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Preface

Hearing research is of great importance to understand the causes of hearing
impairments, which affect millions of people worldwide. Sound is a pressure wave in an elastic medium such as air, and can occur at very different
frequencies and amplitudes. The effects of sound on the ear are not straightforward to understand. Although much effort has been made to understand
the biomechanics of the ear, its complexity ensures that many questions remain.
The mammalian ear is divided into three anatomical parts: the outer, middle and inner ear. The combination of these parts allows us, for instance, to
enjoy music, make conversation with friends or avoid life endangering circumstances. In the most simple way, the function of the ear can be described as
follows: the outer ear collects sound waves and passes them to the eardrum,
which sets the small middle ear bones (ossicles) in motion; these transfer the
vibration to the fluid filled inner ear. There, the sound is transformed into
electrical pulses and transferred through the auditory nerve to the brain for
interpretation. This doctoral dissertation will focus on the middle ear.
The first intention of the research for this dissertation was to develop a
method to study three-dimensional motion within non-transparent objects:
the x-ray stereoscopy technique. This method was applied to study the 3D
motion of the ossicles under quasi-static pressure variations. Such pressure
variations occur throughout daily life, and are known to have an influence
on hearing thresholds.
To demonstrate the motion of the ossicles, high-resolution morphological
computer models are needed. Therefore, state-of-the-art middle (and inner)
ear models of different species were created from micro-computed tomography scans. These models are also of great importance to finite-element
vii
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modelling, a method very suitable to simulate the mechanical behaviour of
more complex systems such as the middle ear. The pressure in the middle
ear as a function of the outer ear pressure was also studied in this work; a
study that contributed to our knowledge of the tympanic membrane’s role in
pressure regulation.
This dissertation consists of six chapters. The first chapter gives a general overview of the anatomy and physiology of the ear. It also includes a
discussion on the relevance of hearing research and the objectives and the
motivation of this doctoral research.
The second chapter presents high-resolution morphological computer models
of the middle (and inner) ear for different species, including humans. The
third chapter discusses the ability of the eardrum to regulate the pressure
at the middle ear side when the outer ear is exposed to high quasi-static
pressure variations.
In chapter four x-ray stereoscopy is used to study 3D sub-millimetre displacements of a static test object. In chapter five, a technique is presented to study
the 3D motion of non-visually exposed internal structures of an object. The
method combines classical x-ray stereoscopy with time information obtained
from greyscale variation in x-ray shadow images, resulting in a new approach
to study periodical motions inside non-transparent objects. This technique
is used to study the motion of the ossicles in the quasi-static pressure regime
in both gerbil and rabbit ears. The results of this study are discussed in
chapter six.
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1

General introduction
One of the best hearing
aids a man can have is an
attentive wife.
Groucho Marx, 2/10/1890 - 19/8/1977.

Throughout daily lives, hearing is involved in many of our activities such
as watching TV, listening to the radio, enjoying music from an mp3 player,
making a call to a friend, having a small talk with our family/friends during
the mealtime, or teaching our knowledge to our children. Moreover, knowledge, traditions and customs were transmitted at early ages from generation
to generation verbally since writing and reading were not available to the
public. For all of these activities our ears serve to let us make contact with
our surroundings.
How does the ear work? This question has been posed since ancient times,
long before humans understood the concept of scientific research. The answer
is not as simple as most of the public thinks, but it can be generally answered
as follows: sound is collected by the outer ear (OE), it then travels through
the ear canal (EC) and causes the tympanic membrane (TM), or eardrum,
to vibrate. Then through the middle ear (ME) ossicles (the ME ossicles are
malleus, incus and stapes, cf. 1.1.2), these vibrations are transferred to the
inner ear (IE), where the vibrations are transformed into electrical pulses
and sent to the brain via the auditory nerve for interpretation, cf. figure 1.1.
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In the following sections, more detail about the morphology and physiology
of outer, middle and inner ear is presented.

1.1

Ear anatomy

The ear is divided from the anatomical point of view into three major parts
as shown in figure 1.1.

Figure 1.1: Schematic overview of the human ear morphology
(edited from Purves et al. (2003)).

1.1.1

Outer ear

The OE is the first part of the ear, it mainly consists of two parts. The first
is the auricle or pinna and the second is the auditory meatus or the EC, cf.
figure 1.1. The pinna, which is the external and the most lateral1 part of
1

In anatomy, there are some terminologies to describe the directions, which are:

superior-inferior up and down
anterior-posterior front and back
medial-lateral inwards and outwards
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the ear, has several prominences and depressions and consists of a thin plate
of cartilage covered with thin skin. The shape of the pinna varies between
different species, having been adapted to the environment. For instance,
the African elephant pinna has been adapted to act as a radiator-convector
to maintain its body temperature in the warm weather experienced in the
African plains (Buss and Estes, 1971). The pinna collects and amplifies
sound and passes it to the EC, which is a tube connecting the OE to the
ME. The EC consists of cartilage in the first third of its length; the rest is
a bony structure that is embedded in the temporal bone (TB), a dense hard
petrous structure. The EC is covered by a skin layer. With the help of a
waxy yellowish substance (earwax), the EC serves to protect the ear against
bacteria.

Figure 1.2: The anatomy of the human pinna (from Hunter and
Yotsuyanagi (2005)).

As shown in figure 1.2, the human pinna has several anatomical features. The
outer rim of the ear is called the helix. It extends from the most superior part
of the pinna and ends at the earlobe, which occupies the most inferior part
of the pinna. The earlobe has a soft connective tissue structure and varies
in size and shape between humans. The antero-inferior continuation of the
helix until the area just above the EC is called the crus helix. The antihelix
is a Y-shaped curved cartilaginous ridge, parallel to the helix. At its superior
part, the antihelix is split into two crura (legs), the superior-posterior crus
3
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(leg) of the antihelix and the inferior-anterior crus of the antihelix. The area
between the two crura is known as the triangular fossa. The curved area
that separates the helix and the antihelix is called the scapha. The concha
is the region surrounded by the antihelix. It is divided into two parts by
the curs helix; the superior one is the cymba concha and the inferior part is
the cavum concha. The antitragus is a cartilaginous protrusion situated in
the region that is inferior to the antihelix and superior to the earlobe. The
targus is a small prominence of skin-covered cartilage, anterior to the EC.
At the inferoposterior margin of the targus, the incisura takes its place.

1.1.2

Middle ear

Figure 1.3 shows the ME, or the tympanic cavity, which is the second part
of the ear. The ME is bounded by the TM on its lateral side and by the
IE on its medial side. It is filled with an air medium that comes to it from
the nasal part of the pharynx via the auditory tube. It accommodates the
ossicular chain that covers the gap between the TM and the IE, cf. figure
1.3. The tympanic cavity consists of two parts: the tympanic cavity proper
and the attic or epitympanic recess. The attic contains the superior half of
the malleus and most of the incus body.
In humans, the tympanic cavity has a diameter of about 15 mm in the vertical and antero-posterior directions, including the attic. Beside its main
components (TM, malleus, incus and stapes), the ME has other parts, such
as suspensory ligaments and attaching muscle tendons, and Eustachian tube
(ET). In most mammals, the ME cavity is extended from the EC by a thin
bone, called the tympanic bulla, while in humans it somewhat different. The
tympanic cavity is extended by the surrounding mastoid bone that contains
many interconnected air cell pockets.
The ME is a biomechanical system that is closed off most of time from
ambient pressure by the TM and the ET, and which has a rather constant
gas volume (Dirckx et al., 2008), cf. figure 1.1. The ET (approximately 35
mm long in an adult human) extends from the anterior wall of the ME to
the back of the throat and the nasal cavity. A portion of the tube (1/3) is
made of bone; the rest is composed of cartilage (Kemaloglu et al., 2000).
4
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Figure 1.3: Anatomy of the ME (edited from http://www.
familydoctor.co.uk).

5

1 General introduction
The tympanic membrane

The thin TM separates the EC from the tympanic cavity, forming an angle
of about 55o to the inferior part of the EC. It is slightly oval shaped with a
long and a short diameter of respectively 9-10 mm and 8-9 mm, for humans.
The TM has a 3D shape of a tent because it has been pulled medially by
the manubrium of the malleus ossicle, which is partially or fully connected
with the TM depending on the species. For instance in humans, the malleus
is connected to the TM at its tip (umbo) and the short process. The TM
shape of different species is presented in figure 1.4.

Figure 1.4: Outlines of TMs of different species (from Decraemer
and Funnell (2008)).

The TM consists of two parts; pars tensa (PT) and pars flaccida (PF). The
PT is divided into four quadrants: the postero-superior, the postero-inferior,
the antero-inferior, and the antero-superior quadrant cf. figure 1.5.
6
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Figure 1.5: The human TM (from Gray (1918)).

The PT is composed of three layers: a cutaneous layer (skin) at the lateral
side, a mucous layer at the medial side and a fibrous layer in between. The
cutaneous layer extends from the skin in the EC. The PF, which is about
10 times smaller than the PT in humans TMs, lacks the fibrous layer that
is present in the PT. The PF is relatively thick and relaxed, while the PT is
thin and tense (Kuypers et al., 2006). Though the TM seems very thin, it
is strong enough to stay undamaged against static pressure differences up to
17 kPa2 (Cameron et al., 1993).
The ossicular chain
The ossicular chain is composed of three bones, which are the smallest present
in a mammalian body. The first ossicle in the chain is the malleus (hammer),
the second one is the incus (anvil) and the last one is the stapes (stirrup).
The ossicular chain physically bridges the gap between the TM (with the
2
The pascal (Pa) is the SI derived unit of pressure that represents the force per unit
area. It is defined as one newton per square metre (1 Pa = mN2 ).

