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Abstract

From an engineering background, it is often believed that the human anatomy
has already been fully described. Radiology has greatly contributed to un-
derstand the inside of the human body without surgical intervention. De-
spite great advances in clinical CT scanning, image quality is still related
to a limited amount X-ray exposure for the patient safety. This limitation
prevents fine anatomical structures to be visible and, more importantly,
to be detected. Where such modality is of great advantage for screening
patients, extracting parameters like surface area and volume implies the
bone structure to be large enough in relation to the scan resolution.

The mastoid, located in the temporal bone, houses an air cell system whose
cells have a variation in size that can go far below current conventional
clinical CT scanner resolution. Therefore, the mastoid air cell system is
only partially represented on a CT scan. Any statistical analysis will be
biased towards air cells of smaller size. To allow a complete representation
of the mastoid air cell system, a micro-CT scanner is more adequate. Micro-
CT scanning uses approximately the same amount of X-rays but for a much
longer exposure time compared to what is normally allowed for patients.
Human temporal bone specimens are therefore necessary when using such
scanning method. Where the conventional clinical CT scanner lacks level
of minutes details, micro-CT scanning provides an overwhelming amount
of fine details.

Prior to any image analysis of medical data, visualization of the data is
often needed to learn how to extract the structures of interest for further
processing. Visualization of micro-CT scans is of no exception. Due to
the high resolution nature of the data, visualization of such data not only
requires modern and powerful computers, but also necessitates a tremen-
dous amount of time to adjust the hiding of irrelevant structures, to find
the correct orientation, while emphasising the structure of interest. Once
the quality of the data has been assessed, and a strategy for the image
processing has been decided, the image processing can start, to in turn
extract metrics such as the surface area or volume and draw statistics from
it. The temporal bone being one of the most complex in the human body,
visualization of micro-CT scanning of this bone awakens the curiosity of
the experimenter, especially with the correct visualization settings.

This thesis first presents a statistical analysis determining the surface area
to volume ratio of the mastoid air cell system of human temporal bone,
from micro-CT scanning using methods previously applied for conventional
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clinical CT scannings. The study compared current results with previous
studies, with successive downsampling the data down to a resolution found
in conventional clinical CT scanning. The results from the statistical anal-
ysis showed that all the small mastoid air cells, that cannot be detected in
conventional clinical CT scans, do heavily contribute to the estimation of
the surface area, and in consequence to the estimation of the surface area
to volume ratio by a factor of about 2.6. Such a result further strengthens
the idea of the mastoid to play an active role in pressure regulation and
gas exchange.

Discovery of micro-channels through specific use of a non-traditional trans-
fer function was then reported, where a qualitative and a quantitative pre-
analysis was performed are described. To gain more knowledge about these
micro-channels, a local structure tensor analysis was applied where struc-
tures are described in terms of planar, tubular, or isotropic structures.
The results from this structural tensor analysis, also reported in this the-
sis, suggest these micro-channels to potentially be part of a more complex
framework, which hypothetically would provide a separate blood supply for
the mucosa lining the mastoid air cell system.
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1
Introduction

"The process of scientific discovery is, in effect, a continual flight from
wonder."
- Albert Einstein

1.1 Introduction

Similarly to the lungs, the rate of gas exchange carried out by the mastoid
process in the temporal bone is influenced by the mucosal surface area [37].
This is particularly the case for the mastoid bone with its complex air cell
system with cells varying sizes and shapes. An impaired gas exchange,
besides a malfunctioning Eustachian tube, results in a negative middle ear
pressure; i.e. both in the tympanum and in the mastoid air cell system.
Negative middle ear pressure leads to different middle ear diseases such as
the otitis media with effusion, cholesteatoma invading all the airspaces in
the middle ear, or retractions pockets in the tympanum [36]. As stated in
[12], understanding the mechanism of the middle ear pressure regulation
is important for both physiologists and practising clinicians; notably the
practising clinicians in their decisions on how to treat their patients.

The surface area of the mucosa in the middle ear, especially the one covering
the mastoid air cell system, is therefore a valuable parameter for physio-
logical studies of gas exchanged between the air cells and the capillaries
present in the mucosa lining the air cells [11][12][36].

Quantitative measurement of the entire mastoid air cell system aeration is,
however, still reported in few studies [9][37][42]. A plausible explanation
of this sparse literature emanates from the fact that there is no technique
to allow a direct measurement of the mucosa surface area for the entire
mastoid air cell system in vivo. An alternative is to scan the mastoid bone
through X-ray computed tomography and consider the walls of the mastoid
air cell system as a surrogate to the very thin mucosa invisible on clinical
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CT scans. The volume of gas occupied within the mastoid air cells, also
important to estimate when investigating how well a mastoid is pneuma-
tized, is though easier to estimate using X-ray computed tomography and
reported in several studies [4][9][20][27][29][37][41][46].

Recent advances in micro-CT scanning technology allows scanning such
complex structures using very high resolution, in turn producing more ac-
curate statistics. The aim of this work is to investigate the use of micro-
CT scanning of human temporal bone specimens to estimate the surface
area to volume ratio using classical image processing methods. Compare
with results from previous studies where conventional clinical CT scans
were used, and finally assessing whether the obtained estimates help fur-
ther understand the anatomy and physiology of the mastoid air cell sys-
tem. Micro-channels were discovered while visualizing the temporal bone
specimens using different visualization settings. A structural analysis of
micro-channels within the bone was therefore assessed.

1.2 Outline

The thesis is divided into 7 parts. The thesis is formed in a way such
that non-medical readers can obtain a brief and basic introduction to the
anatomy and physiology of the human temporal bone, including all its com-
ponents beside the mastoid bone (chapter 2). Chapter 3, alone, describes
the mastoid bone and its air cell system, as it is the main focus of this
study. Chapter 4 gives a brief comparison between a conventional clini-
cal CT scanner and a micro-CT scanner built in Ghent (Belgium), that
was used to produce the processed scans. This chapter can be of use for
both clinical and technical readers not familiar with parameters important
when aiming at good quality scans. For non-technical readers, chapter 5
introduces some necessary background about image processing, needed to
understand some of the notions used in the papers. While readers with a
clinical background can skip chapters 2 and 3, readers involved in the field
of image processing can skip chapter 5. Chapter 6 states the contributions
of this thesis from both clinical and technical aspects. Chapter 7 contains
a summary of the papers, while chapter 9 provides a discussion about the
overall work and ideas for future work.

N.B.: It should be noted that besides Figs. 2.1, 2.2, 2.4, 2.5, 2.6,
2.7, 2.8, 2.9, 3.1, 3.2, 3.3, 4.1, 4.2, 4.3, 4.5, 5.38, 6.12, 6.13,
all remaining illustrations presented in this thesis were produced by the sole
author Olivier Cros. Permission to use these illustrated should be asked
beforehand.
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1.4 Abbrevations

This table lists some of the abbreviations that are used in this thesis, along
with their meanings.

CT Computed Tomography
MAC Mastoid Air Cell
MACS Mastoid Air Cell System
ME Middle ear
TYMP Tympanum
TM Tympanic membrane
OM Otitis media
EC Ear canal
ET Eustachian tube
SNR Signal to Noise Ratio



2
General Anatomy & Physiology

"Non sibi sed omnibus."
Not for myself but for all.

2.1 Introduction

Before introducing the temporal bone as a whole entity, taxonomy of anatom-
ical terms and spatial positions is briefly introduced with the first six posi-
tions illustrated isolated from the others for correspondence purpose with
Fig. 2.1.

• Lateral towards the outside,
• Medial towards the midline,
• Anterior towards the front,
• Posterior towards the back,
• Superior towards the top,
• Inferior towards the bottom,

• Endo- inner part of a structure,
• Meso- middle part of a structure,
• Ecto- outer part of a structure,
• Exo- external to a structure,
• Epi- outside a structure,
• Hypo- under the structure,
• Hyper- over the structure,
• Inter- between structures,
• Intra- within a structure,
• Peri- surrounding a structure,
• Retro- behind a structure. Figure 2.1: Anatomical directions.

These terms are used alternatively, globally or locally. As a simple example,
the temporal bone is located laterally in relation the human skull, while the
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cochlea is located medially in relation to the temporal bone. Combination
of locations are also possible as, for instance, the superior retrosigmoid air
cells depicting air cells located at the superior part and at the back of the
mastoid process. A structure located at the periphery of another structure
is for example called the lateral perisinusal cells, meaning air cells at the
periphery of a sinus located in the back of the mastoid towards the lateral
side of the bone. As a side note, mastoid air cells located at the centre of the
mastoid can also be named medial or central air cells, while air cells located
towards the outside of the mastoid bone will be called lateral or peripheral
air cells. This notion should be kept in mind while reading the thesis. Also
to further help the reader, taxonomy for the orientation of medical images
are resumed in the following list and represented graphically in Fig. 2.2.

• Axial: superior ↔ anterior.

• Coronal: anterior ↔ posterior.

• Sagittal: left ↔ right.

Figure 2.2: Anatomical planes.

2.2 Anatomy of the Temporal Bone

The temporal bone houses the organ of hearing. The temporal bone consists
of five parts: the temporal squamosa, the petrous portion, the mastoid
process, the tympanic bone, and the styloid process, see Fig. 2.3.

Figure 2.3: Temporal bone viewed alone from a lateral side (left) and a medial
side (right), respectively viewed from the outside and the inside.
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The temporal squamosa (from Latin squama, "scale"-shape structure) is the
biggest part of the temporal bone, lying superior to all parts. The petrous
portion of the temporal bone, located inside the skull, is recognizable with
its pyramidal shapes housing the middle ear and the inner ear. The word
petrous originates from the Latin word petrosus, and relates to the very
hard portion of the bone housing the internal auditory organs. The mastoid
process, from the new Latin "mastoides" resembling a nipple or breast, is
located posteriorly and inferiorly to the squamous part.

The tympanic bone is a small portion situated inferior to the temporal
squamosa, anterior to the mastoid process, and superior to the styloid pro-
cess. The styloid process runs inferior to the tympanic bone, and is shaped
like a thorn pointing downwards. It is used as an anchor point for several
muscles. The described structures are illustrated in Fig. 2.3.

A coronal section of a right temporal bone reveals the complexity inside
the temporal bone, see Fig. 2.4.

Figure 2.4: Cut through a temporal bone to reveal all its internal structures.
Source: Atlas of Skull Base Surgery & Neurotology, Thieme, 2009.
Image copyrighted by RK Jackler. Permission granted for non-profit
educational use.

From a physiological point of view, the temporal bone can be decomposed
into three main parts: the external ear, the middle ear, and the inner
ear. These parts are described in the following sections.
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2.2.1 The outer ear

The outer ear is the external portion of the ear, which consists of the
pinna, the external auditory meatus (also known as the ear canal), and the
tympanic membrane, see Fig. 2.5.

Figure 2.5: The outer ear. Legend EAM: external auditory maetus. Source:
Atlas of Skull Base Surgery & Neurotology, Thieme, 2009. Image
copyrighted by RK Jackler. Permission granted for non-profit edu-
cational use.

The pinna, also known as the auricle, is the visible portion that is generally
referred to as "the ear". Its function is to localize sound sources and direct
sound into the ear. The folds of the pinna allow some specific frequencies
to be amplified, while other frequencies can be damped.

The external auditory meatus (EAM), also named the external audi-
tory canal or simply the ear canal, extends from the pinna to the tympanic
membrane and has a length of about 26 millimetres (mm) with a diameter
of about 7 mm. The size and shape of the ear canal vary among individuals
and for both ears.

The tympanic membrane, also known as the eardrum, is a cone-shaped
structure separating the outer ear from the middle ear and protects the mid-
dle and inner ear from foreign objects. The tympanic membrane resonates
in response to sound pressure waves. The displacement during vibration is
extremely small, about one-billionth of a centimetre.
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2.2.2 The middle ear

The middle ear cavity is a combination of two cavities, the tympanum and
the mastoid air cell system, see Fig. 2.6. The mastoid air cell system will
be explained in more details in the next chapter, and therefore only the
tympanum is briefly detailed here. The tympanum is the narrow air-filled
space of the middle ear, where the ossicles are located. The tympanum
resembles an oblique rectangular room with a floor, a ceiling, and four
walls.

Sound waves traveling through the ear canal will hit the tympanic mem-
brane. This wave information travels across the air-filled tympanum via
a series of delicate bones called the ossicles, see Fig. 2.7. The ossicles
are composed of the malleus (also known as hammer), incus (also known
as anvil) and stapes (also known as stirrup), see Fig. 2.7. They form an
ossicular chain.

Figure 2.6: The middle ear. Source: Atlas of Skull Base Surgery & Neurot-
ogy, Thieme, 2009. Image copyrighted by RK Jackler. Permission
granted for non-profit educational use.

While the handle of the malleus, also known as the manubrium, articulates
with the tympanic membrane, the footplate of the stapes articulates with
the oval window, a membrane-covered opening which leads to the vestibule
of the inner ear, located at the opposite side of the tympanum. Tendons
attaching the head of the malleus and the incus are attached to the tegmen
tympani, a bony wall separating the cranial cavity from the superior part
of the tymapnum, the epitympanic recess or attic, see the vertical tendons
in Fig. 2.7. Behind the head of the malleus and towards its upper part,
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Figure 2.7: The ossicular chain with the malleus in direct contact with the tym-
panic membrane, and the stapes viewed laterally attached to the
oval window separating the vestibule from the tympanum. The incus
transmits the movements induced by the malleus to the stapes. Also,
notice the tendons attaching the ossicles to the tympanum. Source:
http://commons.wikimedia.org/wiki/File:Gray919.png.

the posterior wall of the tympanum is mostly occupied by the aditus ad
antrum, a path towards the mastoid air cell system via the antrum.

2.2.3 The inner ear

The inner ear, shown in Fig. 2.8, can be divided into two labyrinths: a
bony labyrinth and a membranous labyrinth.

The osseous labyrinth consists of the cochlea, the vestibule, and the semi-
circular canals, a series of bony cavities within the petrous temporal bone.
These bony cavities are lined with periosteum and contain perilymph; ex-
tracellular fluid at the periphery of the structure. The oval window, artic-
ulated by the footplate of the stapes, is an opening in the lateral wall of
the vestibule of the osseous labyrinth.

The membranous labyrinth is composed of communicating membranous
sacs and ducts housed within the osseous labyrinth. It is cushioned by the
surrounding perilymph and contains the endolymph within its confines; an
extracellular fluid inside the structure. The membranous labyrinth also
houses a cochlear, a vestibular, and semicircular canals components.
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Figure 2.8: The inner ear. Source: Atlas of Skull Base Surgery & Neurot-
ogy, Thieme, 2009. Image copyrighted by RK Jackler. Permission
granted for non-profit educational use.

