  Tends to be more rounded in shape in older individuals Novel 

Temporal squama Tends to be relatively longer in the anteroposterior 

dimension in older individuals 

Novel 

Zygomatic process Tends to be relatively shorter in the anteroposterior 

dimension in older individuals 

Novel 

Mastoid process Projects well below foramen magnum in younger men 

but projects only just below foramen magnum in 

younger women 

Novel 

Degree of projection similar in elderly of each sex 

(more projection than in younger women but less 

projection than in younger men) 

Novel 

Pneumatisation Extent of pneumatisation similar between young of 

both sexes, and in women at each age extreme 

Novel 

Extent of pneumatisation less in older men than in 

young men, or in older women 

Novel 

Bony labyrinth No age-related differences detected in any of the 

analyses 

Confirms 

(This table is to be read in conjunction with Table 3.3) 
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The morphometric analysis indicates that the temporal squama tends to be relatively 

longer in the anteroposterior dimension in older individuals of each sex.  This is 

indirectly reflective of findings by Kendrick and Risinger (1967) and West and 

McNamara (1999) where it was found that the whole cranium undergoes an 

anteroposterior lengthening throughout an individual's lifetime.  The difference in 

temporal squama length may be associated with bone remodelling in response to 

muscular forces over time (Herring, 1993, Sorensen, 1994). 

The morphometric analysis indicates that the zygomatic process of the temporal bone 

tends to be relatively shorter anteroposteriorly in older individuals.  Again, this may 

relate to remodelling processes over time, but it is interesting that the direction of the 

age difference (relatively shorter) is opposite to that seen in the temporal squama 

(relatively longer).  It is possible that the temporal process of the zygomatic bone grows 

at the zygomaticotemporal suture to accommodate the increase in the temporal 

squama‟s anteroposterior length. 

An interesting outcome of the geometric morphometric analyses was that there are some 

areas of cranial morphology where the sexes converge as they get older, and some areas 

where males and females diverge with advancing age.  The degree of mastoid process 

protuberance (the extent to which the mastoidale projects below the foramen magnum in 

a lateral view of the skull) is one cranial feature where the sexes converge with 

advancing age.  The mastoid projects well below the foramen magnum in young men 

yet barely projects below it in young women, but the degree of projection is similar in 

elderly men and women.  This phenomenon may relate to hormonal changes with age 

that affect bone and musculature in each sex differentially.  Fink et al. (2005) note that 

pubertal testosterone levels in males create a robust masculine face and oestrogen in 
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females contributes to a gracile feminine face.  It has been noted that declining 

testosterone levels in males can lead to a decline in bone and muscle mass (Buchanan et 

al., 1988, Sternbach, 1998), and menopause is associated with declining oestrogen 

levels in women (Jeffcoat et al., 2000).  It may be that the decline in bone and muscle 

mass in males leads to a reduction in mastoid projection with age, while in females the 

decline in oestrogen levels results in a more „masculinised‟ cranium.  Alternatively, this 

convergence of males and females in the degree of mastoid process protuberance with 

advancing age may be something that affects the relative position of the foramen 

magnum rather than the relative position of the tip of the mastoid process. 

The degree of temporal bone pneumatisation is another area where age and sex interact, 

this time causing the sexes to diverge as they age.  This research found that the extent to 

which the temporal bone is pneumatised remains fairly constant or even increases 

(albeit slightly) in females with age but decreases in males, and that the degree of 

temporal bone pneumatisation is fairly similar in young men and women but is sexually 

dimorphic in the elderly (M<F; see Figures 7.4 and 7.5).  Coupled with this, the mastoid 

cortical bone tends to be relatively thicker in older males.  It is possible that the natural 

processes of ageing affect the sexes differentially in these parts of the temporal bone, or 

the analysis may have detected a secular trend relating to (e.g.) exposure to pathogens, 

as suggested by Tumarkin (1957, 1959). 

The interaction between age and sex with respect to pneumatisation relates to the 

literature in the following manner: Virapongse et al. (1985) found no age-related 

difference in pneumatisation (which is confirmed by the result for females in the current 

study), while Diamant (1940) and Lee et al. (2005) found the volume of pneumatisation 

to be smaller in individuals aged 30 or greater (which is confirmed by the result for 
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males in the current study).  These results are difficult to explain without detailed 

knowledge regarding the medical and other history of the individuals comprising the 

study sample, and may be a subject worthy of future investigation. 