Bar = 1×105 Pa
Standard atmosphere (atm) ≈ 1.013×105 Pa
mmH2 O ≈ 9.807 Pa.
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malleus) and the oval window of the IE (with the stapes). The three bones
are connected together by articular joints, which are more fixed or loose
depending on species ligaments, as well as muscles (Suwannahoy et al., 2012).
Together, they restrict and dictate the movement of the ossicular chain.

(a) malleus

(b) incus

(c) stapes

Figure 1.6: Anatomical details of (a) malleus (b) incus and (b)
stapes (edited from http://www.theodora.com).

• The malleus
The malleus, which is named from its fancied resemblance to a hammer,
is the first and largest ossicle in the auditory path of sound. Directly
behind the TM (from the medial side). The malleus consists of a head,
a neck and three processes: the anterior process, the lateral process
and the manubrium, cf. figure 1.6(a). At its manubrium (handle), the
8
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malleus is connected to the TM, this connection varies between species,
cf. figure 1.4. Through three ligaments, the malleus is connected to the
lateral side of the tympanic cavity. The anterior ligament is connected
to the neck right above the anterior process. The superior and lateral
ligament both connect to the head of the malleus from the superior
and lateral side respectively. Additionally, the malleus is connected
with one muscle, the tensor tympani, which attaches itself near the
root of the manubrium.
• The incus
Figure 1.6(b) shows the incus ossicle that gets its name due to its anvillike shape. It consists of a body and two crura. The body is somewhat
cubical but compressed transversely. The anterior surface of the incus
body has a convex-shaped facet where the head of the malleus makes
contact with it. The two crura, they are different in length, are named
as the short crus and the long crus. The short crus (short process) is
somewhat conical in shape, projects almost posteriorly from the body
to the fossa incudis, a small cavity in the TB to which it is attached.
The long crus (long process) dives almost inferiorly from the body and
parallel to the malleus manubrium. The long crus ends at a rounded
projection tip covered with cartilage called the lenticular process where
the incus touches the head of the stapes. While it does not attach to a
muscle, like the malleus, the incus is connected with only one ligament
to the lateral side of the tympanic cavity, which is the superior ligament.
• The stapes
The Stapes, which is named from the similarity of its shape to that of
a stirrup, cf. figure 1.6(c), is the smallest bone in the human body. It
consists of a head, a neck, two crus and a base. The head, which is
covered by cartilage, points laterally to make contact with the lenticular
process of the incus. Medial to the head, the neck is situated. The two
crura, the crus anterius and the crus posterius, diverge from the neck
to the medial side and are connected at their end by a flattened oval
plate; the base (basis stapedis). This forms the footplate of the stapes
by which the stapes fits into the oval window of the cochlea. The
footplate is surrounded by the annular ligament. Of the two crura, the
anterior is shorter and less curved than the posterior. The stapes is
attached at the posterior side of its neck to a muscle, the stapedius
muscle.
Morphological discussion about the ME is elaborated in chapter 2.
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1.1.3

Inner ear

The IE or labyrinth, figure 1.1, is the third part of hearing organ, which
occupies the most medial side of the ear. It consists of two major parts: the
bony labyrinth and the membranous labyrinth. The first could be further divided into three parts: the vestibule, the semicircular canals and the cochlea,
which are hollowed cavities of a bony structure lined by periosteum, cf. figure 1.7(a). They contain perilymph, a fluid rich in sodium ions, in which the
membranous labyrinth is situated. The vestibule, where the stapes is firmly
attached to the oval window (fenestra vestibuli), occupies the central part of
the bony labyrinth, medial to the tympanic cavity.

(a) Bony labyrinth

(b) Membranous labyrinth

Figure 1.7: Anatomical details of human IE; (a) The bony
labyrinth (b) The membranous labyrinth (from Gray (1918)).

The bony semicircular canals are three in number: superior, posterior and
lateral semicircular canal, situated superiorly and posteriorly to the vestibule.
They have a circular shape, compressed from side to side, with a diameter of
about 0.8 mm but they differ in length, 12 to 15 mm for the lateral, 15 to 20
mm for the superior and 18 to 22 mm for the posterior semicircular canal.
The three canals are perpendicular to each.
The cochlea, which has a spiral shape, forms the anterior part of the labyrinth,
cf. figure 1.7(a). In humans, it measures about 5 mm from base to apex.
The cochlea consists of three chambers or scalae: scala tympani, scala media
and scala vestibuli, cf. 1.8(a). Membranes separate them from each other.
The scala tympani extends from the round window to the helicotrema where
the scala vestibuli starts. The two scalae are separated by the basilar membrane and they contain the same fluid, the perilymph. The scala vestibuli
10
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ends at the vestibule. It receives sound vibration from the stapes footplate
and passes it to the scala media. Reissner’s membrane separates the scala
vestibuli from the scala media. The scala media lies between the scala tympani and the scala vestibuli. It accommodates the core component of the
cochlea, the organ of Corti or spiral organ. The latter contains auditory
sensory cells, the hair cells, cf. figure 1.8(b). In humans, the organ of Corti
contains 15,000 to 20,000 hair cells.

(a) Cochlea

(b) Corti

Figure 1.8: Cross section of the (a) Cochlea (b) Organ of Corti
(edited from Wiki).

Figure 1.7(b) shows the membranous labyrinth that is lodged within the
bony labyrinth and fixed to it in certain places. The membranous labyrinth
contains endolymph. At its wall, the acoustic nerves are distributed. The
membrane consists of two sacs, the utricle and the saccule. The utricle is
larger than the saccule. It forms the superior-posterior part of the vestibule.
11
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The saccule occupies the region near the opening of the scala vestibuli of the
cochlea.

1.2

Ear function

From the previous section, we see that the ear has many components. One
could ask a logical question; Why does it have such a number of components?
Another could ask, are they all involved in operating and enhancing our
hearing sense and how? In what follows, a physiological overview of the ear
is presented to answer these questions.
The OE has two main functions: it helps localize the source of sound, and
collects and amplifies the acoustic pressure. Sound needs to be amplified
since it passes from air, in the OE, to fluid in the IE, which reflects some
acoustic energy. The OE alters the amplitude of the incoming sound wave
and provides a mechanism to differentially amplify sounds within the audible
frequency range (cf. section 1.3). The OE pinna amplifies sound by a factor
of 2 or 3, which gives a gain of about 6 dB, and directs it into the EC. Some
animals increase the amplification more than that by turning and shaping
their auricles since they have mobile pinnae.
The resonance frequency of the concha and the EC around 5 kHz and the
reflection of sound from the torso together with diffraction of sound by the
head lead to additional amplification of about 5 to 20 dB. At higher frequencies, above ≈ 6 kHz, the pinna allows sound frequencies to enter the EC with
a slight delay that is translated into a phase cancellation, which is known as
the pinna notch filter.
The ME has a major influence in the amplification process, however its function is more complicated than just an amplifier or a puffer. Generally, ME
function can be described by three mechanisms: area ratio, lever action and
“buckling” effect. Since sound is collected by the OE and passed to the ME,
which ends up at the stapes, the sound pressure is concentrated due to transition from big to relatively small area; this is called the area ratio, cf. figure
1.9(a). Due to the difference between the area of the TM and the stapes
footplate (oval window), the first and largest gain is obtained. In humans
and cats the TM is approximately 17 times larger than the oval window,
which corresponds with an amplification of around 25 dB, while in gerbil
the ratio rises up to 25 times, which corresponds to ≈ 28 dB. The second
mechanism is the buckling effect, which originates from the tent-like shape
12
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of the TM, cf. figure 1.9(b). Due to its shape, relatively big forces on the
TM result in small deformations, these deformations and associated forces
are concentrated at its centre, where the malleus handle is attached to it.
This effect allows an increase of the force at stapes by a factor of 2, which
corresponds to an amplification of 6 dB (Tonndorf and Khanna, 1970).
At low frequencies, the ossicles also act as a lever, where they move as a single
rigid body rotating around a rotation axis at the incudomalear complex.
Figure 1.9(c) shows that malleus length is longer than stapes length. From
a mechanical point of view, this length difference serves to increase the force
of the TM applied on the stapes footplate. In humans, the lever ratio value
is 1.3, which gives an amplification of 2 dB. The ossicular chain motion
becomes more complex at higher frequencies (Decraemer et al., 1989), thus
amplification factor due to lever action becomes less straightforward.
The ET, as a component of the ME, has a special function. Opening and
closing of the ET are physiologically and pathologically important. Normal
opening of the ET equalizes atmospheric pressure in the ME; closing of the
ET protects the ME from unwanted pressure fluctuations and loud sounds.
Mucociliary clearance drains mucus away from the ME into the nasal part of
the pharynx, thus preventing infection from ascending to the ME is another
function of the ET (Bluestone and Doyle, 1988; Bluestone, 1996). We clearly
feel that we need the opening of the Eustachian to equalize the sudden pressure change when we, for instance, take an elevator, dive in water or during
take-off/landing on an aeroplane (Dirckx et al., 2006).
We arrive now at the IE and the cochlea; which is considered to be the
heart of the hearing organ. The cochlea contains fluid, which has a different
resistance to sound than in air. The resistance of sound transport through a
medium is called acoustic impedance Z, which is defined as the ratio of sound
pressure p and the particle velocity v. It is measured in rayl unit (N.s/m),
cf. equation 1.1.
p
Z= .
v

(1.1)

When sound energy passes the border between two media with different
acoustic impedance, it has three possibilities: reflection, absorption, or transmission, a combination of two is also possible. The amount of reflected acoustic energy R depends on the impedance difference between the two media,
equation 1.2.
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(a) Area ratio

(b) Buckling effect

(c) Lever action

Figure 1.9: The ME amplification mechanisms: (a) Area ration;
the difference between the area of TM and the area of oval window
(stapes footplate), from Gelfand (2009). (b) Buckling effect of the
TM, from Tonndorf and Khanna (1970) and (c) Lever action. ATM :
the area of the TM, As : oval window area (stapes footplate), Im :
malleus length and Ii : incus length. The left image is obtained
from a µCT morphological model of a gerbil, cf. chapter 2.
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R=

Z2 − Z1
Z2 + Z1

!2

.