The cochlea

The cochlea is the auditory portion of the inner ear. The spiral-shaped
cavity within the cochlea has three fluid-filled sections along its main axis:
the scala vestibuli, the scala tympani, and the cochlear duct. The organ
of Corti, located in the cochlear duct on the basilar membrane, transforms
mechanical waves into electric signals sent to the neurons in the brain.

The vestibule

The vestibule is the central part of the osseous labyrinth. The vestibular
apparatus is composed of the utricle and the saccule. They respectively
sense linear acceleration in the horizontal and vertical planes. Within these
organs are hair cells. The cilia of these cells are intricately associated
with a membranous substance containing calcium carbonate granules, or
"otoliths", also commonly known as stones in the cochlea. Movement of
the head induces a shearing of the hair cells by the mobile otoliths. This
directional change is sensed by the brain via the superior division of the
vestibular nerve at the utricle, and via the inferior division of the vestibular
nerve to the saccule. Together, the otolithic organ organs of both ears are
of prime importance for directional sensation.
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The semi-circular canals

The third main apparatus in the inner ear is the set of three semi-circular
canals. Each stands at right angles in relation to each others. The superior,
posterior, and lateral semicircular canals are located posterior and superior
to the vestibule.

2.2.4 The Eustachian tube

The Eustachian tube originates in the posterior part of the nose, runs
slightly uphill, and enters the tympanum inferiorly, see Fig. 2.9 (left).

Figure 2.9: Course of the Eustachian tube from the middle ear (left) and its
entrance from the nasal cavity (right), see the red vertical arrow.
Source: left. Hill, M.A. (2015) Embryology Gray0915.jpg, right: [2].

The cartilage provides a supporting structure for two thirds of the Eu-
stachian tube, while the part closest to the tympanum is made of bone.
The tissue lining the Eustachian tube is similar to that inside the nasal
cavity, and may respond in the same way (swelling) when presented with
similar stimuli.

Function of the Eustachian tube

The primary function of the Eustachian tube is to ventilate the middle
ear space, ensuring that its pressure remains at near normal environmental
air pressure; known as middle ear pressure. The secondary function of
the Eustachian tube is to drain any accumulated secretions, infections, or
debris from the tympanum.

Several small muscles located in the back of the throat and palate control
the opening and closing of the tube. Swallowing and yawning cause con-
tractions of the muscles located in the back of the throat, and facilitate
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the regulation of the Eustachian tube function. If it was not for the Eu-
stachian tube, the middle ear cavity would be an isolated air pocket inside
the head which would be vulnerable to every change in air pressure, under-
and over-pressure, leading to a pathological middle ear.

Normally, the Eustachian tube is closed, which helps to prevent the in-
advertent contamination of the middle ear space by the normal secretions
found in the back of the nose. A dysfunctional Eustachian tube can lead
to chronic ear infections. A much more common problem is a failure of the
Eustachian tube to effectively regulate air pressure.

Partial or complete blockage of the Eustachian tube can cause sensations
of popping, clicking, and ear fullness and occasionally moderate to severe
ear pain. Such intense pain is most frequently experienced when sudden
air pressure changes arise while traveling by airplane, particularly during
take-off or landing.

As Eustachian tube function worsens, air pressure in the middle ear falls,
and the ear feels full and sounds are perceived as muffled. Eventually, a
vacuum is created which can then cause fluid to be drawn into the middle
ear space (termed serous otitis media). If the fluid becomes infected, a com-
mon ear infection (suppurative otitis media) will eventually be developed
[41].

Mucosa lining the tympanum and the Eustachian tube

Mucosa is the innermost layer of hollow organs. All bone surfaces of the ME
cleft are covered with a mucosa. The structure of the mucosa is subdivided
in an epithelial layer (mucosal epithelium) located on the top of a basal
membrane (also called basal lamina), and a connective tissue layer called
lamina propria, adherent to the the outer part of the underlying bone; the
periosteum layer [43].

The lamina propria is formed of loose connective tissue, characterized by
a less organized appearance and by being composed of relatively few cells
(mezenchymal cells, basal cells, fibroblasts, lymphocytes, macrophages, etc)
in a large volume of extracellular matrix.

The major matrix components are collagen and elastic fibres. Generally,
the loose connective tissue contains many blood vessels, nerve endings,
lymphatic vessels and, interestingly, misses a basal membrane making it
easier to be crossed by macromolecules and cells [43].

Starting from the nasopharynx (located between the mouth and the nose;
see Fig. 2.9 (right image to the left of the black arrow)), the epithelium
is respiratory, with one to three layers of columnar or cubical cells, often
ciliated or with microvili, secretory and non-secretory, and intercalated with
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goblet cells [39]. The role of these ciliated cuboidal cells is to carry waste
towards the Eustachian tube.

The antero-inferior of the tympanum (on the frontal part and on the lower
part), is structurally similar to the mucosa from nasopharynx and the eu-
stachian tube. In the postero-superior part (the back part of the tympanum
on the top part) of the tympanic cavity and the mastoid, the epithelium
is mono-layered, flat, alternating with very rare cuboidal cells [17]. The
postero-superior and antrum mucosa seems also to be more abundant with
superficial blood vessels, compared to the tympanic cavity [5].

The common structures have now been introduced, and the next chapter
is solely dedicated to the mastoid bone and the mastoid air cell system,
along with some information about the mucosa lining the mastoid air cell
system.



3
The Mastoid bone

"Natura ingenium disecta cadavera pandit."
- The cadaver dissection demonstrates the wisdom of nature.

3.1 General description

The mastoid bone is a conical prominence on the lateral side of the temporal
bone, located at the posterior level of the ear canal, see Fig. 3.1.

Figure 3.1: Exposed mastoid on the lateral side reflecting the mastoid air cells
present within the bone. Abbreviation: (TM) Tympanic membrane
[44]

From an external point of view, the mastoid bone serves as an attachment
point for several muscles - the splenius capitis, longissimus capitis, digastric
posterior belly, and sternocleidomastoid. Inside the mastoid bone, a very
large number of interconnected air cells of different size and shapes are
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carved into the bone. Altogether, these air cells form the so-called mastoid
air cell system. The mastoid air cell system directly communicates with the
tympanum via the epitympanum by the aditum ad mastoid. Together, the
mastoid air cell system and the tympanum form the middle ear. An axial
view of temporal bone allows a better representation of the communication
between the tympanum and the mastoid air cell system, see Fig. 3.2.

Figure 3.2: Axial section of the temporal bone revealing the mastoid bone.
Source: Atlas of Skull Base Surgery & Neurotology, Thieme, 2009.
Image copyrighted by RK Jackler. Permission granted for non-profit
educational use.

The mastoid air cell system is categorized according to various sub-regions.
These sub-regions are listed below, and are illustrated in Fig. 3.3.

• Antral - anterior to the antrum at the proximity and towards the
ear canal,

• Periantral - at the periphery of the antrum,
• Tegmental - located at the level of the tegmen tympani at the

superior level of the mastoid bone above the ear canal,
• Lateral and medial zygomatic - at the level of the zigomatic bone

laterally and medially in relation to the external auditory canal,
• Sinodural - at the postero-superior level of the mastoid in the vicin-

ity of the cranial cavity,
• Central mastoid - all air cells immediately inferior to the cells in

the mastoid antrum,
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• Superior retrosigmoid - at the supero-posterior part of the mas-
toid bone near the sigmoid sinus,

• Medial and lateral Perisinusal - all air cells at the periphery of
the sigmoid sinus towards the medial and lateral parts of the mastoid
process,

• Inferior retrosigmoid - at the infero-posterior part of the mastoid
bone near the sigmoid sinus,

• Perifacial - at the mid level of the posterior wall of the external
ear canal,

• Medial and lateral apical - at the tip level of the mastoid process
respectively towards the anterior and posterior walls of the external
ear canal and towards the pinna.

Figure 3.3: The mastoid air cells categorized into different substructures. In-
spired from M. Tos illustration.

3.1.1 Personal interpretation of the origin of the mastoid
air cells in the newborns

In the newborn, the mastoid bone is practically one single air space, later
on named the antrum, surrounded by diploic bone, i.e. mostly containing
marrow. As the mastoid process develops, the marrow space hollows out
and the air cell system develops, while becoming lined with a highly vascular
cuboidal epithelium layer emanating from the endoderm. This cuboidal
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epithelium will later on form the mucosa of the mastoid air cell system.
The endoderm is one of the three primary layers in the very early embryo.

The air cells grow out primarily from the attic of the tympanum to the
aditus ad antrum, creating a complex structure of cavities separated by
bony walls communicating with each other, see Fig. 3.4 (A and B) for two
different stages of pneumatization.

Similarities with the alveoli of the lungs, where extensive gas exchange takes
place, have been found due to a close contact between the mucosa and the
blood vessels, see Fig. 3.4 (C). This has lead to the mastoid air cell system
being known as a mini-lung.

Figure 3.4: A. & B. represent two different stages where the epithelial lining
covers the newly formed air cells during the pneumatization process.
C. gives a simplified illustration of a set of alveoli formed by an
epithelial lining and surrounded by interstitial space with blood vessels
at the proximity for gas exchange. Abbreviation in C.: (B) blood
vessel, (Alv.) alveolus.

A broader representation of the growth of the mastoid air cell system is
illustrated in Fig. 3.5. As can be observed, the mastoid air cell system
originates from the tympanum, and spreads over time.
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Figure 3.5: Transverse plane of the hearing system. A. First stage: single air cell
later called antrum, B. Beginning of the cellularization, C. Enlarge-
ment of the mastoid air cell system, D. Completion of the pneuma-
tization with small air cells at the periphery of the main MACS.
Abbreviations: (A) antrum, (CB) cerebellum, (DM) diploic mas-
toid, (EAC) external auditory canal, (M) mastoid, (P) pinna, (SCC)
semi-circular canals, (SS) sigmoid sinus, (T) tympanum, (TMJ)
temporomandibular joint.

According to [30], the mastoid air cell system serves both as a reservoir
of air and as a buffer system to replace the air in the middle ear cavity
when the pressure becomes negative. However, the buffer capacity depends
heavily on the level of pneumatization of the mastoid bone, as explained
below.

A very interesting study has been carried out to simulate a morphogenetic
model of the cranial pneumatization, based on an invasive tissue hypothesis.
Zollikofer et al. simulated the invasion of airspaces in cranial bone along
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with the mucosa lining the airspaces [50]. Not only did they simulate the
growth of the mastoid air cell system by a mathematical model, but also
indirectly showed how the airspaces can be constrained by surrounding
structures. This would explain the possible variation of the shape of the
mastoid air cells, in relation to their location within the bone.

3.1.2 Level of pneumatization

The mastoid air cell pneumatization can be divided into 3 different types
of pneumatization:

• sclerotic where the pneumatization is absent,

• diploic where the pneumatization is poor due to the presence of bone
marrow inside the air cells,

• pneumatic where the pneumatization is complete.

Combined with a dysfunctional Eustachian tube, a poor pneumatization of
the mastoid air cell system may lead to middle ear infections, and eventu-
ally to the development of otitis media, englobing different inflammatory
diseases in the middle ear.

3.1.3 Pressure regulation and gas exchange

In organisms, gas exchange is carried on by diffusion governed by the Fick’s
law. The principal factors behind Fick’s law are the surface area of the
membrane where diffusion occurs, the thickness of the membrane, the con-
centration gradient, and the speed at which molecules diffuse.

According to [41], the tympanum is essentially a single large air-cell. How-
ever, whereas the mucosa covering the tympanum respects many of the
conditions for an efficient gas exchange, the surface area to volume ratio is
limited by the tympanum principally being a single large air cell, see Fig.
3.6.

Opposite to the tympanum, the mastoid air cell system presents a very
complex structure with a very intricate surface, especially at the level of
the antrum from where most air cells emanate, see Fig. 3.7.

The walls of each individual air cell often appear smooth. However, when
observing the locations where the air cells split from each other, these
conducts display spicules and columnar structures which greatly increase
the surface area in relation to the overall volume of the mastoid air cell
system.
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Figure 3.6: Enhanced representations of the tympanum at different depths, to
expose the regularity of its walls viewed from top to bottom. The
data was maximally cropped around the tympanum, using clipping
planes, to mostly concentrate on the tympanum itself, allowing a
better viualization.

Mucosa lining the mastoid in relation the tympanum
Compared to the mucosa lining the tympanic cavity, only a few studies
concerning the histological properties of the mastoid mucosa have been
reported. In only two scientific publications the structure of the human
mastoid mucosa has been compared to the mucosa lining the tympanum and
Eustachian tube. Only histological samples where taken from the antrum
part of the mastoid [6] [34].

While it is believed that the mucosa of the tympanic cavity in its antero-
inferior part is more specialized in clearance, the mucosa of the mastoid
would facilitate an efficient gas exchange by a significantly shorter diffusion
distance, and higher perfusion compared with the tympanic cavity [5] [18].

The next chapter gives a short comparison between a clinical CT scanner
commonly used in public hospital with a micro-CT scanner built at the
department of Physics and Astronomy in Ghent (Belgium).
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Figure 3.7: Representations of the mastoid air cell system at different depths, to
expose its shape complexity viewed from top to bottom.



4
Clinial vs Micro-CT Scanning

"Pedibus usque ad caput."
From head to toe.

4.1 Introduction

Both clinical CT and micro-CT scanners use X-ray technology. Before stat-
ing the differences between these two types of scanning, common features
are discussed.

X-ray Computed Tomography (CT) imaging consists of exposing an object
with X-rays at multiple orientations, while measuring the intensity decay
of X-rays when going through different materials. This decrease in inten-
sity is described in terms of the X-ray energy, the length of the X-rays
path, and the coefficients directly related to the material linear attenua-
tion. From the signals generated during X-ray attenuation, reconstruction
using specialized algorithms is necessary to produce the final image data.

The principal components of an X-ray tomography system are:

• an X-ray source,

• a series of detectors that measure X-ray intensity attenuation usually
located on the opposite side of the X-ray source in relation to the
scanned object,

• a rotating device either housing the X-ray source or on which the
scanned sample is spinning.

Most X-ray CT machines, especially in the clinical world, use an X-ray
tube. Other X-ray sources, such as a synchrotron or a gamma-ray emitter
can also be used.

Relevant characteristics concerning the X-ray tube are listed below:
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• the target material,

• the peak X-ray energy,

• the current expressed in Ampere,

• the focal spot size directly impacting the spatial resolution of the final
scan data.

There exists three main configuration types. As illustrated in Fig. 4.1
(A), the X-ray are collimated in a linear fashion and collected by a linear
detector array resulting in a so-called planar beam type of scanning. In Fig.
4.1 (B), parallel-beam scanning is performed using a synchrotron beam line
as an X-ray source. In cone-beam scanning, Fig. 4.1 (C), the linear array
is replaced by a planar detector, and the beam is no longer collimated.
Compared to Fig. 4.1 (A), cone-beam X-ray, parallel-beam scanning does
not have a collimator restricting the X-ray path.

Figure 4.1: Three types of scanner: (A) Planar Fan Beam, (B) Parallel Beam,
(C) Cone Beam [1].