There are similarities between some results of the size and age analyses that must be 

considered.  Both found there to be a tendency towards brachycephalism with 

increasing size or with advancing age.  In addition, the external acoustic canal tends to 

take a more inferiorly directed course (from tympanic membrane to external acoustic 

meatus) in larger crania and older individuals.  These similarities may be associated 

with bony remodelling processes, or may be coincidental.  Without lifestyle and other 

data about the individuals in the study sample, any hypotheses put forward here would 

be mere conjecture, but future research is recommended. 

The analyses have demonstrated that there are some age-related differences in the 

relative position of the otic capsule with respect to the floor of the middle cranial fossa.  

These differences appear to be of such a degree that parts of the otic capsule 

(specifically the superior semicircular canal) are exposed by resorptive processes acting 

upon the diploic bone.  This may represent a possible explanation for the greater 

number of observations in CT scans of superior semicircular canal dehiscence with 

advancing age. 

The analyses of age-related differences in the cranium found some things that can be 

ascribed to age-related bone remodelling processes (e.g. the tendency to brachycephaly, 

the more inferolateral position of the lateral parts of the temporal bone, the 

anteroposteriorly longer temporal squama, and the more rounded occiput).  This study 

found there was a tendency in some older individuals for the arcuate eminence to lie in 
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very close proximity to the superior semicircular canal‟s apex, confirming observations 

made by some clinical investigators.  The analysis also suggests that ageing affects 

males and females differently in the degree of mastoid protuberance, and the in relative 

distribution of temporal bone pneumatisation.  The causative factors behind many of 

these differences are unknown, and should be pursued in future research that 

incorporates the influences of biomechanical modelling, and hormonal and dietary 

effects upon bone. 

9.5 – Asymmetry 

The key findings of this study with respect to asymmetry are summarised in Table 9.4.  

Contrary to some earlier studies that were themselves in conflict (in terms of which was 

the larger side) (i.e. Woo, 1931, Wahl and Graw, 2001), no asymmetries were found in 

temporal bone length or height.  Asymmetries were detected by the metric analysis in 

the jugular foramen, middle cranial fossa width and external acoustic canal length. 

Table 9.4 – Asymmetry in the Temporal Bone 

Feature Direction of Variation Confirms, 

Contradicts 

or Novel? 

Temporal bone No asymmetry detected Confirms 

some 

research, 

contradicts 

other 

Jugular fossa/foramen Wider on the right side than the left for females but not 

males (congruent with previous research) (sex diffs in 

venous drainage can account for this) 

Confirms 

Cerebral lateralisation The middle cranial fossa width and external acoustic 

meatus length are larger on the left side than the right 

for females but not for males (sex diffs in temporal lobe 

asymmetry as per Galaburda and friends can account 

for this) 

Confirms 

Pneumatisation No significant asymmetry detected in either size or 

distribution 

Confirms 

some 

research, 

contradicts  

other 

(This table is to be read in conjunction with Table 3.4 and Table 3.6) 
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The jugular foramen was significantly wider on the right side for females but not for 

males.  This (in part) agrees with previous research: for example, Bruner et al. (2003) 

found the same result, but not that it was limited to females.  The right-side bias to 

jugular foramen width is probably associated with the tendency in most humans for the 

superior sagittal sinus to drain into the right transverse sinus (Bruner et al., 2003).  

However, Bruner et al. (2003) also observed that there is a greater tendency in males 

than in females for the superior sagittal sinus to drain to the left transverse sinus instead 

of the right, and there is a greater tendency in males for the left transverse sinus to be 

more developed than the right.  These findings together explain the right-side bias in 

jugular foramen width found in this study, and why it was significant in females but not 

in males. 

The metric analysis found that middle cranial fossa width and external acoustic canal 

length were significantly larger on the left side than the right.  This may be associated 

with the tendency in modern humans for the left temporal lobe to be more developed 

than the right (following Tanner, 1990, Peters, 1995).  However, the left-side bias in 

middle cranial fossa width and external acoustic canal length is present only in females.  

This contradicts findings by Kulynych et al. (1994) and Good (2001) that the left-side 

bias in temporal lobe asymmetry is more pronounced in males, but supports suggestions 

by Geschwind and Levitsky (1968) and Galaburda et al. (1987) that temporal lobe 

asymmetry is reduced in males by perinatal testosterone levels.  Customised research 

investigating the relationship between the temporal lobes and the middle cranial fossa 

(following and expanding upon the work of Tsunoda et al., 2000) would be useful in 

shedding light on these matters. 



 

 227 

The volume and distribution of pneumatisation were found in this study to have no 

significant asymmetries.  This result agrees with that of some previous investigators 

who found pneumatisation to be symmetrical (e.g. Shapiro and Jansen, 1960, Groell and 

Fleischmann 1999) but disagrees with the findings of other investigators (e.g. Tos et al., 

1985, Virapongse et al., 1985, Koc et al., 2003). 