(1.2)

From equation 1.2, when sound comes from air (Z1 ≈ 400 rayl) at the OE to
the cochlea which contains fluid (Z2 ≈ 1.5 x 106 rayl), we get that ≈ 99.9% of
the incoming acoustic power is reflected, which leads to loss in the acoustic
energy of ≈ 60 dB. The energy loss by the reflection is approximately equal to
the amplification of the acoustic energy that is made by the OE and mainly
by the ME as we have seen earlier in this section.
Finally, the hair cells are responsible for transforming sound into electrical
signals that nerves can convey to the brain, to be interpreted, with the help
of charged particles (primarily potassium and calcium). Moreover, hair cells
play a key role in human balance. The hair cells that are located in the
vestibular (balance) organs of the IE detect changes in head position and
send this information to the brain via nerve fibers. This information is used
to help maintain body posture, eye position and balance.

1.3

Sound pressure regimes

If someone asks what we hear, the obvious answer is “sound”, the question
then becomes what is sound? But simply, sound is a pressure wave, which
consists of pulsations or vibrations of molecules of an elastic medium such as
gas, liquid or solid (Manhart, 1974). For the hearing process, sound exists in
acoustical, mechanical, hydraulic and electrical forms. The acoustic pressure
(sound pressure) is collected by the OE passed to the ME to be converted
into mechanical energy which is then transformed into hydraulic energy in
the endolymph of the IE and finally to electrochemical energy by the hair
cells to allow sound travel through the nerve to the brain for interpretation.
The sound pressure is presented as a logarithmic measure of the effective
sound pressure of a sound relative to a reference value (pref ) of 20 µPa that is
usually considered as the threshold of human hearing (at 1 kHz), measured
in decibels (dB).

dBSPL = 20log10

p
pref

!

.

(1.3)

For humans, the sound pressure level has a wide range, spread over seven
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orders of magnitude starting from 0 dB (the threshold of hearing at 1 kHz)
to 140 dB (pain threshold at 130 dB), cf. figure 1.10 and table 1.1.

Figure 1.10: Schematic diagram represents approximately the
frequency and pressure spectrum and the range of human perception (edited from Gea et al. (2010)).

Some examples of the sound pressure levels of common sound sources in our
environment are presented in table 1.1.
The sound pressure is not the only factor that controls what we hear; another
important factor is the frequency of sound. It is well known that we can only
hear a limited frequency range. This limitation is called the audible range or
hearing range, which has been a subject of study since the middle of the 19th
century. Galton (1883) studied the response of animals to high-frequency
sounds. He reported significant species differences in the ability to hear high
frequencies. Among the animals he studied, cats were found to have the best
high-frequency hearing. He claimed that cats need to hear the high frequency
sounds made by their prey such as mice and other small animals (Galton,
1883).
Since then it has been clear that there is a variation in the hearing ability
among animals. Many more recent studies have been carried out to determine
the hearing range for animals (Rosenzweig et al., 1955; McCormick et al.,
1970; Kreithen and Quine, 1979; Heffner and Masterton, 1980; Heffner and
Heffner, 1985; Fay, 1988; Heffner and Heffner, 2007, 2008).
In humans, the audible range of frequencies is 20 Hz to 20 kHz, nevertheless
there is a considerable variation between individuals especially at the high
16
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Table 1.1: Examples of sound pressure levels in dB and corresponding sound pressure in Pa of some sound sources.

Source

sound pressure corresponding
level in dB
pressure in Pa

Jet aircraft, 50 m away
Threshold of pain
Threshold of discomfort
Chainsaw, 1 m distance
Disco concert, 1 m from speaker
Diesel truck, 10 m away
Kerbside of busy road, 5 m
Vacuum cleaner, 1 m away
Conversational speech, 1 m distance
Average home
Quiet library
Quiet bedroom at night
Background in TV studio
Calm breathing
Threshold of hearing

140
130
120
10
100
90
80
70
60
50
40
30
20
10
0

200
63.2
20
6.3
2
0.63
0.2
0.063
0.02
0.0063
0.002
0.00063
0.0002
0.000063
0.00002
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frequencies, where a gradual decline with age is considered normal. The
hearing range for some animals and humans is illustrated in figure 1.11.

Figure 1.11: The hearing range of different mammals. Thin
lines indicate the range of frequencies that can be detected at 60
dB SPL; thick lines indicate the range of frequencies that can be
detected at 10 dB SPL, which represents the range of good hearing
(edited from Heffner and Heffner (2007)).

From figure 1.11, it is clear that most mammals have a better high-frequency
hearing limits (upper frequency limit at 60 dB SPL) than humans do. That
ranges from 34.5 kHz for Japanese macaque to 85.5 kHz for the domestic
house mouse. The main reason for this variation is attributed to the fact that
small mammals need to hear higher frequencies than do larger mammals in
order to make use of the high-frequency sound localization cues provided by
the attenuating effect of the head and pinnae on sound (Heffner and Heffner,
2007).
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For the low frequency limit, humans seem to have better lower limit than
other mammals do. At 60 dB SPL, the range of lower limit is 28 Hz for the
Japanese macaque, which slightly exceeds that of humans of 31 Hz, to 2.3 kHz
for the domestic mouse. Only Indian elephant is known to have significantly
better low-frequency hearing (17 Hz) than humans. Although the reason for
the variation in the lower limit is not fully understood, Heffner and Heffner
(2003) attributed it to the fact that some animals have reduced their lowfrequency hearing to prevent the low-frequency components of sounds from
masking the high-frequency components they need for sound localization
As shown in figure 1.10, the spectrum of frequencies and pressures that the
humans face at normal circumstances could be divided in three pressure
regimes: static, quasi-static and acoustic. The quasi-static pressure regime
marks the transition between static and acoustic changes, but its limits are
arbitrary. The effect of both static and acoustic pressures on hearing were
investigated in many studies to point out the motion of TM and the ME
ossicles as well as sound transfer to the cochlea (Tonndorf and Khanna, 1970;
McPherson et al., 1976; Buunen and Vlaming, 1981; von Unge et al., 1991;
Dirckx and Decraemer, 1992; Decraemer et al., 1994; Lee and Rosowski, 2001;
Dirckx, 2006; Mills et al., 2007; Dai et al., 2008; Chien et al., 2009; Gaihede
et al., 2010; Cheng et al., 2010; Koka et al., 2011).
Apart from acoustic pressures, the ME is also subject to very slow pressure
variations due to, for instance, gas exchange processes through the ME mucosa, which acts as a natural pumping mechanism. Moreover, we pressurize
our ears with thousands of Pascal when we take off with an aeroplane, dive
in the water or take an elevator for a couple of floors. These quasi-static
pressure variations have larger amplitudes than the highest sound pressures.
Recently, a number of studies were published (Tideholm et al., 1998; Dirckx
et al., 2006, 2008) concerning 24-hr. real-time middle ear pressure (MEP)
monitoring on humans. They reported that MEP could change up to 1 kPa
within minutes in our daily activities. Dirckx et al. (2008) demonstrated that
the pressure rose about 0.5 kPa in a time span of just 30 seconds, when an
elevator is used.
Changes were also recorded when a patient lay down on a bed or got up again.
When going to a recumbent position, MEP increased by 1.3 kPa in a time
span of one hour, while the pressure dropped quickly when s/he went back
into an upright position. Even blowing the nose pressurises the ME in seconds
with about 100 Pa. The associated TM and ME ossicles motion with the
quasi-static pressure changes have not been thoroughly investigated, despite
its importance in understanding how the ear works at such high pressures.
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Few studies reported the ME mechanics in the static and quasi-static pressure
changes such as Hüttenbrink (1988); Dirckx et al. (2006); Gea et al. (2010).
Hüttenbrink (1988) studied the displacement of malleus, incus and stapes at
pressures equivalent to 0.5, 1, 1.5, 2 and 4 kPa using microscopy. These measurements were also done by Dirckx et al. (2006) on the umbo and stapes of
the rabbit ME using laser Doppler vibrometry (LDV). With pressure change
rates of 0.2 kPa/s (20 mHz) to 1.5 kPa/s (150 mHz), displacement as at a
pressure up to ± 2.5 kPa was measured.
Displacements in the human and gerbil MEs at different static pressures have
also been measured by Gea et al. (2010). At static pressures of ± 5 kPa, the
displacements were calculated from data obtained with µ-CT scans. The
µ-CT scan setup offers some 3D information about the motion, but at static
pressure changes. In this thesis, the mechanics of the ME in the quasi-static
pressure regime with dynamic pressure changes (0.5 to 50 Hz) is presented.