In the case of a planar fan-beam configuration, scattering of the X-rays,
producing spurious additional X-rays outside the path going from X-ray
source and the detector, can be reduced using collimators. Such linear
arrays are more efficient than planar ones, such as in Fig. 4.1 (B and C),
at the expense of producing a single slice per scan. The aperture of the
linear array sets the thickness of the resulting slice. To get a 3D volume,
the scanned object needs to be moved normal to the path formed between
the X-ray source and the linear detector.
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For the parallel-beam type of scanning, a synchrotron beam line is used
as the X-ray source. A good feature of parallel-beam scanning is the lack
of distortion in the resulting data. However, the width of the X-ray beam
limits the size of the object to be scanned. Synchrotron radiation generally
has very high intensity leading to a quick acquisition of the data and objects
with a size of up to 6 cm in diameter can be imaged.

In the case of a cone-beam CT scanner, a planar detector replaces the need
for a collimator. The data is acquired during a single rotation and recon-
structed into images using a cone-beam algorithm. Some of the downsides
of a cone-beam CT scanner, are the blurring and distortion of the data at
the extremities of the object being scanned. When using high energy X-ray
for better resolution, X-ray scattering artefacts also hampers the final data.

There exist variants from these three CT configurations, such as multiple-
slice acquisition in which a planar detector is used but where the generated
data are reconstructed using a fan-beam reconstruction algorithm, along
with spiral scanning where the sample is displaced during the acquisition.

4.1.1 Clinical X-ray CT scanner

A conventional clinical CT scanner typically uses a planar fan-beam type
of configuration. A typical clinical X-ray CT scanner is illustrated in Fig.
4.2.

Figure 4.2: Conventional clinical CT scanner. Source: www3.gehealthcare.in
with personal artistic modifications.

Clinical computed tomography is used daily for medical applications since
the seventies. The bed on which the patient is lying on is sliding through
a doughnut-shaped gantry. The gantry of the scanner houses the X-ray
source, located on one side of the ring, and the set of detectors on the
opposite side, see Fig. 4.3. The frame holding both the X-ray source and
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the detectors rotates around the patient. The succession of radiographs
taken along the displacement of the bed forms a 3D image.

Figure 4.3: Photo of the internal part of a conventional clinical CT scanner [47].
Legend: T: X-ray tube, D: X-ray detectors, X: X-ray beam, R: Gantry
rotation.

The main parameters the radiology technologist needs to fine-tune which
contribute to minimizing the radiation dose are:

• the tube current (mA),

• the peak kilovoltage (kVp),

• the pitch (degrees),

• the gantry cycle time (sec.)

The number of electrons accelerated across the x-ray source tube per unit of
time defines the tube current expressed in milliampere (mA). This parame-
ter is not only an important factor for the resulting scan image quality but
more importantly for the amount of radiation dose imposed to the patient
[22]. Lowering the tube current leads to less radiation dosage, but affects
the resulting scan images with an increase in the noise level [38].

The peak kilovoltage (kVp) corresponds to the energy of the emitted X-
rays onto the patient being scanned. Each tissue type has its own range
of density which will affect the X-ray beam’s attenuation. Larger and/or
denser objects will require a higher energy peak voltage to make sure that
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a sufficient number of photons, from the X-rays, exit the body part being
scanned and then become collected by the detectors. To reduce the radia-
tion dose imposed to the patient, the peak kilovoltage can also be reduced
at the expense of an increased image noise reducing the contrast-to-noise
ratio, often leading to an increase of the tube current to compensate for
less noise [38].

Pitch, expressed in degrees (◦), is factor mostly related to the moving table,
on which the patient lays on, in a helical CT scanner. Pitch is calculated
as a proportion between the table feed, expressed in centimetres per full
rotation of the gantry, and the total width of collimated x-ray beam along
the z direction [35]. When increasing the pitch while keeping the tube
current per unit of time constant as the table moves, the radiation dose is
decreased.

Decreasing the radiation dose can also be achieved by decreasing gantry
rotation time, expressed in seconds (sec.); the faster the gantry rotation,
the lower the dose. Doubling the speed of rotation per full rotation of the
gantry reduces the dose essentially by half. As for the previous parameters
decreasing the dose level while tuning the gantry rotation time leads to an
increase in image noise.

The Scanning time is significantly longer compared to routine scans by
setting both a small collimator size and a low pitch value to increase the
scan resolution. The effective radiation dose for a head CT for temporal
bone imaging is usually around 2 millisievert (mSv).

Typical settings for a conventional clinical CT scan for temporal bone imag-
ing, used when scanning the temporal bone specimens in this study, are
listed below:

• Peak kilovoltage: 120 kVp

• Tube current: 131 mA

• Time (per rotation): 1.0 sec

• Spiral pitch factor: 0.53◦

• Overall average acquisition Time: 16 sec

• Reconstruction diameter: 135 mm

• Distance source to detector: 949 mm

• Distance source to patient: 541 mm

• Table height: 56 mm

• Exposure time: 1825 ms (about 30.5s)
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• Single collimator width: 0.625 mm

• Reconstructed slice thickness 0.625 mm

• Table speed: 10.625 mm/sec

• Table speed per rotation: 10.625 mm/sec/360◦

• Start: below mastoids (bottom)

• End: clear petrous bones (top)

• Pixel spacing: X: 0.298 mm, Y: 0.298 mm

• Rows: 512 pixels

• Columns: 512 pixels

• Encoding: 16 bits unsigned.

• Mode: Helical

• Filtering: "medium filter"

• Convolution kernel: "BONEPLUS"

The scanner used during this study is a LightSpeed Pro 32 scanner from
General Electrics MEDICAL SYSTEMS at the radiology department of
Aalborg Hospital South. More specifications about this scanner can be
found in [3]. A clinical CT scan of a patient’s head as well as a clinical CT
scan of a temporal bone specimen alone are illustrated in Fig. 4.4.

Figure 4.4: A clinical CT scan of a patient’s head and of a temporal bone spec-
imen. The yellow square reveals the mastoid of the patient of the
right ear (always seen on opposite direction in CT images). Clinical
CT scan of a temporal bone specimen giving more details about the
mastoid air cell system through adjustment of the scanner settings.

In the next section is presented the micro-CT used during the study.
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4.1.2 Micro-CT scanner

Micro-CT provides much higher-resolution and quality scans than a con-
ventional clinical CT scanner. From a general setup, instead of the X-ray
source and the detectors to rotate around the patients or object to be
scanned, the object itself is rotated on a turntable.

Figure 4.5: Photograph of the micro-CT scanner used in this study, from the de-
partment of Physics and Astronomy at Ghent University in Belgium
[33].

In this study, a custom-built micro-CT scanner available at the department
of Physics and Astronomy, Ghent (Belgium), was used for scanning of 8
bone specimens applying the scanning protocol as in [32]. Fig. 4.5 shows the
micro-CT scanner with the X-ray source located to the left, the turntable
placed in the middle on which the sample is carefully positioned, and the
flat panel detector. Each bone specimen was positioned in a plastic cup
on a computer controlled turntable, so as to avoid displacements during
rotation while being scanned.

Depending on the sample size, the peak kilovoltage of the X-ray source was
set to 120 kVp with 3 mm of aluminium of beam filtration, see Paper 2 for
the details. A full cone beam rotation scan was performed in 2 s of exposure
per projection to ensure a high signal to noise ratio. A series of about 2100
cross-sections was reconstructed using a software package called Octopus,
developed locally at the department of Physics and Astronomy in Ghent
[45].

A list of the scanning parameters is given below for one of the bone specimen
investigated during this study:
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• Beam power: 50 to 60 Watts

• Peak kilovoltage: 120 kVp

• Tube current: 500 µA

• Centre of rotation: 833.15 mm

• Source object distance: 387.9 mm

• Source detector distance: 1392.56 mm

• Vertical centre: 974 mm

• Tilt: -0.18 ◦

• Skew: 0.17 ◦

• Voxel size: 0.055296 mm isotropic

• Rows: 1708

• Columns: 1708

• Scan volume (X,Y,Z): 94.4mm× 94.4mm× 98.1mm

• Quality: bi-linear interpolation

• Mode = cone beam

• Filtering: regular

• Output type: 16bit

The resolution of the final data scan images depends on several components
such as:

• the X-ray detector resolution,

• the focal spot size,

• the geometric magnification,

• the filtering algorithm used to reconstruct the images,

• the stability of the turntable on which the specimen is placed.

While dose radiation is an important factor to minimize to preserve the
health of the patient being scanned, scanning a temporal bone specimen is
not affected by such a factor. However, a clinical CT scanner has some pre-
settings that cannot be overloaded by the radiological technologist. There-
fore, typical scan settings were used even for the bone specimens.

A slice from a micro-CT scan of a temporal bone specimen is illustrated in
Fig. 4.6.
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Figure 4.6: A micro-CT scan of a temporal bone specimen.

The signal-to-noise ratio (SNR), determining the quality of the scanned
data from of a CT scan, depends on the total exposure. SNR is proportional
to the tube current and the total exposure time. The SNR also increases
with kV but not proportionally. In medical scanners high power is used,
expressed in kilowatts, but a full scan is performed in a few seconds. In
micro-CT scanning, low power is used, expressed in watts, but the specimen
is exposed for a very long time instead, typically a thousand times for one
second compared to a clinical CT.

4.1.3 Estimated price

Price is also an important parameter. A medical scanner is around 1,000,000
eand possibly more. On the other hand the price of a typical micro-CT
scanner can be anywhere between 50,000 e and 1,000,000 e, but 250,000
e is a common average price.

The price of a single micro-CT scan is charged per hour of actual measure-
ment time at the department of Physics and Astronomy in Ghent, and is
fixed to 100 e. For a regular clinical CT of the same temporal bone using
the conventional clinical CT scan, was done for free with the agreement of
acknowledgment in publications related to these scans. But an estimated
cost would be similar to the fee charged for a micro-CT scan, about 100 e.
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After presenting the equipment used to produced the data, the next chapter
introduces the field of image processing, in which algorithms are used to
extract information related to the surface area and volume of the mastoid
air cells. The image processing tools are solely dedicated to X-ray type
of image scans. Image processing is thus important for investigating the
geometrical characteristics of the mastoid air cell system.
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Image Processing

"Abyssus abyssum invocat."
Deep calls to deep - (The more of the context of a problem that a scientist
can comprehend, the greater are his chances of finding a truly adequate
solution).

5.1 Introduction

This chapter provides a basic theoretical background of image processing.
Common image processing tools [15], often encountered in clinical studies,
as well as more advanced methods [14][26] [48] [49], more aimed towards
experimental work, are introduced.

A section about volume rendering is also included in this chapter, since it
relates to visualization of results from image processing along with original
data.

5.2 Basic image processing

In this section, some basic relevant notions of image processing are given.

5.2.1 Pixels and voxels

As for cameras, an X-ray computed tomography imaging device converts
the scanning of a body part, Fig. 5.1 to the left, into one or several digital
medical images. An image is sampled using a set of 2D (ideally Dirac)
impulses evenly spread across the object, see Fig. 5.1 at the centre. For
each impulse function, the imaging device picks up a single light intensity,
see Fig. 5.1 to the right. It should be noted that the supposedly continuous
input image, as shown to the left of Fig. 5.1 is a digital image but is
considered as continuous for the present explanation.
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Figure 5.1: Sampling a continuous image with a field 2D (ideally Dirac) impulse
functions to extract the image point-wise intensity. Note, the middle
illustration is pseudo-3D representation with the plane slanted for
visualizing the Dirac impulses.

To produce the final digital image, a grid (the image matrix), is virtually
defined around each sample with the samples being located at the middle
of each grid element, see Fig. 5.2 to the left. For visualization, the intensity
value from of each sample is then spread over the corresponding grid cell
through nearest neighbour interpolation, see Fig. 5.2 at the centre. This
process results in picture elements, commonly known as pixels, see Fig. 5.2
to the right.

Figure 5.2: Gridding and spreading the value to the overall pixel. The black
element in the left grid represents the pixel being processed, while
the sampled intensity value is located in the center of the block
element.

The same procedure is repeated for all samples emanating from the Dirac
sampling. The final result is a digital version of the continuous elemen-
t/medium being scanned, see Fig. 5.3.

The spacing between the samples defines the size of the pixel and therefore
the resolution of the final digital image. A larger distance between the
Dirac impulses results in a lower resolution implying a lower image quality.
On the contrary, a smaller distance between the Dirac impulses results in
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Figure 5.3: Digital output image.

a higher resolution, equivalent to a higher image quality.

In practice, a pixel represents an area rather than a single point. The value
associated with the pixel is therefore best thought of as an average value
over that area.

Generally, working with pixels can be done by accessing them using the
notion of indices as used for matrices, where the first index denotes the
columns, usually named x, and the second index denotes the position of
the rows, usually named y. The x-axis indexation goes from left to right.
The y-axis indexation goes from top to bottom.

In three dimensions (3D), a pixel turns into a volume element, also known
as a voxel. Using a similar approach, voxels represent an average over a
volume of data. As in the 2D case, the voxel is represented in terms of
indices, where x denotes the columns, y the rows, and z denotes the depth.

Figure 5.4: Voxel defined to the left, and 3D digital volume with the indices
given.

Now that the image generation has been introduced, the content of a pixel
will be briefly introduced.
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5.2.2 Grayscale content of an image

Medical images are most of the time stored as grayscale images representing
the brightness of the structures being scanned. The resolution of the image,
in terms of brightness, is defined by the number of different brightness
values that are permitted. A common range of gray values is a set of 256
discrete values ranging from 0 to 255, each pixel is then encoded as an
unsigned 8-bit integer (28 = 256). One of the main reasons for using 256
shades of grayscale values is related to the human visual system [16].

In X-ray CT scans, the lowest grayscale value, namely 0, represents pure
air or liquid, while a grayscale value of 255 represents the highest den-
sity material in the image. Bone, unless metal is present, is usually the
highest density material in a X-ray type of images. Soft tissue densites lie
in the middle; most often more towards air than bone. A very compact
representation is a so-called histogram as explained in the following.

Histogram
A histogram can be used to analyze the brightness and contrast of an image,
by displaying how the grayscale values of an image are distributed over the
whole range of brightness values. For each grayscale intensity present in
the image, the number of pixels having this grayscale value is accumulated.
The result is a graph as illustrated in Fig. 5.5, where the shaded area
represents the presence of each intensity value.

Figure 5.5: The 2D slice shown to the left has a histogram curve corresponding
to the right, where each bin is an accumulated sum of all pixels
belonging to each specific grayscale value.

As previously explained, three main peaks are present, see the right side of
Fig. 5.5. Because the image is mostly black due to the air surrounding the
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bone, the left peak is much higher than the other two peaks. The second
peak relates to the presence of soft tissues, mostly attached to the bone.