9.6 – The Auditory Tube 

Specific findings regarding the auditory tube are summarised in Table 9.5 below and 

discussed in the paragraphs that follow. 

Table 9.5 – Variation in the Auditory Tube 

Feature Direction of Variation Confirms, 

Contradicts 

or Novel? 

Asymmetry Longer on the right side than the left, but only for 

females 

Novel 

Slope/angulation Longer auditory tubes tend to have a gentler slope as 

they pass from tympanic cavity to basicranium 

Novel 

Temporal bone pneumatisation No significant relationship with temporal bone 

pneumatisation in either auditory tube length or angle 

Confirms 

 

The auditory tube was found to be asymmetrical (the right tube is longer than the left) 

which may be associated with the tympanic cavity being more laterally located on the 

right side than the left, or the isthmus of the auditory tube being more 

medially/anteriorly/inferiorly located on the right side than the left.  All of these issues 

may contribute to auditory tube asymmetry, but the available data do not allow the 

specifics to be determined in this study.  While there is clinical evidence that auditory 

tube length and angulation are related to the incidence of ear disease in children, this 

study uses an adult sample so the results obtained here may not necessarily relate to the 

incidence of childhood ear diseases. 
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The current study finds that longer auditory tubes tend to have a gentle angle as they 

pass from the tympanic cavity to the cranial base, while shorter auditory tubes have a 

steeper angle.  This relationship may be associated with cranial size, cranial width and 

the thickness of the cranial base (as estimated by posterior cranial base length), as all of 

these parameters correlate with auditory tube length, auditory tube angle, and one 

another.  This leads to a hypothetical relationship between these variables of the 

following nature: larger crania also have a wider cranial base, with more widely 

separated tympanic cavities and a thicker cranial base (as approximated by posterior 

cranial base length).  The wider cranial base and more lateral location of the tympanic 

cavities create a need for a longer auditory tube with a less steep inclination from 

tympanic cavity to pharynx.  This hypothesis should be tested in a controlled study that 

focuses only upon these relationships. 

The analyses found that no relationship exists between the size of temporal bone 

pneumatisation and auditory tube angle and length.  This finding indirectly supports the 

position of Todd and Martin (1988) who state that it is the length of the cartilaginous 

portion of the auditory tube, not the length of the bony portion, that protects the middle 

ear from infection.  A customised longitudinal study looking at age-related changes in 

both the bony and cartilaginous portions of the auditory tube (with respect to both 

length and angle of inclination), that also considers the volume of temporal bone 

pneumatisation and number of episodes of otitis media, would be instrumental in 

clarifying exactly what relationship there is between the auditory tube, pneumatisation, 

and susceptibility to otitis media and related illnesses. 
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9.7 – The Semicircular Canals 

Findings for the semicircular canals from the analyses are presented in Table 9.6 and 

discussed in the following paragraphs. 

The traditional morphometric analysis found much variation in semicircular canal 

diameters, lumen widths and angular relationships that has little apparent effect upon 

vestibular function.  No canal pair on the ipsilateral side has an exact orthogonal angle, 

nor were any canal pairs on contralateral sides located in parallel or orthogonal planes.  

This is similar to the results of Della Santina et al. (2005).  From this finding it may be 

inferred that the vestibular function of the canals is unaffected by the lack of 

orthogonality in canal angular relationships, suggesting that the brain only needs a 

difference in the angles between the canals rather than true orthogonality to detect 

position, orientation and changes in momentum. 

Table 9.6 – Variation in the Semicircular Canals 

Feature Direction of Variation Confirms, 

Contradicts 

or Novel? 

Semicircular canal diameter 

and lumen width 

Much variation, no apparent effect upon function Confirms 

Canal pair angular relations Much variation, no apparent effect upon function Confirms 

Variation by metric analysis None that can be associated with size, sex or age Novel 

Variation by the GMA Size and sex-related variations are present, but they are 

subtle and extremely difficult to characterise, as they 

relate to the otic capsule as a complex 

Novel 

No age-related variation was apparent by the GMA Novel 

 

The traditional morphometric analysis indicates that variation in the semicircular canal 

parameters is not associated with variation in cranial size, sex or age.  The geometric 

morphometric analysis detects both size- and sex-related shape variation in the 

semicircular canals and cochlea that relate to these structures as a complex.  No age-

related variation in the components of the otic capsule is detected.  However, the 
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variation seemingly associated with size and sex may be random noise that does not 

affect the function of the structures, or may be associated with population-based 

differences in the sample that are only coincidentally related to size and sex. 