1.4

Motivation

1.4.1

Hearing loss

Recently, the WHO has ranked hearing loss as one of the six most common
diseases affecting the lives of people in industrialized countries. For children,
hearing loss can change their live dramatically backward; as one sees that
people with hearing and communication problems are always try to avoid interaction with others that is in return depriving them of acquiring knowledge
from their peers. Moreover, if no serious care is taken, educational process
may be affected and thus the future of those people becomes grey, if not
dark.
Young people (and adults) are in danger too due to their attitude in the
leisure time; because they are often exposed to very loud sound that sometimes reaches the pain threshold, such as in big concerts. Nowadays, it is
common to see people wearing earphones and listening to loud music for several hours on a daily basis. Recently, Barbara et al. reported that “stress”
must be taken into account as an additional factor that has an influence on
the hearing problems (Barbara et al., 2012). They concluded that long-term
stress and other Psychiatric disorders in the western countries, as in Sweden
where the study took place, may lead to increase the number of the affected
people. In addition, noise pollution in big cities becomes unavoidable. As20
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sociated with other factors, therefore the figure for people with hearing loss
increases to be a true problem. Accordingly, WHO estimated this number to
be 278 Million worldwide in 2005, which is about 5 % of the world population
at that time.
Hearing loss, also known as hearing impairment, is defined as any degree
or type of auditory disorder, while deafness is known as the inability to
discriminate conversational speech. One is considered as deaf if s/he needs
to receive sound of at least 90 dB in order to hear it. This shows that even
people who can hear above that loudness are considered as deaf.
Types
Hearing loss is sub-divided into two major types due to the causes:
• Conductive hearing loss: This occurs when sound cannot be conducted
from the OE to the IE due to the OE and/or ME dysfunction. The
major reason for this kind of hearing loss for children and youths is
chronic otitis media, which occurs when the ME pressure cannot be
equalized due to malfunction of the ET. With built up pressure, the
environment becomes suitable for bacteria to colonize the ME, thus
inflammation which leads to distort and perforate the ME. Some of
other reasons for conductive hearing loss are ruptures or holes in the
TM, fixation of the ME ossicles, exposing to a sudden high pressure
change, head injury, severe repeated infection and tumours.
• Sensorineural hearing loss; It happens due to any kind of damage in
the nervous system that is involved in hearing such as the IE, auditory
nerve, brain stem and cerebral cortex, where sound is interpreted. The
main reason for this kind of hearing loss is abnormalities in the hair
cells. This kind of disorder can be mild, moderate, or severe. The
latter case leading to total deafness. The Major causes for sensorineural
hearing loss are genetic defects, which deny the proper development of
the IE, as well as exposing to complications during pregnancy, birth and
childhood. This includes taking some medications, head injuries and
exposure to sudden high sound pressures. Nevertheless diminishing of
hearing ability with time and exposure to noise pollution are considered
as the major reasons for hearing loss. Accordingly, 40% of people older
than 65 years are affected.
• When someone has both above mentioned sorts, a third type of hearing
loss becomes visible. This combined disorder is less common than both
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conductive and sensorineural hearing loss individually.
Treatment
The treatment of the hearing loss can be performed in several ways according
to the cause and level of it. The easiest and most common way is the hearing
aid, which helps more than 90% of people with hearing problems. It works
by amplifing the acoustic sound to a level that can be heard. There are
numerous types of hearing aid, such as behind the ear aids or in-the-ear aids,
cf. 1.12.
Dispite its easyness and availabilty, hearing aid is not the ideal method of
treatment as they come with many drawbacks, e.g. uncomfortable, background noise and social stigma that is attached to hearing loss, which tragically still exists.

Figure 1.12: Illustration of different hearing aid types (edited
from Wiki).

The treatment of conductive hearing loss can also be achieved by reconstructive surgery (Marquet, 1971; Gea et al., 2010) of the TM, which is known as
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tympanoplasty or/and ME ossicles, ossiculoplasty. With ossiculoplasty, the
ME ossicles are replaced by ossicles from a human donor (complete ossicular
chain or in part). It needs that the patient should find a donor fits him. As
this seems difficult due to the availability of a suitable donor, prostheses (implants), made of titanium, becomes a good alternative. As shown in figure
1.13, the ME ossicles can be replaced entirely, right image, or just for the
affected ones.
Complications for this approach come from the size of the ME; which makes
it difficult for surgeons. Moreover, the human body frequently rejects foreign
body material whether it is from a donor or implants.

Figure 1.13: Illustration of different types of the ME implants
(from Gea et al. (2010)).

When severe hearing loss is diagnosed, especially for the combined hearing
loss, cochlear implants can be an effective way to treat damage of both the
ME and IN. As illustrated in figure 1.14, cochlear implants pick up and
process sound waves and then transmit electrical pulses to the acoustic nerve.
Since the 1950s, efforts have been performed to improve the quality and
availability of cochlear implants. Consequently, they have benefited more
than 250,000 people worldwide. Nevertheless they are still expensive and
need appropriate centres and expert surgeons to be implemented. Moreover
it is possible that cochlear implants can be rejected by the human body, since
they are foreign materials.

1.4.2

Hearing research impact

Due to its importance, the ear, thus the hearing sense in general, has been
a subject of research for centuries. In the 16th century, Bartolomeo Eustachi
(1500-1574), Giovanni Filippo Ingrassia (1510-1580), Andreas Vesalius (15141564) and Costanzo Varolio (1543-1575) reported the anatomical structure of
the ME. Later on, in the 19th century, Adam Politzer (1835-1920), who is one
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Figure 1.14: An example of a cochlear implant: (1) A small
microphone that captures sound wave and converts it into digital code, (2) A receiver and processor unit that transmits the
digitally-coded sound through the coil to the implant, (3) An implant to convert sound into electrical impulses and sends them
along the electrode array, which is positioned in the cochlea and
(4) Electrodes to stimulate the cochlea’s hearing nerve, which
then sends the impulses to the brain. (edited from http://www.
cochlear.com).
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of the pioneers and founders of otology, opened the doors widely for the those
following to build upon his valuable contributions on ossicles movement.
In the early 1870s, Ernst Mach (1838-1916) and Johann Kessel (unknown)
have observed and reported the deformations of the TM in the static-pressure
regime (Hui, 2008). A few years later, Hermann von Helmholtz (1821-1894)
published his curved-membrane theory which was the first theory to report
the lever system of which the TM is involved (Helmholtz, 1868).
Since then, so many researchers have put their hands to push the wheel
toward better understanding of hearing and thus helping people who suffer
from hearing difficulties. Among them, von Békésy, Funnel, Tonndorf and
Khanna who have made important contributions that are highly appreciated.
Generally, the contributions in the field can be can be divided into several
interactive directions (cf. figure 1.15) that facilitate the hearing research.
For anatomy and geometry of the ear, morphological computer models attracted some attention in order to provide accurate estimation of the ear’s internal structures, which is important for the prostheses as well as for the finite
element (computer) modelling (FEM). The movement and the biomechanics
of the ME has recently been studied by, e.g., Hüttenbrink (1988); Hergils
et al. (1990); von Unge et al. (1993); Decraemer et al. (1994); Rosowski et al.
(1999); Dirckx et al. (2006); Chien et al. (2007); Aerts and Dirckx (2010);
Cheng et al. (2010); Gea (2010); Volandri et al. (2011); Aernouts et al. (2012).
The FEM has become an established numerical technique to simulate ME
mechanics. In ME research, the technique was first introduced by Funnell
and Laszlo (1978). Since then, so many studies have been carried out in
order to better understand the complexity of the ear and hearing and thus
helping to ease the treatment procedure (Williams and Lesser, 1990; Wada
et al., 1992; Prendergast et al., 1999; Eiber et al., 1999; Koike et al., 2002;
Sun et al., 2002; Gan et al., 2004a; Wang et al., 2007).
Hearing aids and prosthesis benefit from these developments as better understanding of ear anatomy and physiology is led to more effective treatment.
An effective prosthesis highly depends on its mechanical properties such as
shape and weight. These have to be tested before implementation, and trial
and error tests in human volunteers is the most well known available method.
With the availability of computer models, surgeons can model the ear with
prosthesis and calculate the necessary parameters to optimize the final results. Therefore, it reduces the cost, pain and waiting time to have well-fitted
prosthesis to patients. Moreover, computer modelling facilitates the training
of new surgeons to have enough knowledge to perform surgeries.
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Figure 1.15: Schematic drawing representing hearing research
and its interactive input/output

The current work comes as a continuation of the previous studies to contribute to the field. We noticed that the available morphological computer
models of the ME lack some important features due to their low resolution.
It is well known that the FEM is highly dependant on the accurate data of
the shape, boundaries, location and dimensions of the ME and IE structures.
Therefore, we create and present high-resolution 3D morphology models for
different species based on a state-of-the-art µCT scanner. With these models
we predict that modellers can achieve more precise results and thus it eases
the life for those who suffer from hearing troubles.
As seen in this thesis, human ears are subject to different pressure changes,
both static and dynamic. Though a lot of effort has been made to study
the associated effects at different pressure regimes, the effects of quasi-static
pressure changes on the ear and hearing are still not entirely clear. Therefore,
this work presents a new approach with micro-scale accuracy to study the
3D micro motion of the ME in the quasi-static pressure regime. The output
of this study can open the doors for those following to fully understand the
3D motion of the ME ossicles at different pressure changes which leads to
better and more realistic prosthesis and hearing aids.
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2

High resolution 3D morphological
models of the middle ear
abstract
Middle ear (ME) finite-element (FE) models are an important tool in hearing
research to improve the understanding of this complex mechanical system. In
order to improve realism in ME finite-element modelling (FEM), comprehensive
and precise morphological data are needed. Therefore, this study was conducted
to present high-resolution 3D morphology models of cat, gerbil, rabbit, rat and
human ossicular chains. The models are based on high-resolution CT measurements. The resolution of the CT images, from which the models are segmented,
varies from 5.6 to 33.5 µm depending on the size of the sample. These highresolution models can be used to generate precise FEM of the ME. In addition,
the gerbil and rabbit models are used in this dissertation to demonstrate ossicles
motion, which is the main goal of my Doctoral research.
This chapter is based on:
J.A.N. Buytaert, W.H.M Salih, M. Dierick, P. Jacobs and J.J.J. Dirckx. Realistic 3-D model of the
gerbil middle ear, featuring accurate morphology of bone and soft tissue structures. Journal of the Association Research in Otolaryngology (JARO), 12:681–96, 2011.
Open-access availability of these models was announced as short communication paper in the journal
hearing research:
W.H.M Salih, J.A.N. Buytaert, J.R.M. Aerts, P. Vanderniepen, M. Dierick and J.J.J. Dirckx. Open
access high resolution 3D models of cat, gerbil, rabbit, rat and human middle ears. Hearing Research,
284 (1-2): 1–5, 2012.
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2.1