In the presence of metal, a fourth peak, very similar to the one representing
air, will be visible at the very end of the histogram. The peak is normally
very sharp, and is sometimes intermixed with the bone part of the his-
togram. The same principle applies for 3D volumes where a 1D histogram
represents all the voxels from the data scan.

Ideally, images do not contain noise, but in reality noise is always present.
In the following section, a brief discussion of noise present in the data scans
used in this study is given.

5.2.3 Image noise

The influence of noise in the data can be quite problematic in image process-
ing, especially when inferring statistics from the obtained measurements.
There are several types of noise that can be encountered in images. A

Figure 5.6: Original grayscale image (left), and noise added to the original image
(Gaussian with mean: 0.5 and std dev.: 65, extreme case for clarity)
(right).

common noise model in image processing is the Gaussian one. Gaussian
noise is characterized by two parameters; the mean value and the standard
deviation. The mean is normally zero, while the standard deviation can
model the spread of the noise intensity.

A fundamental different type of signal disturbance is for instance structural
noise, typically seen as rings in cone-beam CT or micro-CT scans with
streak artefacts. While unstructured Gaussian noise can be filtered out
in many cases, noise containing structures is much more challenging to
remove. In this work, only Gaussian noise has been considered, and other
types of noise have so far been discarded.
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For flat areas, where the image intensity is constant over an area or volume
(e.g. air or bone), removing the noise is fairly easy. In transition areas,
such as the transitions between air and bone as in the case of the mastoid
air cells, the noise can be more challenging to remove. This is why it is
always preferable to obtain high signal to noise ratio (SNR) data where the
noise will have a minimum influence on the data to process.

Convolution can be used to filter out the noise from an image. But before
explaining how to filter out the noise, a short introduction to convolution
is given.

5.2.4 Convolution

A convolution is performed by first defining a filter (also known as mask),
seen as a matrix whose values are called weights. For each pixel of the input
data, the center of the filter is placed on the top of the pixel, and the pixels
under the matrix are multiplied by the corresponding weights. The sum
of all the multiplications is finally stored in a pixel in a new image, called
the filter response. Convolution is considered as one of the most important
operations for signal and image processing.

Figure 5.7: Steps involved in the convolution process: a filter is applied on the
original digital image (left) to pick up a local subpart of the image at
a specific pixel and the neighbouring pixels (middle), a filtering step
is then locally applied on this subpart of the image, once processed,
the filter is moved to the next pixel (right).

Once the convolution has been performed for all pixels, the final output is
saved as a filtered image, see Fig. 5.8.

Different types of kernels or filters, such as the gradient filter to detect
edges in an image can be used through the convolution operation. Gradient
kernels are more specialized in obtaining the edges of objects present in the
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Figure 5.8: Processed digital image (right) resulting from the convolution of the
original digital image (left) with a sharpening filter.

image. For 2D images, the gradient filter is applied both along the rows
and along the columns, see Fig. 5.9.

Figure 5.9: Convolution with a gradient filter, both along the x direction
(column-wise) and along the y direction (row-wise).

When computing the magnitudes from the two gradients, along the x di-

rection and along the y-direction, using the formula
√(

∂f
∂x

2
)

+
(
∂f
∂y

2
)
, the

edges of the structures with a sharp transition in grayscale intensities be-
come dominant in the output image, see Fig. 5.10. The gradient filter is
also known as an edge detector.

Another type of filter is the quadrature filter, which will be introduced in
the next section. All these filtering are performed through convolution of
the respective kernel with the original image. In the next section, and for
simplicity, a box filter is used to filter the noise from the image. Issues
concerning the use of such kernels are then revealed.
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Figure 5.10: Magnitude from the gradient filtering revealing the edges of struc-
tures where sharp grayscale transitions occur.

5.2.5 Noise filtering

An easy way to filter the noise out is to perform a smoothing by averag-
ing over pixels in a mask or kernel that is convolved over the noisy data.
Two typical noise filters used in image processing are the box filter or the
Gaussian filter, and are introduced in the following.

The box filter, also known as a mean or average filter, blurs the image
and removes details as we will see part of the noise in the image as well,
by simply replacing each pixel value in an image by the mean value of
the neighbouring along with the pixel itself, see Fig. 5.11. A 3× 3 square
kernel is often used, but larger kernels, such as for instance 5×5 can be used
for more severe smoothing. Note also that a small kernel can be applied
successively, to produce a similar result though with some slight differences
compared to a single pass when using a large kernel.

Figure 5.11: Box filter with a kernel size of 3×3. The sign ∗ means convolution.
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Another filter, commonly used, is the weighted average filter called the
Gaussian filter. Gaussian filtering also blurs the image to reduce noise in
the image, but the kernel is shaped as Gaussian distribution instead of a
rectangular function, see Fig. 5.12. Because the image to be processed is
discrete, an approximation to the Gaussian function needs to be created
in a discrete fashion for the kernel, before convolving the image with the
kernel.

Figure 5.12: Gaussian 2D filter with a kernel size of 15× 15 (middle) applied on
the original image (left) to obtain a smooth version (right) of the
original image. The sign ∗ means convolution.

Other image denoising techniques exist, such as bilateral filtering, non-local
means, anisotropic diffusion and adaptive filtering. These techniques are
detailed in [21].

Once filtered, the aim is to extract the structure of interest from the image
data in order to extract metrics such as the surface area and volume. As
introduced in the next section, this extraction can be done using segmen-
tation.

5.2.6 Segmentation by thresholding

This section only deals with the type of segmentation used in this field
of hearing research. Many other segmentation methods exists such as the
local adaptive threshold, but their description is beyond the scope of this
thesis and are seldomely used in the clinical field [48] [49]. The reader is
invited to investigate the literature found in [21] [15].

The most common technique used in this field is to isolate a structure from
the rest of the data using a technique called binary thresholding. Binary
thresholding is applied in the following manner.
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Figure 5.13: Binary segmentation of the airspace in the mastoid bone using dif-
ferent threshold values (40, 60, 80, 100, 120) compared to the orig-
inal data (top left).

Every pixel whose value is above a certain threshold, or within a certain
range of values, is interpreted as foreground value, usually set to 1, while all
remaining pixels are considered as background, respectively set to 0. Fig.
5.13 shows an example of an image segmented at different threshold levels.
In this example, the airspaces pixels below the threshold are segmented
out and represented as white in the binary mask. As can be observed, the
higher the threshold the more structures are segmented along, including
the bone marrow in the trabecular spaces when the threshold is above 60.
Also, it can be noticed that some of the segmented structures start to be
attached to each others while they are not supposed to. This arises when
the threshold is close to the bone range of grayscale values, and where the
segmentation classifies some pixels belonging to bone as foreground (air)
and not as background (bone). This type of error is illustrated in the simple
representation shown in Fig. 5.14.

At the boundary of a structure, the CT intensity values change from the
level of one tissue to that of another tissue. However, this change is gradual
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Figure 5.14: Left: single structure, middle: two structures far apart leading to
the segmentation of the two structures, right: the structures are
too close, which leads to a single object in the segmentation result.

rather than abrupt, giving a blurred boundary interface. The interface, in
perfect condition, is measured exactly halfway between the two CT number
levels, known as half maximum height, or HMH, representing the mean
value of the two CT levels from both side of the transition.

Binary segmentation does not have any a-priori knowledge of the underlying
structures to be segmented. Therefore, all pixels or voxels above a certain
value from different structures will be segmented at the same time, forming
different components either connected or disconnected.

Because segmentation using thresholding technique does not contain infor-
mation of the structure to keep, a manual selection of that structure needs
to be done, see Fig. 5.15 to the right. The only requirement is to make
sure that the structure is disconnected from all segmented structures. The
selection was performed using a region growing tool, by first placing a seed
in the structure of interest and letting the algorithm segment all voxels
belonging to the structure [19].

Figure 5.15: Selection of a region of interest (right) from the binary segmentation
(middle) of the original data (left).

The result of the binary segmentation is often postprocessed using morpho-
logical operations, which are described in the following section.
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5.2.7 Morphology on binary images

Results from a binary segmentation can lead to misdetected or over-segmented
regions, while the remaining parts appear acceptable. An attempt to cir-
cumvent these issues is through the use of morphological operations. Four
morphological operators are commonly used: dilation, erosion, opening,
and closing.

Dilation consists primarily of enlarging the boundary of all the segmented
regions in the data, see Fig. 5.16.

Figure 5.16: Results from dilation operation (right) compared to the original
binary image (left).

Erosion, on the contrary, consists of shrinking the boundary of all the seg-
mented regions in the data, see Fig. 5.17.

Figure 5.17: Results from the erosion operation (right) compared to the original
binary image (left).

The last two morphological operators, namely opening and closing, are in
fact combination of dilation and erosion in different orders.
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Opening, corresponding to a succession of erosion followed by dilation, can
be seen as a morphological noise filtering. The small structures are first
removed from the binary data, and then all shrunk boundaries from the
erosion part are restored back to their original shape by the dilation step.
An example of applying a morphological opening on binary data is shown
in Fig. 5.18.

Figure 5.18: Opening operation compared to the original binary image.

Closing is, on the other hand, a succession of dilation and erosion. While
opening removes noise in the binary data, closing can be interpreted as a
filling the small cavities present inside a binary structure. An Example of
applying a closing operation on a binary image is given in Fig. 5.19.

Figure 5.19: Closing operation compared to the original binary image, see the
gray squares where merging occurred.

Despite a simple implementation and its usefulness for very simple shapes,
such as a cube or a sphere in 3D, results from morphological operations are
very often unsatisfactory for natural images (i.e. medical digital scans).

In some cases, even after a single pass of dilation or closing, some unwanted
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holes reside in the segmented object. A hole can be defined as a region of
pixels only having a background value (0), surrounded by a border of pixels
with foreground value (1). The algorithm, in that case, iteratively changes
the connected background pixels to foreground pixels and stops when the
boundaries defining the hole of the segmented object are filled, see Fig.
5.20.

Figure 5.20: A (top left): binary segmentation of the bone, B (top right): results
from the hole filling where some holes were not processed due to
incomplete borders (sides of the image), C (bottom left): Modified
version of A with the left, top, and right sides of the image covered
with a foreground value line. C (bottom right): successful filling of
the holes in the bone.

The cavities present in the bone in Fig. 5.20(A), when fully surrounded by
foreground value, are fully covered with foreground value, see Fig. 5.20(B).
However, it can be noticed that some cavities were not filled due to the
boundary not fully surrounding the cavity. To illustrate the fact, vertical
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and horizontal lines were added to the side of the image where bone is
present, see Fig. 5.20(A). This step ensures that all cavities would be fully
be surrounded by a boundary, see Fig. 5.20(C). Only the lower right part
of the image was not covered with a foreground line. When applying the
hole filling algorithm on Fig. 5.20(C), all cavities inside the bone are then
successively fully filled, see Fig. 5.20(D).

Such a technique can further help to extract a structure, such as the bone,
with all its content. However, when looking at the binary results, it is
almost impossible to know what lies under the voxels added during the
morphological step(s) being used. A possible way to verify what informa-
tion lies under these added pixels/voxels is to reassign the original data
over the binary data, as explained in the following through the masking
operation.

5.2.8 Masking original data over a binary segmentation

A possible way to recover the original data information from binary seg-
mented data, is to simply multiply the binary data by the original data.
All pixels or voxels that have a zero label will remain 0, while all the other
pixels or voxels that are of label 1 from the binary image data will recover
the original grayscale image.

Figure 5.21: Reapplying the original grayscale data on the binary data.

In an image processing pipeline for visualization, such a method could be
be relevant. However, when used as an intermediate step, masking from
a binary mask may introduce sharp edges on the side of the segmented
structures and can further lead to extra errors, and can worsen the results
further when drawing statistics from such operations.

It may sometimes become a challenge to fix problems either related to the
original image data itself, or resulting from one image processing operation.
Eventually, it may become impossible to know where the problem comes
from. For instance, changing the threshold in the binary segmentation may
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result in using an iteration of morphological operators, in order to allow the
hole filling to work appropriately. Another example arises when seeking the
true boundary of a bone. The CT level corresponding to the half maximum
height should be measured locally. This is the reason why it is difficult to
decide a global threshold to the overall image.

Global thresholding techniques, such as the one introduced by Otsu ([40]),
which is commonly used in clinical research, are very fast and generally
produce good results for the sole purpose of visualization. However, when
the segmentation is aimed at measuring some metrics accurately, global
thresholding will not be adequate. Local thresholding techniques estimate
a different threshold for each pixel, using the grayscale information from the
neighbouring pixels. However, local thresholding is rarely used in clinical
research, possibly due the need for replicability of their study in relation to
others or simply by not knowing its existence.

Also, an early stage segmentation discards a lot of information from the
original data that could be used in further processing. A good practice
is to perform a segmentation at the very last stage, where all information
from the data needed for the study have been taken into account.

The mastoid air cell system being now isolated from all other structures
from the scan data, metrics such as surface area and volume can be esti-
mated, as explained in the following.

5.2.9 Measuring surface area and volume

Estimating the volume from 3D data is fairly straightforward. It is usually
done through counting the number of voxels belonging to the structure,
and multiply this number by the voxel size.

Voxels containing a mixture of several tissue types within the same voxel,
also known as the partial volume effect, also need to be included since they
contain of portion of air in them. A solution is to reapply the original data
on the segmented binary data through the masking operation as explained
previously. The result from the masked data is then inverted, so that it can
be used as a percentage representation of the content of air in the mastoid
air cells.

When the voxels are fully containing air (white), it will represent 100% of
the voxel volume. Additionally, when a voxel contains a mixture of tissues,
the volume of air in that voxel will provide a percentage proportional to the
amount of air in it. As an example, if a voxel contains 50 % of both air and
soft tissue, the volume of air will be 0.5 of the voxel volume corresponding
to air.
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This method produces a slightly more accurate volume estimate, than just
using the binary segmented data. It should be noted that the presence of
noise, as in in Fig. 5.21, can also have an influence on the volume mea-
surement using such a technique, but is still believed to be a more accurate
measure than estimating the volume from the binary segmentation.

Figure 5.22: Surface mesh of a complete mastoid air cell system generated from
regular clinical CT scans (512× 512 pixels with a slice thickness of
0.625mm).

The surface area, however, is more challenging to estimate. One technique,
commonly used in many medical image processing applications, is to fit a
triangular mesh from a binary segmentation [28], from which it is possible
to measure the surface area. For each triangle composing the mesh, the
surface area is computed and the sum of each triangle surface area is then
accumulated to give the total surface area over the whole mesh.

Using such a triangular mesh, fitted to a binary segmented volume, depends
heavily on the resolution of the original data. If the resolution is too low, a
triangular mesh will be composed of relatively large triangles and will give
a rough estimate of the surface area. When the original data is of much
higher resolution, the triangles composing the mesh will be much smaller,
thereby giving a much more accurate estimate of the surface area.