9.8 – The Arcuate Eminence and Superior Semicircular Canal 

The positional relationship between the arcuate eminence and the apex of the superior 

semicircular canal shows a tremendous amount of variation by all of the factors 

considered in this study.  This variation suggests that the relationship between canal and 

eminence is coincidental rather than direct.  As suggested by Tsunoda et al. (2000) and 

Faure et al. (2003), the arcuate eminence is probably associated with a sulcus of the 

temporal lobe rather than with the superior semicircular canal‟s apex.  Findings 

regarding the arcuate eminence are summarised in Table 9.7. 

Table 9.7 – Variation in the Arcuate Eminence 

Feature Direction of Variation Confirms, 

Contradicts 

or Novel? 

General variation Much variation between relative positions of the two 

structures 

Confirms 

Age variation In the majority of the sample there is a tendency for the 

two structures to „drift apart‟ with age 

Novel 

For a proportion of the sample there is a tendency for 

the two structures to „drift closer‟ to one another 

Novel 

 

The geometric morphometric analyses (GMA) of the ear complex by size and sex 

revealed there to be much variation in the relationship between the arcuate eminence 

and apex of the superior semicircular canal, but no specific patterns were identified 

other than a general trend that the eminence is not causally associated with the canal. 

The GMA of the ear complex by age reveals there to be differences in the position of 

the eminence in relation to the superior canal‟s apex that are of potential clinical 
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interest.  The multivariate regression model (Figure 8.7) shows that the arcuate 

eminence tends to be superolaterally located with respect to the canal‟s apex for the 

majority of the sample regardless of age, and that the eminence tends to be relatively 

more superolaterally located from the canal‟s apex in older individuals than in younger 

individuals (i.e. the eminence is further away from the canal‟s apex in older 

individuals).  However, PC2 (Figure 8.8) indicates that for some older individuals, the 

canal‟s apex is in much closer proximity to the arcuate eminence than in younger 

individuals.  The relationship shown in Figure 8.8 suggests that some older individuals 

have a middle cranial fossa morphology that predisposes them to superior semicircular 

canal dehiscence.  There is clinical evidence that superior semicircular canal dehiscence 

does occur more often in the elderly (Belden et al., 2003, Minor, 2005, Branstetter et al., 

2006) which is supported by the results of this research. 

9.9 – Conclusion 

This research project examined shape variation in the temporal bone and some aspects 

of the cranium in a sample of normal individuals.  Variation was examined in relation to 

differences in cranial size, sexual dimorphism and changes with age.  Also considered 

were asymmetry in the temporal bone and cranium, variation and asymmetry in 

temporal bone pneumatisation, the relationship between auditory tube angle and length, 

the angular relations between the semicircular canals of the inner ear, and the 

relationship between the arcuate eminence and the apex of the superior semicircular 

canal. 

The study has demonstrated the utility of geometric morphometric analysis for clinical 

purposes, as several novel findings were made with respect to sex and age differences in 

temporal bone pneumatisation, and in the relationship between the arcuate eminence 
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and apex of the superior semicircular canal.  The utility of computed tomography data 

in GMA has been also been demonstrated, as this form of raw data offers a way to 

analyse the internal and external features of skeletal elements simultaneously, thus 

allowing a more holistic understanding of skeletal anatomy and how it relates to 

functionality and health. 

The analysis for differences in temporal bone morphology that are associated with 

variation in cranial size finds that the internal elements of the temporal bone that are 

associated with the acoustic and vestibular senses are relatively constant in size, but 

most other parts of the temporal bone scale directly with cranial size.  This includes 

temporal bone pneumatisation – larger crania tend to have temporal bones that are more 

extensively pneumatised.  Sexual dimorphism is associated with size-related variation, 

but this does not extend to pneumatisation.  In this regard, there are no significant sex 

differences in either absolute or relative pneumatisation, although there are subtle 

differences in its distribution.  The analysis of variation associated with age finds that 

there is a tendency for the cranial base to bend with age.  This analysis also finds there 

are sex differences in how ageing affects temporal bone and cranial morphology, 

notably in the degree to which the temporal bone is pneumatised, and the degree to 

which the mastoid process projects below the foramen magnum.  The results of all the 

analyses together suggest the arcuate eminence is not associated with the superior 

semicircular canal‟s apex, and the age analysis suggests there is a tendency in some 

individuals to develop a temporal bone morphology that predisposes them to 

semicircular canal dehiscence. 

The complementary nature of geometric morphometric analysis and computed 

tomography data was demonstrated in this study.  In addition, a number of novel 
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findings were made.  However, some of the findings of this study raise yet more 

questions, paving the way for future research projects.  Customised research questions 

with appropriate study samples and research methodologies to investigate these 

hypotheses are advised. 

* * * * * * * 
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