Introduction

Since it has been introduced by Funnell and Laszlo (1978), the FEM attracted some attention to study the complex mechanics of the ME. As one
of its inputs, FEM requires 3D morphological computer models of the ME
components. These mesh models consist of a finite number of elements, e.g.,
tetrahedra or hexahedra.
Current morphological models are either incomplete, low resolution, and/or
contain rudimentary shapes to represent (some) ME components. Since the
criteria of low, modest or high resolution have no fixed definition, we divided
previous work as follows: We talk of low resolution when the models look
coarse, pixelated, roughly triangulated and/or only contain simple structures.
Modest resolution covers model shapes which look more smooth and natural,
though still lack small detailed features resolved in our models. Recently,
a new term is introduced to distinguish between the absolute resolution in
µm and the relative resolution which is given by dividing the voxel size by
the sample size. When this ratio is on the order of 1/250, it is considered
as a low relative resolution, while the high resolution is achieved when the
ratio becomes on the order of 1/2000. Pioneering work in this field used
manually drawn geometrical shapes in the computer to represent the ME
malleus, incus, and stapes (Wada et al., 1992; Ladak and Funnell, 1996;
Blayney et al., 1997; Prendergast et al., 1999; Eiber et al., 2000; Koike et al.,
2002).
Some authors used low- or modest-resolution shapes measured with medical CT (Rodt et al., 2002; Lee et al., 2006a) or with tabletop µCT devices
(Decraemer et al., 2002, 2003; Elkhouri et al., 2006; Lee et al., 2010; Puria
and Steele, 2010). Other authors used histological sectioning (Funnell et al.,
1992; Sun et al., 2002) or magnetic resonance microscopy (MRM, NMR,
MRI) (Funnell et al., 2005; Elkhouri et al., 2006), but again with modest resolutions. In many models, the suspensory ligaments and muscle tendons are
either omitted (Wada et al., 1992; Ladak and Funnell, 1996; Blayney et al.,
1997; Rodt et al., 2002) or manually incorporated as simple geometrical objects such as blocks, cylinders, or cones (Prendergast et al., 1999; Beer et al.,
1999; Koike et al., 2002; Sun et al., 2002; Lee et al., 2006b).
As of today, only models by Wang et al. (2006); Gan et al. (2007), and Cheng
and Gan (2008) (using histological sectioning) and by Mikhael et al. (2004);
Sim and Puria (2008), and Ruf et al. (2009) (using x-ray techniques) contain
actual measured shapes of soft tissue structures, but in low resolution.
28

2.2 Materials and methods
In this chapter, several ME ossicular chains models, as well as some other
ME and cochlea structures, are presented of different species used in ME
research. Apart from its clinical and educational use, 3D human-ME data
are useful in research (Beer et al., 1999; Gan et al., 2004a). Cat has been used
by many researchers to study the ME and TM properties (e.g. Guinan and
Peake (1967); Funnell (1983); Funnell et al. (1987); Decraemer et al. (1989)).
Gerbil was first used to study ME infections by Fulghum et al. (1982), for
which it is still in use (von Unge et al., 2009). Furthermore, it is intensively
used for TM studies, (for instance by Aerts and Dirckx (2010); Aernouts et al.
(2012)), for studies related to its specialized hearing mechanisms (Rosowski
et al., 1999) and for the FEM (Elkhouri et al., 2006).
When larger animal MEs are needed, rabbit is an alternative (Dirckx et al.,
2006; Marcusohn and Dirckx, 2011). Finally, rat is widely used in studies
concerning otitis media (Ogura et al., 2008) and for ME research (e.g. by
Franz and Anderson (2008)). It has been pointed out that it might not be
necessary, even not numerically feasible, to perform FEM with all structures
described in the highest detail (Elkhouri et al., 2006; Sun et al., 2002). On the
other hand, it is difficult to decide beforehand how precise the morphological
model needs to be. Therefore, it is important to first have a high-resolution
morphological model available, which can then be simplified to the modeller’s
requirements.

2.2
2.2.1

Materials and methods
Dissection

Except for human, the specimens were prepared by the following procedure;
Adult gerbils and rats were euthanized using carbon dioxide, while a cat and
rabbits were sacrificed using intravenous injection of sodium pentobarbital 60
mg/kg. Injection was performed in the vein of the pinna after local surface
anaesthesia with lidocain spray. All the preparations were done according to
the rules set by Belgian legislation and the local ethical committee of the University of Antwerp. All manipulations were carried out according to local and
international rules and were in accordance with the Guiding Principles for
Research Involving Animals and Human Beings as adopted by The American
Physiological Society. Next, the temporal bone was dissected from the skull
and kept in 4% formaldehyde. During the harvesting of these bullae, continuous moistening with mist from an ultrasonic humidifier (Bionaire BT-204)
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was applied to avoid dehydration. The human samples were obtained from
collaborations with Cochlear Technology Centre - Belgium and the Temporal
Bone Foundation - Belgium.

2.2.2

X-ray imaging

The first stage of 3D tomographic recording of the ME was achieved using
µCT. The dissected bullae were enclosed in separate Eppendorf vials, together with a calibration object and a few droplets of physiological fluid at
the bottom. In this way, a 100% saturated humid environment was created
to avoid dehydration artifacts. Another droplet of fluid was placed in the EC
which could help to distinguish between the outline border of the TM shape
and the air-filled ME cavity. Water and air have a slightly different x-ray
absorption coefficient, so a layer of water on the extremely thin TM can help
to reveal its medial shape outline.
In a study by Buytaert et al. (2009), the shape of the TM was measured before
and after putting fluid on the membrane: Even with a 10 mm water column
in the EC, no measurable deformation was found with moiré profilometry
of 15 µm resolution (Buytaert et al., 2009). As the droplet of water is less
than 3 mm high (inducing a pressure load of 30 Pa), the TM deformation
is well below the µCT measurement resolution. The Eppendorf vials (made
from polypropylene) are almost x-ray transparent. Especially bone absorbs
x-rays well, thus creating a high contrast in transmission recordings. The
small calibration objects were custom-made from polyvinyl chloride in our
mechanical workshop and possess about the same x-ray absorption properties
as thin bone (Gea et al., 2005). They served as an independent calibration
to verify the µCT device specifications.
A state-of-the-art µCT-scanner (UGCT - Ghent University) was used to
make high-resolution computer morphological models of the ME ossicular
chains of cat (one specimen), gerbil (three specimens), rabbit (three specimens), rat (three specimens) and human (one juvenile and one adult specimen). In most cases, the IE cavities were segmented as well. The custombuilt µCT-scanner of medium energy (up to 160 keV) can achieve a true
resolution of 2 µm on small samples (as specified by the x-ray tube manufacturer) (Masschaele et al., 2007). For the µCT scanners, the spot size of the
x-ray source is the lower limit of the resolution, which differs than the voxel
size. However, for a very small spot size, the voxel size is considered to be as
same as the resolution of the CT scanner. For the scanner that has been used
in this study, the resolution is considered at its best as twice the spot size.
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This can be achieved when scanning with a voxel size equal to the spot size,
with a detector layer thin enough to have a sharp intrinsic detector response.
Using phantoms with line patterns, the achieved resolution is calibrated
For each specimen 1,000 shadow images (1,496×1,880 pixels for gerbil, rabbit and rat; 1,024×1,024 pixels for cat and juvenile human; and 2,048×2,048
pixels for adult human) were recorded covering 360 degrees within about
two hours measurement time, followed by back-projection calculations with
the Octopus custom-made software package (Dierick et al., 2004), to obtain the reconstructed images (1,496×1,496 pixels for gerbil, rabbit and rat;
1,024×1,024 pixels for cat and juvenile human; and 2,048×2,048 pixels for
adult human). The pixel size of these reconstructed images and the voxel
size of the entire 3D datasets of our specimens varies from 5.6 µm for rat to
34.4 µm for adult human; gerbil (8.5 µm), rabbit (10.7 µm), cat (23.7 µm)
and juvenile human (33.5 µm) lie in between.

2.2.3

3D segmentation and reconstruction

After obtaining several series of object cross sections originating from the
back-projection calculations, the relevant structures were identified and segmented in all images. The goal of segmentation is to locate object boundaries,
which in turn allows software to build 3D surface meshes by triangulation.
The segmentation was done semi-automatic (automated segmentation with
a manual correction of the structures boards, where it is necessary) for thousands of sections using the commercial image segmentation and 3D surface
mesh generating software package Amira R 5.3.3 (Visage Imaging), cf. 2.1.
While it seems more time-consuming, semi-automated segmentation was preferred over fully automatic segmentation to make use of morphological knowledge in the interpretation of the section images, therefore, semi-automated
segmentation delivers better results than purely automated segmentation
based on a threshold of grayscale values. The semi-automated and manual
segmentation are not just used in this study, they have been used in different
studies to segment several structures since the fully automated segmentation
lacks the ability to determine the borders of some structures due to the resolution of the images of which the models were created. (Chen et al., 1998;
Welkenhuyzen et al., 2009; Frericks et al., 2004; Parkinson et al., 2008)
The Amira R software package uses the marching cubes algorithm for triangulation. It takes eight neighbouring voxel locations at a time (forming an
imaginary cube), after which the polygon(s) needed to represent the part of
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Figure 2.1: Snapshot of the segmentation process of gerbil 2
data set loaded into the commercial software Amira R . (a) is the
workstation which shows the materials that are segmented. The
panel (b), which includes the .tiff images of the dataset gerbil 2,
shows how the boundaries of each material are located in order
to create 3D surface meshes afterwards by triangulation, and (c)
shows the segmentation tools and the parameters that facilitate
the segmentation process.
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the iso-surface that passes through this cube are determined. The individual
polygons are finally fused into the intended surface. This leads to sub-voxel
triangulation that easily manages sharp angles. When smoothing or simplification (reduction of the number of triangles) is used, the program takes the
“steepness” of the surface into account: Flat surface parts are more reduced
than curved parts.