All the mentioned methods are based on the grayscale values of the original
data. As introduced earlier, noise will inevitably corrupt the grayscale
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intensities and will inevitably lead to using different "tricks" to circumvent
some of the encountered issues.

Moreover, it may be difficult to define a specific order on how to apply the
different image processing tools. Nonetheless, it is often necessary to assess
the results from one step, go back to a previous step, re-tune the parameters
for that step, and move on to the following steps, leading to a hit-or-miss
type of global method. While some methods can be used globally for the
whole image, some require local adaptivity.

The image, itself, can allow the use of global methods or involve more
complex local methods. Further, working with large dataset implies a lot
of bookkeeping, especially when working with blocks of data to be combined
again afterwards.

Also, it can be noted that this line of thinking leads to segmenting the struc-
ture of interest in order to extract information from it. Another strategy
is to define the conditions for the structures of interest to be investigated,
and use such a-priori information in order to extract these structures from
the original input data. The next section introduces more advanced image
processing methods, aimed towards the implementation of such a philoso-
phy.

5.3 More advanced image processing

In this section, a different line of thinking is presented. It relates to ex-
tracting all relevant a-priori information about the structure of interest and
then use this information to guide the algorithm to detect these structures
of interest. Before defining the conditions to find such a-priori information,
several topics need to be introduced to understand this line of thinking.
For humans, as for many other species, vision is a very important part of
our sensory system. Detecting a special object of interest in the surround-
ing involves different sources of information such as for instance colours,
patterns, and shapes.

In fact, an object is mostly characterized by its size and its edges, whether
being sharp or smooth. Lines are also important in the vision system, since
they allow us to delineate between different structures or objects. Using
such information is therefore essential when looking for a specific structure
in a 2D image or 3D volume.

Even if an object of interest has globally a very complex structure, it can
locally be represented with very simple structures such as lines or edges,
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Figure 5.23: Examples of lines and edges.

all with different orientations, see Fig. 5.23. A real case is shown in Fig.
5.24.

Figure 5.24: Lines and edges in different regions of an image.

Such transitions, whether a line or an edge, can be seen as simple signals in
1D. One approach is to develop a method defining a one-dimensional tem-
plate for a line and for an edge, rotate these templates in several directions
(2D or 3D), and detect them in the original 2D image or 3D volume. Rel-
evant tools from digital signal processing can be used when building such
filters [25]. As will be explained in the following of the thesis, information
about the frequency domain along with the spatial domain is needed.

In fact any signal, such as a complete image, can be decomposed in terms
of sinusoids with different frequencies. For instance, if a profile is taken
along a single image from a data scan, the grayscale intensity profile along
that line can be extracted, see Fig. 5.25. It should be noted that a line in
2D corresponds to a sheet or a surface in 3D.

According to Fourier theory, the signal describing the profile can be decom-
posed into sinusoids each having a unique frequency, see Fig. 5.26. When
combining all these sinusoids with respective frequencies, it is possible to
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Figure 5.25: Grayscale intensity profile (right) extracted from the white line
overlaid on the original image (left).

reconstruct the original profile shown in Fig. 5.25. In this example, the
reconstruction from three different set of frequencies are shown. It can be
observed that the reconstructed profile in the lower graph is very similar
to the intensity profile shown to the right in Fig. 5.25.

Figure 5.26: Reconstruction of the intensity profile given in Fig. 5.25 from three
different sets of sinusoids.

The operation of breaking this intensity profile into sinusoids of different fre-
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quency was performed through a so-called Fourier transform. The Fourier
transform plays a central role in signal and image processing, and is used
when defining the template for line and edge detection in this study.

In the following section, all elements related to the design of the line and
edge filters are briefly introduced focusing more on the philosophy rather
than on the mathematical aspect, though some mathematical expressions
will be given. A more complete account is given in [16].

5.3.1 Filter design

As introduced earlier, the edges and lines defining the structures can be
decomposed in terms of sines and cosines. To pick up sine and cosine
information from a natural signal, a solution is to create a filter to only
pick a certain wavelength or range of frequencies. For illustrative purposes,
only one frequency is shown in the following figures.

Before digging into the filter design, the Fourier transform of both the cosine
and sine needs to be resumed first. For the cosine, defined as f(t) = cos(ωt)
with ω = 2πf for a 1D signal in the spatial domain, the Fourier transform
becomes

F (u) =
∫ ∞
−∞

f(t)e−i 2πutdt

=
∫ ∞
−∞

cos(ωt)e−i 2πutdt

=
∫ ∞
−∞

cos(ωt)[cos(−2πut) + i sin(−2πut)]dt

=
∫ ∞
−∞

cos(ωt) cos(−2πut)dt+ i

∫ ∞
−∞

cos(ωt) sin(−2πut)]dt

=
∫ ∞
−∞

cos(ωt) cos(−2πut)dt︸ ︷︷ ︸
6= 0 when u = ±ω

− i
∫ ∞
−∞

cos(ωt) sin(2πut)]dt︸ ︷︷ ︸
= 0 for all u.

= 1
2[δ(u+ w) + δ(u− w)] (5.1)

The Fourier transform of a cosine is illustrated in Fig. 5.27. Where two
impulse responses are located at −ω and +ω.

Similarly for the sine wave, defined as f(t) = sin(ωt) with ω = 2πf in 1D
in the spatial domain, the Fourier transform becomes:

F (u) = 1
2 i [δ(u + ω)− δ(u − ω)] (5.2)

As can observed, the Fourier transform of the sine is imaginary, see Fig.5.28.
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Figure 5.27: Fourier transform of a cosine.

Figure 5.28: Fourier transform of a sine.

Fig. 5.29 shows side by side, using three axes, the Fourier transform of
cos(wt) and0 sin(wt). The Fourier transform of the cosine lies along the
plane formed by the real axis and the frequency axis. The Fourier transform
of the sine lies on the plane formed by the imaginary axis and the frequency
axis, normal to the real plane.

To avoid involving complex notation, a possible solution is to perform the
Fourier transform of i sin(ωt) instead of sin(ωt), leading to a rotation of the
Fourier transform of the sine along the real plane instead of the imaginary
plane, see Fig. 5.30 or in a simpler form viewed in 2D form as in Fig. 5.31.
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Figure 5.29: Fourier transform of cosine located along the real plane and the
Fourier transform of the sine is located along the imaginary plane,
normal to the real plane.

Figure 5.30: Fourier transform of cosine and the sine are now both lying located
along the real plane.

Figure 5.31: Fourier transform of cosine and the sine are now both lying located
along the real plane.

Obviously, since the Fourier transform of a cosine and a sine each produce
only a set of impulses for both ω and −ω whether positive or negative,
using such impulse response to design a filter would make no sense since
their inverse Fourier transform would have an infinite support. A filter by
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definition needs to be local in order to extract local information from an
image.

To achieve locality, setting an impulse for different frequencies very close to
each other around a frequency of interest, the centre frequency, and adding
the contribution of each impulse will produce a filter that becomes more
and more local. As an example, let’s take a cosine and a sine for 5 different
frequencies, see Fig. 5.32.

Figure 5.32: 5 cosines (left) and sines (right) with the same respective frequen-
cies, represented both in the spatial domain and in the frequency
domain. Only one period is represented for clarity purpose, but
each impulse in the frequency domain represents a infinite long co-
sine or sine of the specified frequency.

When adding cosines with different frequencies together, a major signal
component appears at the centre with some ripples on either side of the
component, see Fig. 5.33 (left column). The same applies for the sine
components added together, Fig. 5.33 (right column).

The quest of localization for the filter is then to suppress the ripples on
either side of the signals, while keeping the major component. To give
more emphasis on the main lobes at the centre of the signals in Fig. 5.33,
while attempting to discard the ripples, a weighting window or function
can be applied to the impulses used during the summation. In Fig. 5.34,
two different types of weighting are applied.

A first weighting function is made linear corresponding to a pyramid, with
for instance a weight of 0.1 for the outmost frequency in relation to ω
(respectively −ω), a weight of 0.5 is given to the innermost impulse, while
the middle impulse, ω or −ω, is given a weight of 1. In the second part a
non-linear weighting function is used instead of a linear one, with for this
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Figure 5.33: Summation over 5 frequencies in the spatial domain for both the
cosine (left) and sine (right) and representation of the impulses that
were used during the summation.

example a weight of 0.2, 0.7, 1, 0.7, and 0.2 respectively.

Figure 5.34: Linear and non-linear weighting functions applied to the impulses
before summation, giving the effect on the signals in the spatial
domain.
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The ripples, in the case of non-linear weighting appear to be minimized,
making the filter in the spatial domain very localized. Overlapping the
resulting signals from the non-linear weighting - i.e. cosine and sine - in
the spatial domain, we can observe a good match in localization, see Fig.
5.35.

Figure 5.35: Overlapping the results from the non-linear weighting of both the
cosine and sine.

From Fig. 5.35, the left signal is even in relation to its center and is defined
in the real part as illustrated in Fig. 5.29 to the left. The second signal to
the left is odd in relation to its center, and is defined in the imaginary part
as illustrated in Fig. 5.29 to the right.

If the even part is denoted fe(x) and the odd part denoted fo(x), we can
see that fo(x) is the Hilbert transform of fe(x). This property leads to the
notion of quadrature, where these two components form a complex pair
in the spatial domain. The real part is defined as a line filter and the
imaginary part is defined as an edge filter.

When convolving the quadrature filter over an image, when a line structure
is met, the response of the filter will be dominant in the real part, while
when the filter encounters an edge, it will produce an imaginary response.

It is possible to map the type of structure encountered in the image, using
the so-called local phase and local amplitude or magnitude [23]. The local
phase is defined as

θ(x) = arctan
{ fe(x) ∗ f(x)

fo(x) ∗ f(x)

}
(5.3)

where ∗ denotes the convolution. The local magnitude is expressed as

A(x) =
√

[fe(x) ∗ f(x)]2 + [fo(x) ∗ f(x)]2 (5.4)

The local phase can be mapped in a color coding representation on a com-
plex plane where θ represents the angle and A represents the magnitude of
the vector, illustrated in Fig. 5.36.
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Figure 5.36: Coding of the local phase.

The advantage of using the local phase using quadrature filters is the fact
that it is contrast independent. Where gradient-based type of filters can
most of the time only detect edges formed by rapid transitions between two
distinct regions of different intensities, the gradient-based filters will very
often fail in detecting smooth edges or edges having low contrast, [26]. In
the case of local phase a line, hardly detectable using common gradient-
based filters, will provide the same local phase as a weak defined line.
A strong magnitude provides a high confidence in the detected structure
type. In locations where the magnitude is close to zero, meaning a little
confidence, the local phase mainly represents noise. In Fig. 5.36, the
argument of the local phase is kept constant to a maximum on the unit
circle.

The quadrature filter used in this work is presented in the next section.

5.3.2 The quadrature filter

To pick up energy in all possible orientations, the quadrature filter is built
as polar (i.e. spherically) separable in the Fourier domain with an arbitrary
but positive radial bandwidth functionR(ρ) and a direction functionDk(û).

Fk(û) = R(ρ)Dk(û) (5.5)

Mathematically, the quadrature filter in the frequency domain, Fk(u), is
defined as [23] {

Fk(u) = R(ρ)(ûT n̂k)2 if (û · n̂k) ≥ 0
0 otherwise (5.6)

where u is the coordinate vector in the Fourier domain, û is a unit vector
directed along u, nk is the direction of filter k, and ρ = |u|.
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The radial basis function and the direction function are detailed in the
following subsections.

The radial basis function

The radial bandpass function R(ρ) is typically designed as a bandpass func-
tion based on a center frequency and a bandwidth. A suitable radial func-
tion for estimating local image structure is based on the log normal function,
a normal distribution in the logarithmic scale:

R(ρ) = e(4ln2/B2)ln2(ρ/ρ0) (5.7)

where B is the relative bandwidth of the filter and ρ0 is the center frequency
of the filter, illustrated in Fig. 5.37.

Figure 5.37: Shape of the lognormal function defined with the bandwidth B,
the low and high cutoff frequencies ρL and ρH defining the centre
frequency ρ0.

It determines in what scale the filter has its sensitivity, meaning what the
filter will detect. Practically, the centre frequency and the bandwidth,
respectively given by:

ρ0 = √ρlow.ρhigh (5.8)

and

β =
logn(ρhigh

ρlow
)

logn2 (dB) (5.9)

with ρhigh and ρlow corresponding to the high and low frequency bounds
defining the bandwidth of the filter. The centre frequency corresponds to
a wavelength (measured in pixels):

λ0 = 2π
ρ0

(5.10)

The filter should cover at least one wavelength and in practice 1.5 or even
2 wavelengths. The following table helps choosing the spatial size:
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centre frequency µ0 wavelength λ0 linewidth(λ0/2)
π 2 pixels 1 pixels
π/2 4 pixels 2 pixels
π/4 8 pixels 4 pixels

The direction function

The direction function, Dk(û), varies as cos2(φ) where φ is the difference
between u and the filter direction nk and given by

Dk(u) =
{

(û · n̂k)2 if (û · n̂k) ≥ 0
0 otherwise (5.11)

where n̂k are the directions in the Fourier space where each quadrature
filter picks up energy from the local neighborhood. In 3D, it is common
to use six quadrature filters along different directions, see [16] for further
explanations about this specific choice. The six directions are defined as

n1 = c (a 0 b)T ,
n2 = c (−a 0 b)T ,
n3 = c (b a 0)T ,
n4 = c (b −a b)T ,
n5 = c (0 b a)T ,
n6 = c (0 b −a)T .

(5.12)

with a = 2, b = 1 +
√

5, and c = 1√
10+2

√
5
.

The combination of the radial function and the angular function is sum-
marized in Fig. 5.38. The radial function is by itself smooth, but to get
a smooth transition between the angular function, a cos2 function as a
directional function.

Without the cos2 weighting, the sharp transitions would result in undesired
effects on the final output data. This graph illustrates the case for an image.
In 3D, a spherical shell with a thickness corresponding to the bandwidth
of radial function would be formed.

A pseudo-representation of the radial function in 2D is given in Fig. 5.39
illustrating the lognormal function used as a radial function viewed from
above.

The magnitude of the quadrature filter output is then computed as

qk = ‖ 1
2π

∫
S(u)Fk(u) du‖ (5.13)



62 Chapter 5. Image Processing

Figure 5.38: Sketch of the radial and angular functions for different directions k
with their respective smooth variations.

Figure 5.39: Pseudo-representation of the lognormal radial function in 2D.

where S(u) is the Fourier transform of the original data set.

Because both spatial and frequency domains are used at the same time, the
ideal filter needs to be fitted into a limited mask (both in the spatial and
in the frequency domains), an operation called filter optimisation is needed
[24] [25].

An example of the real and imaginary parts of an optimised quadrature
filter are represented in Fig. 5.40, and the corresponding optimized quadra-
ture filter in the frequency domain is illustrated in Fig. 5.41.