2.3
2.3.1

Results
High-resolution 3D models

To illustrate the image quality, from which the models were segmented, figure
2.2 presents one µCT cross section image of gerbil 1. Notice how distinguishable the ossicle boundaries, the incudomallear and incudostapedial joint cleft,
and the annular ligament cleft are in the figure. This high contrast and resolution facilitates the segmentation process considerably. When the TM was
distinguishable and the joint clefts were clearly defined in the CT data, they
were modelled as well in some datasets. However, the goal was to image the
bony structures as good as possible, therefore, the device (energy) settings
were chosen so as to optimize bone visualization. Soft tissue could thus not
be visualized in general, but high detail is achieved on bone.
After segmentation of each ossicle separately (and in some cases the bulla,
semi-circular canals, annular ligament and cochlea as well), the image data
were triangulated into high-resolution surface meshes that were used to define
the model representation of each specimen. To illustrate the models quality,
figure 2.3 shows snapshots of the different animal surface models.
An example of a gerbil model including the middle and inner ear cavities is
presented in figure 2.41 .
Note that the outline of the TM was surprisingly but successfully visualized
using µCT. The resolution was just high enough to show the shape outline
of the extremely thin membrane. Nevertheless, thickness information could
not be obtained. Using a fluid droplet in the EC to aid in distinguishing the
medial border of the TM partially failed, as can be seen in figure 2.2, fluid is
not covering the entire membrane surface in the EC because of an air bubble.
1
This figure was selected to colour the cover of the journal Hearing Research, issue
284(1-2), February 2012.
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Figure 2.2: Reconstructed µCT cross section through gerbil 1
(originally 1,496x1,496 pixels cropped to 740x950 pixels). a ME
air cavity, c inner ear cochlea, i incus, m malleus, o EC, s stapes,
t TM outline. Pixel size is 8.5x8.5 µm.
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Figure 2.3: Snapshots of the ME ossicles (malleus (blue), incus
(green) and stapes (purple)) of: (a) cat, (b) gerbil, (c) rabbit, (d)
rat, (e) juvenile and (f) adult human.
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Figure 2.4: Snapshot of the ME ossicles malleus (blue), incus
(green) and stapes (purple)), the inner ear cavities (cyan blue)
and the ME (bulla) cavity (transparent yellow) of a gerbil.
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Some parameters of the TM of the three gerbils and one rabbit that have
been investigated are shown in table 2.2 and table 2.3, respectively.

Figure 2.5 shows the detailed malleus models for all of our animal species to
demonstrate their high resolution.

Figure 2.5: The malleus of: a) rat, b) gerbil, c) rabbit, d) cat,
e) juvenile and f) adult human.

Due to the high-resolution imaging, it was possible to observe channels (blood
vessels) inside the gerbil ossicles, occurring especially in the incus and malleus
bone, cf. Figure 2.6. The ossicular surface shapes are almost identical between all three gerbils, and the same is true for the size, volume, and branching layout of the major channels inside them.
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Figure 2.6: Mesh of the malleus (gerbil 2) rendered transparent
in combination with a mesh of the (major) blood vessel channels running inside it. Data obtained from µCT. Voxel size is
8.5x8.5x8.5 µm.

2.3.2

Morphological parameters

After segmentation and triangulation, morphometric data on every model is
readily available, cf. Table 2.1. The morphological data corresponds well
with previous data in the literature in terms of malleus, incus and stapes
dimensions, although the definition of malleus, incus and stapes length varies
between different papers. For instance, Hemilä et al. (1995) defined the
malleus and incus length as the length from the tip of the ossicle to the
rotation axis. The rotation axis for the ossicles is not easily defined, therefore,
the length measure defined in figure 2.7 was used.
Unur et al. (2002) defined the juvenile human ossicles dimensions in the same
way as we did. They showed that the manubrium length is (4.6±0.45) mm
while we found a value of 5.3 mm. For incus length Unur et al. (2002) found
(6.47±0.55) and for stapes length (3.4±0.31) mm. The values we determined
are 6.01 mm and 3.47 mm respectively. Zhao et al. (2009) reported human
incus length (length along the long process which is to some extent similar to
our approach) between 6.02 mm and 7.0 mm while ours is 6.64 mm. For cat
ME models, Decraemer et al. (2003) showed stapes length (measured from
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the head to the footplate) of 1.52 mm, cf. figure 2.7. Our model shows a
stapes length of 1.67 mm. Rabbit manubrium length (malleus) was measured
by Marcusohn and Dirckx (2011) to be 3.79 mm and our 3 rabbit models
show a manubrium length of 3.75 mm, 3.92 mm and 4.28 mm. From previous
parameters and from figure 2.3, it is clear that the largest ossicles are those
from the two humans, the smallest are from the gerbil and rat. Moreover,
one can notice the variation between species in (i) the absolute sizes of the
ossicles, (ii) the relative sizes of the malleus and incus, (iii) the orientation
of the malleus and incus lever arms, which has an influence on the sound
amplification (cf. section 1.2) and (iv) the shape of the malleus and incus.
The shape of the stapes also varies, but less dramatically.

Figure 2.7: Measurements of ME ossicles dimensions: a) ML is
the manubrium length. b) IL is the maximum length of the incus
and c) SL is the stapes length
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7

6

5

4

3

2

1

ML1
(mm)
4.48
2.75
2.70
2.73
3.75
3.92
4.28
2.48
2.05
2.15
4.51
5.31

MV2
(mm3 )
3.280
0.670
0.655
0.656
1.454
1.809
2.017
0.900
0.478
0.520
9.228
12.823

IL3
(mm)
2.52
1.64
1.63
1.61
2.66
2.87
2.81
1.76
1.43
1.47
6.01
6.64

IV4
(mm3 )
1.246
0.374
0.373
0.344
0.916
1.099
1.217
0.444
0.245
0.258
11.646
14.341

SL5
(mm)
1.67
1.28
1.26
1.27
1.49
1.53
1.54
1.28
1.06
1.13
3.47
3.54

SV6
(mm3 )
0.227
0.085
0.082
0.082
0.169
0.310
0.363
0.086
0.050
0.046
1.342
1.385

FA7
(mm2 )
1.12
0.82
0.82
0.81
1.30
1.51
1.43
0.65
0.45
0.44
3.16
4.09

ML: malleus length; the length of the manubrium (cf. figure 2.7)
MV: malleus volume
IL: incus length; the maximum length of the incus (cf. figure 2.7)
IV: incus volume
SL: stapes length; the length from the head to the footplate of the stapes (cf.
figure 2.7)
SV: stapes volume
FA: footplate area.

Cat
Gerbil 1
Gerbil 2
Gerbil 3
Rabbit 1
Rabbit 2
Rabbit 3
Rat 1
Rat 2
Rat 3
Human 1
Human 2

Specimen

Table 2.1: Length and volume of malleus, incus and stapes and area of footplate for the different species
derived from 3D surface meshes obtained from µC.

2 High resolution 3D models

2.3 Results
We also examined the morphometric parameters of our models with respect
to the upper hearing frequency limit, which is defined as a frequency where
the threshold sound pressure level is 60 dB SPL (Hemilä et al., 1995). To
do so, the behavioural high frequency limits, obtained from Fay (1988), were
plotted as a function of the cube root of the mass of the incudo-mallear
complex (figure 2.8a), and as a function of the cube root of the stapes mass
(figure 2.8b), for the different species that we investigated. We computed
the mass of the ossicles as a result of our estimates of ossicular volume and
a uniform bone density based on Nummela (1995). The cube root of mass
is proportional to the characteristic length, which describes each ear size
(Hemilä et al., 1995).
Figure 2.8 illustrates that the relationship between ossicular mass and the
high frequency hearing limits of rat, gerbil, rabbit and human are well fit
by a single line in which the limit of hearing is inversely proportional to the
cube root of the ossicular mass. The relationship exists both for the incudomallear complex as well as for the stapes. The result obtained for cat is the
only outlier, as its data deviates from the fitted line. This was noticed also
by Hemilä et al. (1995). A possible reason could be an over-estimation of
the upper frequency hearing threshold. In the work by Hemilä et al., only
the incudo-mallear complex was investigated. As our high shape data allows
us to accurately determine stapes volume, we can also study the relationship
for this ossicle separately. It shows that the mass of this ossicle is adapted
to the high frequency hearing threshold.
Apart from that, in human, it is generally believed that the size of the ossicles
remains practically unchanged throughout life from birth onwards (Keen,
1927; Bast and Anson, 1949; Schuknecht, 1974). Olszewski (1990), however,
reported that ossicular mass and size increased after birth. Unur et al. (2002)
reported that only the mass of the ossicles increases during human postnatal
development. We did observe a smaller size for the juvenile human specimen
as compared to the adult specimen. The differences in the dimensions of
the two human chains could, however, also be related to the inter-individual
differences observed in human ossicular dimensions, rather than age.

41

2 High resolution 3D models

(a) incudo-mallear complex

(b) stapes ossicle

Figure 2.8: The Behavioural upper frequency limit of hearing
plotted against the inverse cube root of mass of the: a) incudomallear complex (m) and b) stapes ossicle. (Of different species.)

42

a

Mean thickness data from confocal microscopy on 11 gerbils by (Kuypers et al., 2005).

Diameter tympanic ring inferior-superior (mm) (parallel to the direction of the
manubrium)
Diameter tympanic ring anterior-posterior (mm) (orthogonal to the direction
of manubrium)
Average diameter of the pars flaccida ring (mm)
Angle between manubrium and plane of tympanic ring (o )
Distance between umbo and plane of tympanic ring (mm)
Surface area pars tensa (mm2 )
Surface area pars flaccida (mm2 )
Projected surface area pars tensa onto the plane of tympanic ring (mm2 )
Projected surface area pars flaccida onto the plane of tympanic ring (mm2 )
Thickness near annulus (mm)a
Minimal thickness between annulus and umbo (mm)a
Thickness near umbo (mm)a

Parameters
4.144
4.051
1.335
21.4
0.760
17.50
2.24
13.64
1.45

4.190
1.492
22.6
0.765
17.96
2.46
13.69
1.42
±0.035
±0.007
±0.020

TM G2

4.114

TM G1

1.413
23.4
0.769
17.35
2.11
13.22
1.54

4.169

4.168

TM G3

Table 2.2: Geometrical parameters of the TM for gerbil 1 (G1), gerbil 2 (G2), and gerbil 3 (G3) ear
components, derived from the 3D surface meshes obtained from µCT.
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R2

Diameter tympanic ring inferior-superior (mm) (parallel to the direction of the
7.993
manubrium)
Diameter tympanic ring anterior-posterior (mm) (orthogonal to the direction
5.589
of manubrium)
Average diameter of the pars flaccida ring (mm)
1.710
o
Angle between manubrium and plane of tympanic ring ( )
26.7
TM surface area (mm2 )
33.945
Projected surface area onto the plane of tympanic ring (mm2 )
28.707

Parameters

Table 2.3: Geometrical parameters of a rabbit TM (R2), derived from the 3D surface meshes obtained
from µCT.

2 High resolution 3D models

2.4 Conclusion

2.4

Conclusion

The state-of-the-art µCT that was used in this study offers high resolution
images, which facilitates the segmentation and creation of models considerably. Moreover, semi-automated segmentation that makes use of the morphological knowledge has led to build the highest resolution detailed morphological models of the ossicular chains of different species to date. Since the
aim of this study is to build models of the ossicular chains, the CT parameters have been adjusted to the best imaging of bony structures, nevertheless,
some soft tissues were scanned and segmented as well.
In order to benefit the research community, clinicians and educators, the
models are freely available on the BIMEF website http://www.ua.ac.be/
bimef/models. For ease of use, models can be downloaded in different standard file formats (.surf, .stl and .wrl). In addition, the original cross sectional
data of the models are available at simple request, so modellers can even
adapt the pure data to their specific wishes.
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Chapter

3

Tympanic membrane pressure
buffering in the quasi-static pressure
regime
abstract
A setup was developed to measure pressure in the ME as a function of sinusoidal
pressure variations applied to the EC. The technique was used in-vitro in rabbit
ears, with frequencies ranging from 0.5 Hz to 50 Hz and peak-to-peak amplitudes
from 0.5 kPa to 2 kPa. The trans-tympanic pressure difference was found to be
the smallest in the quasi-static range, and quickly increasing as a function of frequency. The response curves show asymmetry, with larger trans-tympanic pressures for positive pressure values in the EC. Normalized trans-tympanic pressure
amplitudes remain fairly constant as a function of input pressure, with values in
the range of 60% to 70% relative to the applied pressure. Total harmonic distortion (THD) was calculated from the measured middle ear pressure (MEP) signal
with respect to the measured ear canal pressure (ECP) signal: it is very small
(≤2%) for low-pressure amplitudes and low frequencies. For pressure amplitudes
in the order of 0.5 kPa to 1 kPa, it increases to about 10% at 50 Hz. When 2
kPa pressure amplitude was applied, variability between animals becomes large
and distortion values up to 30% at 50 Hz were observed.
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3.1

Introduction

The ME consists of a biomechanical system enclosed in a cavity, which is
closed off most of time from ambient pressure, and which has a rather constant gas volume (Dirckx et al., 2008). As seen earlier in this dissertation,
cf. chapter 1, the ear is subject to pressures less than 20 Pa in the normal
auditory range corresponding to the pain threshold of 120 dB SPL. However,
our ears also have to deal with pressures up to thousands of Pascal in daily
lives when we, for instance, take-off on an aeroplane (more than 70 kPa at
a height of 2000 m), dive in water (10 kPa for 1 m of diving), travel in an
elevator for a few floors (about 0.5 kPa for 10 levels) or just blow our nose
(around 0.1 kPa). These high amplitude pressure changes can occur in a few
seconds, as well as in intervals of tens of minutes (Dirckx et al., 2008; Gea
et al., 2010). Since these pressure changes happen in our daily life, and as
they are generally known to have an influence on hearing thresholds, many
authors have reported the effects of static and quasi-static pressure changes
on ME mechanics (Flisberg et al., 1963; Buckingham and Ferrer, 1973; Hüttenbrink, 1988; Dirckx and Decraemer, 1991, 1992; von Unge et al., 1993;
Teoh et al., 1997; Vorwerk et al., 1999; Rosowski et al., 1999).
Recently, the TM deformation and the displacement of the ME ossicles in
the quasi-static pressure regime have been studied with different approaches
in order to identify how the ME behaves under these circumstances (Lee and
Rosowski, 2001; Dirckx and Decraemer, 2001; Ladak et al., 2004; Dirckx et al.,
2006; Gea, 2010). Moreover, it has been reported that the pressure change
rate (frequency), which is known as pumping speed, and the direction of the
change (positive/negative) have an influence on the mechanical response of
the ME (Therkildsen and Gaihede, 2005).
It has been reported that the MEP is regulated by a complex process involving opening of the ET, gas exchange processes through the mucosa and
deformation of the TM. The contribution of the TM in the regulation process
of MEP is still not entirely clear (Dirckx and Sadé, 2005).
Numerous studies, both direct and indirect, have been conducted to determine MEP as a function of ECP. Indirect MEP assessment is achieved via
tympanometric recordings (Cinamon and Sadé, 2003). The latter is easy to
do as it can be performed in any clinical setting with appropriate equipment.
Therefore, it has been performed by many authors, despite its low time resolution (it needs several seconds to record a tympanogram) (Buckingham and
Ferrer, 1973; Bylander et al., 1985; Grøntved et al., 1989; Knight, 1991; Alper
et al., 2003). However, some papers reported significant limitations for tym48
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panometry versus direct measurements (Hergils et al., 1990; Cinamon and
Sadé, 2003; Pau et al., 2009).
Direct measurements of MEP, both long and short term, have been reported
in many papers. The direct measurement can be done by TM perforation
(Tideholm et al., 1998; Brattmo et al., 2005) or via the mastoid (Hergils
et al., 1990; Gaihede et al., 2010). Moreover, some efforts have been made to
perform MEP measurement via ET (Takahashi et al., 1987). Nevertheless,
the measurement via ET requires general anaesthesia that may affect the
results.
In this chapter, we measured the MEP directly in rabbit bullae as a function
of the ECP. With our measurement setup we measured the response to pressure amplitudes at different frequencies, thus we can identify how the TM
reacts to regulate pressure on the ME side.

3.2

Material and methods

Bullae of adult rabbits were used. The animals were sacrificed using intravenous injection of sodium pentobarbital 60 mg/kg (Dolethal, Ethical Agents
Ltd). The injection was performed in the vein of the pinna after local surface
anaesthesia with lidocaine spray (Xylocaine, AstraZeneca). All preparations
were conducted according to the rules set by Belgian legislation and the local
ethical committee of the University of Antwerp, and were in accordance with
the Guiding Principles for Research Involving Animals and Human Beings
as adopted by the American Physiological Society. Next, the temporal bone
was dissected from the skull.
R

A plastic tube was glued (using super glue Loctite 401TM ) to the EC
through which an air pressure was applied. At the medial side of the bullae,
a hole of 2 mm was drilled using a dental bur. The drilling was performed
carefully under a surgery microscope (Zeiss OPMI Sensera S7) to avoid any
damage to the internal structures. Through the hole, a metal tube was glued
with dental glue (OptiBond Solo Plus) to measure the pressure in the ME
as a function of EC pressurization. Specimens were kept humid during the
preparation and measurement by a jet of mist from an ultrasonic humidifier
(Bonaire BU-1300) directed via a plastic tube onto the specimen.
A custom-built pressure generator was used to apply air pressure to the EC.
As shown in figure 3.1, the pressure setup consists of an electromagnetic actuator (Frederiksen 2185.00) that is attached to an adaptable gas volume in
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connection with a tube. When the actuator moves, the pressure changes,
since the amount of gas remains constant. With a pressure sensor (Druck
PDCR 10/L) coupled to the tube, the exact pressure values were obtained
using a custom-built feedback system (Aernouts and Dirckx, 2011). A function generator (Tektronix TDS 210), attached to the feedback system, was
used to generate the frequency of the desired pressures within the range of
±2 kPa at frequencies varying from 0.1 to 100 Hz.

Figure 3.1: Schematic drawing of the experimental setup; (g):
compressible gas volume, (C): electromagnetic actuator, (S1):
pressure sensor to measure the actual pressure generated by the
system, (FU): feedback control unit, (S2): pressure sensor to measure the pressure at the EC, (V): two valves used to ventilate between measurements, (E): specimen, which is glued via two tubes
to the pressure sensors and (A/D): A/D port that sends/receives
the signals to/from a PC.
When the actuator (C) moves, the pressure in the gas volume (g)
changes as the volume remains fixed. With the feedback control
unit (FU) a desired pressure can be obtained.