For each local neighborhood of each visited pixel, the filter response pro-
vides a contribution from the six directions. The contribution of the filter
response from each direction of detected local structure needs to be stored,
for each visited voxel in the image. Such a contribution cannot be rep-
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Figure 5.40: Real and imaginary part of the optimized quadrature filter: left)
real part, b) imaginary part.

Figure 5.41: An optimized quadrature filter in the frequency domain.

resented by a point or a vector alone. A structure to englobe the total
information for each voxel is therefore needed.

The need of storing the contribution from each direction for each voxel
has been encountered in many fields, where physical properties need to be
locally described. A mathematical field has emerged where tensors can
englobe all the information in each voxel. The notion of tensor should not
to be confounded with the muscle type, such as the tensor tympani used
to dampen sounds when for instance chewing. Derivation of the tensor
analysis is briefly stated in the following section.

5.3.3 Tensor analysis

While a vector is defined as a list of values and a matrix is defined as a
table of values, the natural evolution of such taxonomy would be a list of
tables or a table of lists. Therefore, tensors can be seen as a generalization
of matrix of N dimension. When considering more than one direction, such
as in the case of the quadrature filtering with the contribution from the six
different orientations, a tensor is an adequate solution.

The next step in this study is to compute the tensor, which will include all
the local structures derived from the quadrature filtering from the original
data from all six directions. The naming of structure tensor will be used
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during the rest of the manuscript. The estimate of the structure tensor can
now be constructed as

Test =
6∑

k=1
|qk|Mk (5.14)

with |qk| being the absolute value of the quadrature filter output, and Mk

is defined as
α n̂kn̂Tk − β I (5.15)

where n̂k is the orientation of the quadrature filter k, I is the identity
matrix, α is 5/4, and β is 1/4 in the 3D case, see[16] for more details on
the choice of α and β. Because the tensor matrix is symmetric, the tensor
components can also be written as follows (for the 3D case):

T =

 t11 t12 t13
t12 t22 t23
t13 t23 t33

 (5.16)

The advantage of using a tensor resides in the possibility of extracting the
eigenvalues and eigenvectors from the local structures. The eigenvalues
and eigenvectors inform us about the energy contribution of the signal at
the particular voxel in a local neighbourhood in particular orientation. The
main reason of extracting the eigenvalues and eigenvectors is the possibility
to visualize such information through the use of ellipsoids. Ellipsoids are
defined with three axes, the eigenvectors, and the magnitude defined along
each axis determines the shape of the ellipsoid through the eigenvalues, see
Fig. 5.42.

Figure 5.42: Ellipsoids defining: (A) the linear case with λ1 � λ2 ' λ3, (B) the
planar case where λ1 ' λ2 � λ3, and (C) the isotropic case where
λ1 ' λ2 ' λ3.

Specific combinations of eigenvalues and eigenvectors can then be defined.
Linear structures (also known as prolate or cigar-shaped structure), can be
extracted when λ1 � λ2 ' λ3. λ1 is the dominant componant, while λ2
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and λ3 are similar but much smaller in magnitude compared to λ1, see Fig.
5.42(A).

Planar structures (also known as oblate or disc-like) can be extracted when
λ1 ' λ2 � λ3. In this case, λ1 and λ2 are similar and much larger than
λ3. Therefore the two dominant components λ1 and λ2 form a plane with
a slight protrusion along λ3, see Fig. 5.42(B).

Isotropic structures (also known as spherical) can be extracted when λ1 '
λ2 ' λ3. In that case, because all λs are equivalent, the ellipsoid becomes
a sphere without any specific orientation and therefore called isotropic, see
Fig. 5.42(C).

To visualize the results from analysis such as the structure tensor analysis
along with the original data, volume rendering is very helpful. The theory
behind volume rendering is by far beyond the topic of this thesis. Good ref-
erences exist about this field of research, among others [13]. Some features
that were extensively used during this work are explained in the following
section.

5.4 Volume rendering

Compared to visualization of the data in 2D through slicing back and forth,
volume rendering allows rotating the loaded data in all possible directions in
an interactive manner. Hiding unwanted structures, without removing the
information from the original data is also possible, allowing for instance to
only visualize bone. Hiding data can be done in two manners and possibly
a combination of the two methods when necessary. The first method is
through the use of a transfer function, and the second method relates to
the use of clipping planes, detailed in the following.

Transfer function

A transfer function is a technique to assign a colour (RGB: red green and
blue) or a gray shade for each voxel in the 3D volume. To enable the hiding
of voxels that are not of interest, an parameter is used to set the opacity
(opposite to transparency) for each voxel, commonly called α. Together,
the combination of the color and the alpha value is commonly known as a
RGBα value per voxel.

A one-dimensional transfer function maps the RGBα value for every grayscale
intensity from the original data volume. A typical example is [0, 255].
Multi-dimensional transfer functions allow multiple RGBα values to be
mapped to a single isovalue, but this topic is left to the reader to read
more about it in [13].



66 Chapter 5. Image Processing

For ease of manipulation, the transfer function is sometimes overlaid on
a the histogram of the visualized data. Interactive manipulation of the
transfer function allows setting some control points on a curve, typically
a piecewise linear function where the breaking points are defined by the
control points. By setting a specific colour for these control points, it is
possible to create linear colour gradients between two colours. The vertical
placement of the breakpoint defines the opacity level, with a magnitude of
0 reflecting that specific grayscale value to be set to transparent, while a
breakpoint positioning at a value of 1 allows this grayscale value to be fully
opaque.

The default transfer function, usually found in volume rendering, is a lin-
ear ramp ranging from 0 for the lowest grayscale intensity setting all the
black pixels as transparent, and linearly increasing up to 1 for the highest
grayscale intensity. For 2D medical images, this type of transfer function
is not very useful, but it becomes practical in 3D. Hiding all black voxels
from the data in 3D allows to visualize the objects of interest, while dis-
carding the air and noise around the objects of interest. If not hidden, the
visualized data will simply be a black cube.

Different examples of volume rendering are given in Fig. 5.43. For each
example, the transfer function is available below the rendering.

In Fig. 5.43(A), the default ramp is used all the way from the low grayscale
value to the highest grayscale value. In Fig. 5.43(B), colours are assigned
to some of the control points. Blue represents air, brown represents soft
tissues with two different types of brown to give a more realistic feeling,
while bone is defined as different grayscale values to respect the traditional
way of visualizing bone in volume rendering.

One can observe the air within the mastoid air cells while the brown in
some of the cells clearly indicates that these cells pertains to trabecular
spaces containing bone marrow. In Fig. 5.43(C), the blue colouring is
removed and all air voxels are hidden by setting the opacity down to 0.
In Fig. 5.43(D), the transfer function is modified so that only transition
between bone and all remaining structures is visible. This allows to provide
information about the internal content of the bone.

The right side of the transfer function in Figs. 5.43(A), 5.43(B), and 5.43(C)
contains a linearly decreasing ramp down to 0. These respective ramps are
intended to remove possible possible artefacts that contain high density
grayscale values, when present. Another possibility to hide, but not physi-
cally remove, unwanted information is to use clipping planes.
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Figure 5.43: Volume rendering of a partial bone scan with varying transfer func-
tions.

Clipping planes
Clipping planes can be placed around the 3D volume along the six different
locations: anterior, posterior, superior, inferior, left, and right. This option
allows to interactively hide all voxels in front of these clipping planes, while
keeping the remaining voxels behind the clipping planes visible, see Fig.
5.44.

To resume, in Paper 1, the more basic image processing tools were used
to extract the surface area and volume from micro-CT scans of 8 eight
temporal bones.

In paper 2, volume rendering with the use of a transfer function such as in
Fig. 5.43(D), helped revealing the micro-channels, their orientations, their
course, and how they are related to outside structures and to mastoid air
cells. Clipping planes were also very useful in hiding unwanted structures
to mainly focus on the micro-channels.
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Figure 5.44: Clipping planes used to hide part of the data. A) The original data
is fully rendered. B) The initial clipping planes are activated around
the full data. C) The clipping planes are interactively displaced and
rotated to only expose the part of interest from the original data.
D) Only the remaining region of interest is visualized and zoomed
to appreciate the details. The white and yellow stars, defining
mastoid air cells, are used as references in relation to subfigure A.

In Paper 3, the structure tensor representation can be used when investi-
gating the structural shape of the micro-channels. The ellipsoids are not
visualized. Only the eigenvalues of these three specific cases are mapped
into one of the R,G,B color channel. From an interpretation point of view,
using a structure tensor representation helps understanding the underlying
structures from the data; as for instance how tubular the micro-channels
are along their path and to reveal elements with a combination of planar
and tubular structures inside them as the hub illustrated in Fig. 4(G) or
Fig. 4(H) in the paper.



6
Contributions of this thesis

"Ex nihilo nihil fit."
Nothing comes from nothing.

6.1 Introduction

Three different but yet related contributions are presented in this thesis.
The first contribution concerns the determination of the surface area and
volume, in order to estimate the surface area to volume ratio of the mastoid
air cell system through the use of micro-CT. The second contribution con-
cerns the discovery of micro-channels within the mastoid bone, hypotheti-
cally providing an extra blood supply to the mucosa lining the mastoid air
cell system. A preliminary investigation of these micro-channels was then
performed. The third contribution involves a more in-depth analysis of
these discovered micro-channels, through a structure tensor analysis. The
first section details the results obtained from the first contribution. The
second section is devoted to the description of the micro-channels while the
third section introduces an analysis of their structural shapes.

6.2 Contribution 1. Surface area and volume of
the mastoid air cell system

Despite the interest demonstrated by recent studies in this field of research,
only a few studies have determined the surface area of the mastoid air cell
system, [37] [41]. The reason for the lack of studies are multi-fold and are
partially introduced in Paper 1.

The number of mastoid air cells observed on a slice from a clinical CT
scanning, is far lower than what can be observed on an exposed mastoid
from a dry bone. Therefore, clinical CT scanning does not represent the full
range of air cell size, and segmenting the mastoid air cells based on clinical
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CT scanning will lead to an inaccurate estimate. The usual segmentation
procedure used in previous studies relies on a global threshold technique.
If the threshold is set too low, the segmented air cells will appear smaller
than their real size, and the opposite for a threshold set too high.

When performing a statistical analysis on the size of the mastoid air cells
based on clinical CT scans, all these combined effects will have a much larger
effect on the estimation of the surface area than on the volume calculation,
especially for the complete MACS.

A possible solution is to increase the resolution of the image data. Small air
cells that were hampered by partial volume effects on clinical CT scans are
well represented when using micro-CT. Similarly, the septae are now well
defined on the micro-CT scans. A longer exposition time combined with a
higher X-ray dose can be achieved by using micro-CT scanning, allowing
such increase in resolution. To determine the surface area and volume of
the mastoid air cell system, four main steps were established in order to
extract the mastoid air cell system from the rest of the scanned data.

Figure 6.1: A) Axial slice from the original data at the level of the tympanum
for bone 5. B) Segmentation of the same bone displaying only the
bony parts by using thresholding. Legend. C: cochlea, EC: ear canal,
FN: facial nerve, MACS: mastoid air cell system, SS: sigmoid sinus,
TPN: tympanum, TS: trabecular spaces.

The first step aimed at separating the temporal bone from all other types
of structure in the data, by segmenting the original scan data, visible in
Fig. 6.1(A), using simple thresholding technique, see Fig. 6.1(B). Because
the bone naturally contains many spaces either filled with soft tissues such
as the trabecular spaces, or filled with air such as the mastoid air cells, the
3D segmented binary bone data contained many cavities, see Fig. 6.1(B).
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The second step was then to fill all the holes within the binary bone mask
while closing any possible opening to the outside air, see Fig. 6.2(A), and
to reassign the original data on the full binary bone mask, see Fig. 6.2(B).

Figure 6.2: A) Filling the bone mask to include all internal structures within
the binary mask. B) Re-applying the original data on the filled bone
mask.

The third step consisted of two consecutive operations: segmenting out the
mastoid air cell using another threshold on the masked thresholded result
from the previous step, see Fig. 6.2(B). The threshold was empirically
decided based on the air density for each bone specimen, see Fig. 6.3(A).

Figure 6.3: A) Extraction of all cavities within the bone using a second thresh-
olding. B) Extraction of the mastoid air cell system from all other
cavities.

However, the segmented air included all possible airspaces including the
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mastoid air cell system, along with the tympanum and other unwanted
structures. Therefore manual separation of the mastoid air cells from un-
wanted structures was needed and performed through region growing, see
Fig. 6.3(B).

The fourth step ensured the inclusion of all possible voxels containing air,
for the final estimate of the surface area and volume of the mastoid air
cell system. Voxels at the transition between air cells and the surrounding
bone, known as transition voxels, contain a mixture of different structures
such as air, bone, and eventually some percentage of mucosa when the size
of a voxel is close to the thickness of the mucosa, i.e. around 40µm. To
cope with partial effect, the binary data representing the mastoid air cells
only was dilated, by adding one or more layers of foreground voxels around
the segmented mastoid air cells, to include these transition voxels.

Figure 6.4: A) Original data applied on the dilated version of the mastoid air cell
binary mask. The lighter gray border represents the transition voxels
between air within the air cells and the bone surrounding them. B)
Inversion and rescaling of the original data reapplied on the mastoid
air cell system binary mask for the final calculations. The darker
gray border respectively represents the transitions voxels in an in-
verted scale.

The dilated binary representation of the mastoid air cell system was re-
assigned its original values, giving a masked mastoid air cell system as
represented, see Fig. 6.4(A). The white line surrounding the mastoid air
cells represents all transition voxels, see Fig. 6.4(A). To give more weight
to the air content, seen as dark gray part in Fig. 6.4(A), rather than on the
bone content, the grayscale data of the masked mastoid air cell system was
inverted while keeping the background unchanged. The grayscale values
were then rescaled from 0 to 1, to express the quantity of air present in
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each voxel in terms of percentage; 1 meaning a voxel fully filled with air
while 0 meaning a voxel only containing bone, see Fig. 6.4(B).

Estimation of the final volume for the complete mastoid air cell system was
possible by accumulating the air content in each voxel and multiplying the
resulting sum by the volume of one voxel. The rescaled grayscale represen-
tation of the mastoid air cell system was therefore thresholded at the value
of 0.5. A triangular mesh was then created from the 3D volume and the
final surface area was estimated based on the triangular mesh, see Fig. 6.5.

Figure 6.5: A segmented mastoid air cell system from which the surface area can
be estimated.

The surface area to volume ratio was then computed by dividing the esti-
mated surface area by the estimated volume.

To compare the results obtained from this study with previous studies
performed on clinical CT scans, the final binary volume representing the
mastoid air cell system in Fig. 6.4(B) was downsampled successively 4
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times by a factor of 2 for each dimension (X, Y, Z); thus reducing the size
of the binary volume by 23, also known as an octave, for each iteration.

This downsampling operation was performed four times leading to five vol-
umes with resolutions ranging from the original resolution to a resolution
close to a conventional clinical CT scanner, i.e. approximately 600µm.

For each downsampling level, the volume and the surface area were esti-
mated accordingly and the surface to volume ratio derived. The results are
taken from Paper 2. However, for clarity, these results are repeated in the
following of the section.

Fig. 6.6 resumes the measured surface area (cm2) for the 8 bones plotted
against 5 different resolutions represented on a logarithmic scale from their
respective original resolution down to a resolution found in clinical CT
scanners with three intermediate resolutions chosen to allow a logarithmic
scale.

Figure 6.6: Estimated surface area over the different data resolutions (OS: orig-
inal size, DS1: downsampling 1, DS2: downsampling 2, DS3: down-
sampling 3, DS4: downsampling 4) for the 8 bone specimens.

The results clearly show a non-linear trend for all bone specimens. For the
original resolution (OD), the measured surface areas for all bones picture
a large variation, ranging from 74cm2 (Bone 3) to 297cm2 (Bone 4) with
a mean of 194cm2 (SD= 76.5cm2). On the lowest resolution (DS4), the
measured surface areas for all bones form a much narrower range of val-
ues between 24cm2 (Bone 3) to 91cm2 (Bone 6) with a mean of 56.5cm2

(SD=29.6cm2).
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Figure 6.7: Plot of the volume over the different data resolutions (OS: original
size, DS1: downsampling 1, DS2: downsampling 2, DS3: downsam-
pling 3, DS4: downsampling 4) for the 8 bone specimens.

In Fig. 6.7, the corresponding volume measurements (cm3) for the 8 bones
are plotted with the same logarithmic scale as in Fig. 6.7. Whereas the
volume measurement for bones 2, 3, 6, and 8 can be seen as varying linearly
over the different scan resolutions, the volume measurement for bones 1,
4, 5, and 7 present a more non-linear pattern, though following a similar
trend when compared with each others. For the highest resolution (OD),
the mean value is 9.5cm3 (SD = 4.2cm3) while for the lowest resolution
(DS4), the mean value is 6.5cm3 (SD = 3.5cm3).

Fig. 6.8 illustrates the surface area to volume ratios (cm−1) also plotted
with the same logarithmic scale as in Fig. 6.6 and Fig. 6.7 for the 8 bones.
Because the volume measurements are rather constant compared to the
measured surface areas, the estimated surface area to volume ratios follow
the same patterns as for the measured surface areas, see Fig. 6.8. The mean
value for the highest resolution is 22.37cm−1 (SD = 6.12cm−1). The mean
value for the lowest resolution (DS4) is 8.5cm−1 (SD = 2.02cm−1). The
variation of the surface area to volume ratio between the lowest resolution
and the highest resolution can be resumed by an amplification factor of 3.

The results from this study, resumed in Table 6.1, show that the mean
surface area estimated from micro-CT scans varies by a factor of about
3.5 when compared to the mean surface area estimated from the simulated
clinical CT, with a resolution of approximately 625µm (Table 2). For the
volume, the mean volume from the micro-CT scan resolution compared
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Figure 6.8: Plot of the surface area to volume ratio over the different data resolu-
tions (OS: original size, DS1: downsampling 1, DS2: downsampling
2, DS3: downsampling 3, DS4: downsampling 4) for the 8 bone spec-
imens.

to the simulated clinical CT scan resolution is about 1.5 times higher.
The ratio between the mean surface area to volume ratio from the highest
resolution against the mean surface area to volume ratio from the lowest
resolution gives a factor of 2.63, indicating that the undetected air cells
clearly have an effect on the measurement of the surface area rather than
on the measurement of the volume.

Observation of the results given for DS1, DS2, and DS3 in Table 2 while
observing the trends for the curve for each bone on Fig. 6.6 and Fig. 6.8,
clearly show the resolution level beyond which an abrupt change in the
results can be observed, namely DS2. For the mean surface area measure-
ment, the transition between the original resolution and the first down-
sampling, DS1, corresponds to a degradation of 20 cm2. The same applies
between DS1 and DS2. Beyond DS2, the mean surface area drops by ap-
proximately 50 cm2 between DS2 and DS3 and equivalently between DS3
and the lowest resolution DS4. Because the volume measurements are fairly
constant over the different resolutions, the surface-area to volume ratios fol-
low a similar trend.

The volume measurements found in this study seems in line with all previ-
ous studies, which further strengthen the fact that volume measurement is
independent of the scan resolution.

The uniqueness of such a study lies in the first attempt to estimate the
surface area to volume ratio from micro-CT scanning of the mastoid air
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Statistics Original data DS1 DS2 DS3 DS4
SA Mean 193.70 177.49 153.27 105.12 56.41
(cm2) SD 76.56 72.05 59.08 43.42 29.60

Min 81.05 73.68 61.42 34.26 10.66
Max 325.95 296.64 240.25 169.95 91.19
Range 244.90 222.96 177.83 135.69 80.53

VOL Mean 9.43 9.00 8.37 7.24 6.56
(cm3) SD 4.21 4.00 3.73 3.54 3.44

Min 2.67 2.56 2.42 2.01 1.70
Max 13.58 12.74 11.90 12.49 12.25
Range 28.91 10.18 9.48 10.48 10.55

SA/V Mean 22.37 21.42 19.93 15.32 8.55
(cm−1) SD 6.12 5.72 5.20 2.41 2.02

Min 15.43 13.97 13.91 12.55 6.27
Max 31.58 28.84 28.31 18.60 12.03
Range 16.15 14.87 14.40 6.05 5.76

Table 6.1: Statistics resuming all computations.

cell system of human temporal bone.

The time used for the overall study was long, but is believed to be beneficial
in providing additional knowledge about the mastoid air cell system in
terms of statistical descriptors. To keep the reproducibility of the study
and gain the trust from the reader, the image processing tools used in this
study were kept as simple as possible. This decision was also made so that
results from much more advanced image processing, being developed and
customized, can be compared to the methods used in this study.

This study has been reported in a manuscript being submitted for revision
for the coming special issue of the Hearing Research for the Middle Ear
Mechanics in Research and Otology international symposium for 2015 to
be held in Aalborg in Denmark.

The following contribution relates to a discovery of micro-channels present
in the mastoid bone both at the outside of the mastoid air cells as well as
between the air cells.

6.3 Contribution 2. Discovery of micro-channels
within the mastoid bone

By visual inspection of micro-CT scanning data, intended for the mea-
surement of the surface area and volume of the mastoid air cell system as
presented in the first contribution, numerous micro-channels were found.
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These micro-channels have not been described in previous literature. These
micro-channels are likely to represent a separate blood supply for the mas-
toid mucosa, and have important implications for further understanding the
middle ear physiology including its pressure regulation and gas exchange.

Figure 6.9: Volume rendering of a bone specimen.

Discovery of these micro-channels originated from 3D visualization of the
scanned bone through volume rendering, with a special transfer function,
manually adjusted to only visualize the transition between bone and all
other types of structures, see Fig. 6.9.

Volume rendering of the micro-CT data revealed two main types of micro-
channels:

• Parallel channels which emerged from indentations on the lateral sur-
face of the temporal bone and inside the ear canal, and which tra-
versed the compact bone; many connected directly to the air cells;

• Irregular shaped channels that seemed to follow the shapes of the
bony septae between the air cells inside the mastoid, as well as they
formed network by branching and connections between adjacent air
cells.
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In several locations, more than one channel were found to be connected to
individual air cells, see Fig. 6.10 (white arrows). Direct communication
between the mastoid with the external part of the bone through micro-
channels was also observed, see Fig. 6.10 (black arrows).

Figure 6.10: Multiple micro-channels communicating with a single mastoid air
cell (white arrows). Some of micro-channels are also in direct com-
munication with the exposed part of the wall of the ear canal through
small indentations (black arrows).

The structural properties of the micro-channels resemble a vascular net-
work. Considering their mean diameter of 158µm, the micro-channels could
contain both small arterioles and venules, which have diameters around
30µm and 10 − 60µm respectively, [7]. Haversian canals are well known
in bone for providing a vascular supply for the tissue, but these canals are
smaller than 45µm in diameter and usually only contain capillaries, [8].
Such canals were below the resolution of our method (40− 60µm in terms
of isotropic voxel size) and were considered as separate from the present
discovered micro-channels.

However, branches formed by the micro-channels within the compact part
and trabecular part of the bone can be observed in Fig. 6.11, with the
white stars along the path of the main micro-channel. This could provide
a vascular supply for the bone marrow itself.
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Figure 6.11: Micro-channel at the mastoid tip running through trabecular spaces
to reach an apical mastoid air cell (path overlaid on the chan-
nel). Notice some small branching (white stars) from the micro-
channel towards the trabecular spaces, possibly providing blood back
and forth to the bone marrow.

Some of the micro-channels also appear to have an end-point at the surface
of the bone, see Fig. 6.12. Moreover, since all air cells were connected to
several channels, it seemed reasonable to suggest that such a blood supply
would be aimed at the mastoid mucosa lining the mastoid air cells.

The main interesting feature of Fig. 6.11, is the fact that the trabecular
spaces contain bone marrow housing sinusoidal type of capillaries; hence
another plausible hint for these micro-channels to house blood vessels.

As a side note, the trabecular spaces present at the tip of the mastoid are
due to the attachment of the splenius capitis, longissimus capitis, digastric
posterior belly, and sternocleidomastoid muscles as in Chapt. 3.

In order to investigate the exact content of the micro-channels further his-
tological studies are needed. Fig. 6.13 shows a preliminary histological
section from the surface of the mastoid at the posterior part of the ear
canal.

This section clearly shows at the center a channel with a diameter of 133µm
containing a venole and arteriole, respectively; in addition some connective
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Figure 6.12: Photo of a micro-channel at the level of an exposed mastoid bone
during surgery seen as a small indentation at the surface of the
bone.

tissue is found and the channel is surrounded by typical bone tissue. Thus,
this preliminary investigation supported the idea that the micro-channels
may contain vascular elements.

Further investigations are obviously needed for a detailed and systematic
description of the mastoid structure, in order to identify the true content
of its micro-channels. The difficulty in revealing micro-channels using his-
tological sectioning is the variation in orientation when the micro-channels
run over distance. Depending on how the bone specimen was sectioned, it
may be impossible to locally reveal any micro-channel and allow a deter-
ministic density measure per square unit.

From a basic clinical research point of view, the current findings may be
important, because a supplementary while extensive vascularization per-
mits to get both a high perfusion and effective changes in the vascular
congestion. The role of the mucosal perfusion related to gas exchange and
pressure regulation is still under debate [31].

During the development of the mastoid, the air cells are forming in a bone
matrix that is in constant evolution. Hence, the presence of micro-channels
to provide the mucosa lining the mastoid air cells with blood seems to form
a separate vascular supply for the mastoid expanding accordingly, but the
main role of these micro-channels remains unknown.

The finding of these micro-channels is presented in Paper 2. It was pub-
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Figure 6.13: Photo of a histological section of a temporal bone at the level of a
mastoid where a micro-channel was exposed normal to the section
(see colour photo in Paper 2).

lished in the special issue of the Hearing Research for the Middle Ear Me-
chanics in Research and Otology international symposium for 2012 (Volume
301, July 2013).

6.4 Contribution 3. Structual analysis of the micro-
channels

As stated in the previous section, these micro-channels resemble a vascular
network, which points to a new and separate blood supply for the mucosa
of the mastoid air cell system. The micro-channels resemble tubular-like
structures and appear to have a wide range of shapes and diameters as illus-
trated in Paper 2. The resemblance with a vascular network could lead to
the use of existing vessel segmentation methods, but through observations
based on histological sections, the presence of both arterioles and venules
inside were revealed, leading to a need of taking their structural content
into consideration.

Local structure tensor analysis based on a second order tensor seems to
provide a robust representation of the channels [10]. Local structure tensor
analysis have been used in different field of research related to medical image
processing, notably in image enhancement via adaptive filtering, [14].

In this thesis, a structural pre-analysis was performed on the micro-channels
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by using local structure tensor analysis based on micro-CT scanning.

The main theory used to extract the structure tensor is detailed in Chapt.
5 and will not be covered in this chapter; but to resume, such structures can
be represented using a structure tensor analysis through its corresponding
eigenvalues and eigenvectors.

The eigenvalues from the structure tensor can further be used to estimate
the probability of each visited neighborhood belonging to either a rank 1,
rank 2, or a rank 3 tensor, defined by p1, p2, and p3, where

∑3
k=1 pk = 1

which can be seen as probabilities as [16].

p1 = λ1 − λ2
λ1

, p2 = λ2 − λ3
λ1

, p3 = λ3
λ1

(6.1)

Natural structures like the micro-channels are however composed of a mix-
ture of these three cases and a more general ideal structure tensor should
instead be represented as

T = p1T1 + p2T2 + p3T3 (6.2)

The resulting p1, p2, and p3 from the estimated structure tensor were as-
sessed using volume rendering through MeVisLab. p1, p2, and p3 are prob-
ability measures of each special case.

To test validity of the results, three different types of objects were ana-
lyzed. At first, a set of ellipsoids having different sizes and orientations
were processed, see Fig. 6.14.

Fig. 6.14(A) demonstrates the original data, while Fig. 6.14(B,C,D) re-
spectively display p1 alone, p2 alone, and p3 alone.

Fig. 6.14(E) illustrates a mixture of p1 and p2, while Fig. 6.14(F) shows
the mixture of p2 and p3, and Fig. 6.14(G,H) gives a comparison of the
mixture of all cases p1, p2, and p3 (H) in relation to the original data (G).

Observe that in this last case, the isotropic part is only visible at the
extremities of the lower left ellipsoid, enhanced with a zoomed version in
the yellow box, and pointed by the thin yellow arrow to the right.

A second case with ellipsoidal cylinders was also tested, see Fig. 6.15.

Fig. 6.15(A) demonstrates the original data, while Fig. 6.15(B,C) respec-
tively display p1 alone, p2 alone. Fig. 6.15(D) illustrates a mixture of p1
and p2, while Fig. 6.15(E) enlights the mixture of p2 and p3, and Fig.
6.15(F) reflects the mixture of p1 and p3. Fig. 6.14(G,H) compares of the
mixture of all cases p1, p2, and p3 (H) in relation to the original data (G).
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Figure 6.14: Structure tensor analysis on ellipsoids having different sizes and
orientations. Legend: A. Original data, B. p1 alone (blue), C.
p2 alone (red), D. p3 alone (green), E. Mixture of p1 (blue) and
p2 (red), F. Mixture of p2 (red) and p3 (green), G. Original data,
H. Mixture of all cases p1 (blue), p2 (red), and p3 (green). The
isotropic is only visible at the extremities of the lower left ellipsoid,
enhanced with a zoomed version in the yellow box and pointed by
the thin yellow arrow to the right.

As for Fig. 6.14, the isotropic part of Fig. 6.14(H) is only visible at the
extremities of the ellipsoidal cylinders, enhanced with a zoomed version in
the yellow box and pointed by the thin yellow arrow to the right.

At last, a set of cylinders having different orientations but all crossing at
their centre were analyzed, see Fig. 6.16.

Fig. 6.16(A2, A3) are two different views of the original data shown in
Fig. 6.16(A1) with a slicing through the data to expose the inside of the
cylinders and the location where the cylinders cross each others.

Fig. 6.16(B1, B2, B3) are the results from the structure tensor analy-
sis where p1 (planar) can be observed as blue, p2 (linear) as red, and p3
(isotropic) as green.

For the isotropic part at the centre of the cylinders, especially visible at the
section level in Fig. 6.16(B3), it can also be observed at the extremities of
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Figure 6.15: Structure tensor analysis on ellipsoidal cylinders having different
sizes and orientations. Legend: A. Original data, B. p1 alone
(blue), C. p2 (red), D. Mixture of p1 (blue) and p2 (red), E. Mixture
of p2 (red) and p3 (green), G. Mixture of p1 (blue) and p3 (green).
H. Original data for comparison purposes with H, H. Mixture of
all cases p1 (blue), p2 (red), and p3 (green). Observe that in this
last case, the isotropic is only visible at the extremities of the lower
left ellipsoid, enhanced with a zoomed version in the yellow box and
pointed by the thin yellow arrow to the right.

each cylinders between the linear and planar structures.

Also the red structures found on the outside of the crossing of all cylinders
is due to the sharp transitions as visible in Fig. 6.16(A1), forming a sharp
edge interpreted as a linear structure and hence its red color.

A more natural span going from a rank 1 tensor to a rank 2 tensor, with the
rank 3 tensor in between, so as to move from a tubular structure towards
a planar structure via an isotropic structure is needed. To visualize this
natural transition, a lookup table (LUT) was created, where the rank 2
tensor was assigned the red color, the rank 3 tensor was assigned the green
color, and the rank 1 tensor assigned the blue color. Each RGB channel was
controlled by a respective non-linear function based on sigmoid functions.
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Figure 6.16: Cylinders with different orientations crossing each others at their
centre were first analyzed. The linear structures are represented
as red, the planar structures depicted as blue, while the isotropic
rendered as green

The 3D volume representing all the special cases was created as

pm = p1 + γ p3 (6.3)

with γ = 0.4, leading to pm = 1 for rank 1 tensor, pm = 0 for rank 2 tensor,
and pm = 0.4 for rank 3 tensor.

Figure 6.17a illustrates all structures at once from the volume pm for the
micro-channels.

Figure 6.17b-c respectively represents p1, p2, and p3 with their correspond-
ing RGB color channel and helps to better understand their complimentary
contribution.

Overlaying p1, p2, and p3 on the original data further informs us about
their locations with respect to the bone structures, i.e. within the micro-
channels, the ear canal (EC), or within the mastoid air cells, see Fig. 6.18
to the right.

To avoid visualizing the structure tensor resulting from the bone itself, the
original data was segmented out so that only the transition between bone
and other structures was visible.

The resulting binary segmentation was then reassigned the structure tensor
result. For better localization of the resulting structure tensor with a in-
depth perception of the structures in relation to the original data, the
results were overlaid on the original data, see Fig. 6.18.
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(a) pm (b) Rank 1 tensor

(c) Rank 2 tensor (d) Rank 3 tensor

Figure 6.17: (a): Mixture of all three cases into the single volume pm. (b): p1
representing planar structures as blue. (c): p2 representing line and
tubular structures as red. (d): p3 representing isotropic structures
as green.

A larger scale visualization of the resulting structure tensor analysis is
illustrated in Fig. 6.19. Notice the hair follicle, located on the right side
of the ear canal (top right of the image) and represented as rank 2 tensor
structure due to its pure cylindrical shape, which proves the good selectivity
of the centre frequency in detecting thin cylindrical structure aimed for the
micro-channels.
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Figure 6.18: Left. Original dataset used for the study with a special transfer
function to only visualize the transition between bone and other
structures. Right. Results from the structure tensor analysis over-
laid on the original data.

Figure 6.19: 3D representation of the resulting structure tensor analysis on the
original data where only transition between bone and other struc-
tures is allowed. Legend. TM: tympanic membrane.

Figure 6.20 gives a non-exhaustive representation of micro-channels with
various different shapes encountered during the analysis. Note that these
subfigure A-H are of different magnification for the sole purpose of visual-
ization.

Fig. 6.20(A) illustrates the perfect rank 2 tensor type structures within the



6.4 Contribution 3. Structual analysis of the micro-channels 89

Figure 6.20: Micro-channels with different shapes.

micro-channels. Fig. 6.20(B) emphasizes the transition from a rank 1 tensor
type structure to a rank 2 tensor type structure. Fig. 6.20(C) illustrates
the intermix within a micro-channel of p1, p2 tensor type structures with
occasionally a slight amount of p3 tensor type structure.

Fig. 6.20(D) depicts a broader micro-channel with two rank 2 tensor type
structures placed on either side of a micro-channel, with a well-defined rank
1 tensor type structure filling the gap in between. Fig. 6.20(E) reveals a
flatten micro-channel with seemingly several rank 2 tensor type structures
in the central part, and surrounded by a rank 1 tensor type structure. Fig.
6.20(F) pictures the merging of two to three rank 2 tensor type structures
into a larger rank 2 tensor type structure, at the center of a larger micro-
channel.

Fig. 6.20(G) presents a structure resembling a hub, never described before,
receiving three micro-channels at its extremities with a rank 2 tensor type
structure running along the edges and with a rank 1 tensor type structure
at its centre. Fig. 6.20(H) describes a similar hub structure having more
connections. As for the hub, presence of more than one rank 2 tensor type
structures in a single micro-channel along with bifurcation or merging of
rank 2 tensor type structures, have never been reported in the literature
before.

Fig. 6.21 depicts several mastoid air cells partially cut (white stars). The
second mastoid air cell, to the left, connects on its right side to a micro-
channel with a net transition from rank 1 tensor type to a rank 2 tensor
type. On the opposite side of this micro-channel, the rank 1 tensor type
structure lining the wall of the mastoid air cell (star to the right) penetrates
the channel.
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Figure 6.21: Micro-channels connecting to mastoid air cells (white stars).

The end-tip of the rank 1 tensor structure type indentation displays a
transition toward a rank 2 tensor type structure, strongly indicating a red
rank 2 tensor type structure in the missing part of the channel. The same
applies to the lower right part of the middle mastoid air cell, where two
micro-channels clearly connect to a hub structure.

This study has demonstrated the structural variation of contents inside the
micro-channels by a local structure tensor analysis. From this analysis,
discovery of unreported hub structures may help understand the origin and
possible multi-role of this complex network formed by these micro-channels.

Presence of noise within the air cells, along with the missing information in
some micro-channels, suggest the future need of image enhancement using
an adaptive filtering technique based on the local structure tensor analysis
used in this study. A larger scale study is also considered in the future in
order to validate the method proposed in this pre-analysis.

This analysis is presented in Paper 3 and was presented as a poster at
the International Symposium of Biomedical Imaging in New York in April
2015.



7
Summary of Papers

"Suum cuique Pulchrum."
To each its own is beautiful.

7.1 Introduction

This chapter provides brief summaries of the enclosed papers. Most of the
material in the papers have been covered in the first part of the thesis.

7.2 Paper I - Mastoid structural properties deter-
mined by analysis of high-resolution CT scan-
ning

In this paper we describe the determination of the surface area to volume
ratio, which may indicate that the mastoid air cell system is adapted to
gas exchange, and assess the influence of the resolution on these parameters
by downsampling the data four times. The surface area and volume were
obtained through image processing tools commonly found in the field of
hearing research, for comparison purposes though adjusted to the high res-
olution of the micro-CT scannings. The current study found significantly
higher surface area and surface area to volume ratio than found in previ-
ous studies, performed at a limited resolution of around 625µm commonly
found in clinical CT scanners. The statistics resulting from this study are
important for a more accurate modeling of the middle ear physiology.
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7.3 Paper II - Micro-channels in the mastoid
anatomy. Indications of a separate blood
supply of the air cell system mucosa by
micro-CT scanning

This paper describes a discovery within the temporal bone named after
its structural shape, i.e. the micro-channels. A qualitative analysis using
volume rendering first demonstrated the presence of these micro-channels
connecting the surface of the compact bone directly to the mastoid air cells
as well as forming a network of connections between the air cells. Then a
quantitative analysis on 2D slices was employed to determine the average
diameter of these micro-channels as well as their density at a localized
area. These channels are believed to house a separate vascular supply for
the mastoid mucosa. This discovery further help improving our knowledge
of its physiological properties, which may have important implications for
understanding of the pressure regulation of the middle ear.

7.4 Paper III - Structural analysis of
micro-channels in human temporal bone

In this paper a preliminary structural analysis of the micro-channels was
implemented using structure tensor analysis. The eigenvalues obtained
from the estimated local structure tensor were then used to build probabil-
ity maps representing planar, tubular, and isotropic tensor types. A visual
interpretation of the three different tensor structure types was possible by
assigning a respective RGB color, and the full structure tensor was ren-
dered along with the original data to allow a smooth transition between
these three tensor types. Such a structural analysis has provided new and
relevant information about the micro-channels, but also their connections
to the mastoid air cells.
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Discussion

This chapter gives a discussion about the chronological history of this re-
search. Some ideas for future work are also presented.

My first research was a clinical analysis about determining the surface area
and volume of the mastoid air cell system from human temporal bone, using
conventional clinical CT scanning and cone-beam CT. While the primary
results were interesting, we realized that from dry bone specimens used for
teaching, the number of mastoid air cells, and most importantly their size
range, was beyond the possible resolution of a voxel resolution found in con-
ventional clinical CT. Being aware of the cone-beam technology commonly
used in an Ear Nose and Throat (ENT) department, data were collected
on human temporal bone specimens. While cone-beam CT scanning do
provide high resolution scan images, they contain a fairly large amount of
noise that would hamper the small mastoid air cells.

Through contact with a centre of X-ray tomography located at the depart-
ment of Physics and Astronomy at the university of Ghent (Belgium), we
obtained amazing quality scans from eight temporal bone specimens, ad-
justed manually in size in order to optimize the scanning process. While
assessing whether the temporal bone and most importantly whether the
mastoid air cell system was fully visible in the field of view of the micro-
CT scanning, we used powerful computers available in the department to
perform some volume rendering of the scanned temporal bone. While ad-
justing the transfer function to restrict certain structures to be visible, we
encountered some previously undescribed structures within the bone. Due
to the availability of micro-CT scannings from other bones in the human
body, such as a finger and a complete knee joint, we realized that these
micro-channels were unique and possibly related to the temporal bone and
more specifically to the mastoid air cell system.

Because the main idea using these micro-CT scannings were to investigate
the surface area to volume ratio with a much broader range of mastoid air
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cell sizes, we decided to focus on this analysis. Such findings are more rare
nowadays, we decided to look further into these micro-channels and describe
some of the characteristics while trying to understand their potential role in
relation to the mastoid air cell system and more importantly, their possible
implications for further understanding of the pressure regulation of the
middle ear.

Observing these micro-CT scans using volume rendering has enabled us to
understand that these micro-channels do follow specific patterns. While
some micro-channels run parallel in relation to each others, some have a
more unstructured direction. Their multiple connections to singular mas-
toid air cells has further led to wonder about their exact purpose. This
leads to the mixture where physiology starts to play a role along with the
anatomy. Knowing that the mastoid air cells are lined with a mucosa,
these micro-channels could possibly form a supplementary source for blood
supply. Furthermore, where one end of these micro-channels is very often
communicating with the mastoid air cell, the other end is often perceived
as an indentation on the external surface of the mastoid bone, where soft
tissues along with blood vessels are directly connected to the periosteum,
the outer surface of the bone. Thus, our hypothesis suggest to provide
blood to the mucosa of the mastoid air cells.

Spending a tremendous amount of hours visualizing these micro-CT scans,
just for the sake of curiosity and for producing nice illustrations for oral
presentations, I got more and more acquainted with the anatomy of the
temporal bone, and started to get trained to suddenly see structures pos-
sibly never reported before. This is the case for the mucosal strands found
in the mastoid air cells. Mucosal folds are known to surround the ossicles
but to our knowledge so far, no one has reported them in the mastoid air
cells. The tiny pores within the septae separating the mastoid air cells,
despite the air cell conducts, is also opening our mind that the mastoid
resemble more and more a fixed mini lung with common properties such as
respiratory epithelium, gas exchange, and a large surface area in relation
to a limited volume.

Overlaying the structure tensor analysis over the original data, while using
volume rendering for visualization, allowed us to suddenly observe other
structures like the triangular or star-shaped structure attached to three
or more micro-channels that we know nothing of yet. These findings lead
to further question whether these micro-channels are only tubular struc-
tures, or whether they are part of a bigger class of structures along with
for instances sinusoids that could hypothetically be used as blood reserves
needed for the mucosa lining the mastoid air cells, when the pressure in the
ear is not equalized by thickening or shrinking.

Despite the huge challenge, this very complex blend of technical and med-
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ical knowledge lead to the discovery of new structures within the mastoid
of human temporal bone. These findings add important knowledge to the
immense puzzle describing the mastoid both in terms of anatomy but also
from a physiological point of view, which makes this study even more ex-
citing.

Among further ideas for future work, several paths are already planned.
A first extension of this study is the writing of a clinical journal paper
concerning the discovery of another structure within the mastoid bone,
which could further relate the analogy of the mastoid air cell system with
the human lungs. This process is already started. A possible collaboration
with Dr. Zsuzsanna Csákányi working at the ENT department of Heim
Pal Children’s Hospital (Budapest, Hungary) could lead to the micro-CT
scanning of one paediatric temporal bone with a history of chronic otitis
media. This collaboration could bring important knowledge on the mastoid
air cell system at early stage of age, but also how chronic otitis media affects
the temporal bone from a structural point of view.

From a more technical aspect, a first path is to apply some adaptive filtering
of the original data, to enhance the weak structures while keeping the other
structures untouched before performing a structure tensor analysis on the
data, which can be seen as an extension of Paper 3. As knowledge about
the mastoid air cell system and newly discovered structures emerge, there
is a increasing need to define the shape of the mastoid air cell system itself,
as for instance what is an air cell and how their shape is influenced by
surrounding structures and whether they can be clustered in regions as
illustrated in existing literature such as in Mirko Tos book [44].

Another path is to estimate the surface area to volume ratio of the tym-
panum from the micro-CT scans, as was previously done for the mastoid
air cell system in the first paper. This will allow us to assess how these
two connected structures relate to each others. Along that line, another
idea is to use a different approach to estimate the surface area to volume
ratio of the overall airspaces from both the mastoid air cell system and the
tympanum, while using a variant of the structure tensor analysis.

More ideas are present, but the above suggestions are believed to form a
good basis for the remaining of the PhD program.
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