The MEP as a function of ECP was measured with a pressure sensor (Ende50

3.3 Results
vco 8507C-1), connected via a tube to the medial side of the bulla. With an
A/D port (NI DAQPad-6015) the desired pressures and frequencies were sent
from a PC, using custom written software in Matlab (Matlab R Mathwork
Inc.), to the pressure setup. The system was calibrated using a phantom
made of a flat piece of elastic rubber on top of a solid cylinder. The measurement setup used in these experiments allowed us to apply and measure
a pressure with a resolution of 10 Pa.
Measurements were conducted in fresh specimens (within less than 20 minutes after dissection). Four full periods were triggered after two complete
pressure cycles so that the specimen was preconditioned, thus reducing artifacts due to the viscoelastic properties of the membrane. Pressure at both
the EC and ME was measured simultaneously, so that the real-time response
of the TM could be revealed.
In this chapter, ECPs of 0.5, 1 and 2 kPa (peak-to-peak) at frequencies
of 0.5, 1, 2, 5, 10, 20, 30, 40 and 50 Hz, in a sinusoidal wave form, were
applied. The specimen was then ventilated before conducting the next cycle
of pressure measurements. In this way the measurement is always started at
‘zero’ pressure. This measurement protocol made it possible to avoid pressure
build up and static stretching of the TM with high pressure, since the low
pressure amplitude cycles were measured before the high ones.

3.3

Results

Figure 3.2 shows an example of the measured MEP and ECP signals obtained
at 0.5 and 50 Hz (amplitude of 2 kPa). The figure shows that the MEP follows
the wave form of the ECP at low frequency while the deviation between the
two wave forms becomes noticeable at high frequency. For the 6 specimens,
MEPs as a function of ECPs amplitudes of 0.5, 1 and 2 kPa, at frequencies
of 0.5, 5, 10 and 50 Hz are presented in figures 3.3, 3.4 and 3.5 respectively.
The figures for all specimens exhibiting similar behaviour for each amplitude
and frequency. Nevertheless, specimen R2 shows larger hysteresis than the
other samples.
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Figure 3.2: R3 ECP and MEP as a function of time at frequencies of: (a) 0.5 Hz and (b) 50 Hz.
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Figure 3.3: MEP as a function of ECP for ECP amplitude of
500 Pa and frequencies of: (a) 0.5 Hz, (b) 5 Hz, (c) 10 Hz and (d)
50 Hz.
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Figure 3.4: MEP as a function of ECP for ECP amplitude of
1000 Pa and frequencies of: (a) 0.5 Hz, (b) 5 Hz, (c) 10 Hz and
(d) 50 Hz.
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Figure 3.5: MEP as a function of ECP for ECP amplitude of
2000 Pa and frequencies of: (a) 0.5 Hz, (b) 5 Hz, (c) 10 Hz and
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To facilitate the analysis and comparison between the specimens, the maximum trans-tympanic pressure (ECP - MEP) as a function of frequencies for
all specimens is presented in figure 3.6. The ratios of these trans-tympanic
pressures versus the ECPs are presented as a function of ECP in figure 3.7.
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Figure 3.6: Trans-tympanic pressure as a function of frequency
for ECP amplitude of: (a) 0.5 kPa, (b) 1 kPa and (c) 2 kPa.

It is well known that the ME (as well as the TM) shows non-linear behaviour
in the quasi-static regime at large pressure amplitudes (Hüttenbrink, 1988;
Dirckx and Decraemer, 1991, 1992; Aerts and Dirckx, 2010). Consequently,
we expected a non-linear pressure response as a function of ECP. For acoustical systems, THD of a signal is a popular method to quantify the level of
non-linearity of the system. The THD of a signal is a measurement of the
harmonic distortion present. It is defined as the ratio of the sum of the powers of all harmonic components to the power of the fundamental frequency
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Figure 3.7: Normalized trans-tympanic pressure as a function of
the input pressure (ECP) at frequencies of: (a) 0.5 Hz, (b) 5 Hz,
(c) 10 Hz and (d) 50 Hz.

(Aerts and Dirckx, 2007). Therefore, the THD of the ECP and MEP waveform relative to a pure sine wave were calculated and presented in figure 3.8.
In principle, THD of ECP should be zero, as we apply a purely sinusoidal
input, but due to the limitations of the feedback system some distortion was
observed.

As shown in figure 3.2, ECP has an almost perfect sinusoidal waveform, and
thus it has very small THD value (less than 2%). In order to take into
account the small non-linearity of the input signal, we subtract the THD
of ECP from the THD of MEP. The result is shown in figure 3.8 for input
pressures of 0.5, 1 and 2 kPa (peak-to-peak amplitude). For all ears and
pressures we see that THD increases as a function of frequency. At pressure
amplitudes 0.5 kPa and 1 kPa, all ears behave fairly the same, but at 2 kPa
two ears show THD levels which are three times larger than the other ears.
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Figure 3.8: The absolute Total Harmonic Distortion of MEP as
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kPa and (c) 2 kPa, (peak-to-peak).
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3.4

Discussion

Figures 3.3, 3.4 and 3.5 showed the MEP as a function of ECP measured
at frequencies ranging from 0.5 Hz to 50 Hz and for pressure amplitudes
ranging from 500 Pa to 2 kPa. Figure 3.3 showed a methodological problem associated with the smallest pressure range: even though the ears were
ventilated immediately before the measurement, it sometimes happens that
a small static pressure exists: for most ears the curves are nicely centred
around zero, but for a few measurements pressure offsets up to about 50 Pa
existed.
At all frequencies and pressure ranges one can observe a fairly linear relationship between ECP and MEP, though the curves also show some hysteresis.
Sample R2 is a bit different from the other ears, with significantly larger hysteresis and smaller MEP values, especially for positive pressures. In general,
one sees that MEP values are about half of the pressure values applied to
the EC, demonstrating a clear pressure buffering capacity of the TM.
For positive ECP’s, smaller absolute values of MEP are observed than for
negative ECP’s, so trans-tympanic pressures are largest for positive ECP’s.
This effect can be attributed to the conical shape of the TM, making movements towards the ME more difficult than inflation movements towards the
EC: if the TM moves less, pressure compensation due to volume change is
less, resulting in larger trans-tympanic pressure. This agrees with the asymmetry associated with “pumping direction” in tympanography as observed
by Therkildsen and Gaihede (2005).
Figure 3.7 showed the normalized trans-tympanic pressure as a function of
pressure applied to the EC. Trans-tympanic pressure of course increases with
ECP, so we plotted the normalized value to better see the relative regulation
effect of the TM. The normalized trans-tympanic pressure remains fairly
constant at values between 60% and 70% as a function of ECP, except for
the very small ECP value of 500 Pa peak-to-peak, where the value increases
a bit. This means that at the very lowest pressures, less ECP is transferred
to the ME, but also that the pressure loading of the TM is relatively larger
than at higher ECP values.
In figure 3.6 we plotted trans-tympanic pressure as a function of frequency.
We see that trans-tympanic pressure increases slowly for higher ECP values,
but it decreases rather sharply at the lowest frequencies. Under normal
physiologic conditions, very large pressure fluctuations mainly happen at the
very lowest frequencies, induced by processes such as gas exchange in the
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ME, changes in meteorological conditions or altitude changes. At these very
low frequencies, trans-tympanic pressure loads are smallest.
Figure 3.2 showed the raw data measured in one ear: the variation as a function of time of applied ECP and the resulting MEP. The figure clearly shows
that the MEP is significantly smaller than the applied ECP, but also that at
higher frequency the MEP signal becomes increasingly distorted. In figure
3.8, we have plotted THD as a function of frequency for the different applied
pressure amplitude. At all pressure values, one sees that THD increases as a
function of frequency. Especially at the very lowest frequencies, below 5 Hz,
THD decreases strongly. The increase of THD with frequency can probably
be attributed to the combined effect of inertia and visco-elasticity of the TM.
At 0.5 kPa, THD remains less than 10% for all ears, and all ears behave fairly
the same. At 2 kPa very strong differences exist between ears, with two ears
remaining in the 5-10% range over the measured frequency range, while three
other ears show THD values up to 18%, 25% and even 30%.

3.5

Conclusion

A setup was developed to make it possible to measure the MEP as a function of sinusoidal pressure variations applied to the EC. We measured MEP
as a function of sinusoidal varying ECP with peak-to-peak amplitudes ranging from 0.5 kPa to 2 kPa, and for frequencies ranging from 0.5 Hz to 50
Hz. It was found that the trans-tympanic pressure load is the lowest in the
quasi-static range, and quickly increases as a function of frequency. When
sinusoidally varying ECP is applied, THD in the resulting MEP is very small
for low frequencies and pressure amplitudes, meaning that the overall TM
motion follows the applied pressure well. For higher-pressure values, THD
increases, but also for faster varying ECP the distortions increase.
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X-ray stereoscopy technique for
displacement measurements
abstract
A method for high-resolution measurement of 3D coordinates and translations
of small objects is presented, using single x-ray point source stereoscopy. The
theory of the pinhole method is re-derived for a point-source x-ray projection
setup using a conical beam. The method is then implemented using a µCT setup
with a single 8 µm point source. Stereo projections are obtained by rotating the
object over 90o between subsequent recordings, and microscopic Tungsten beads
are used as marker points. The accuracy of the method is tested on a spherical
calibration object, and found to be better than 10 µm. Using a translation stage,
the method accuracy for translation measurements was found to be better than
5 µm along both axes parallel to the detector and at right angles to the detector.
Due to the short measurement time and the high resolution, the method will be
useful to study the biomechanics of small specimens, and the principle of the
method is useful in any cone-beam based setup.
This chapter is based on:
W.H.M. Salih, J.A.M Soons and J.J.J. Dirckx. High-resolution 3D translation measurements using point
source x-ray stereoscopy Measurement Science and Technology, 22–025502 (7pp), 2011.
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4.1

Introduction

The technique of x-ray stereoscopy was first introduced just one year after
the discovery of x-rays by Röntgen. In 1896, E. Thomson started to use
pairs of radiographs to obtain all three-position coordinates of the internal
features of a radio opaque object (Sherlock and Aitken, 1980). Since then,
x-ray stereoscopy has been used in many different applications.
In 1980, Sherlock and Aitken discussed a method for precise determination
of coordinates. By using x-ray stereography. They made a model of Perspex
with ten marker points formed by filling small conical holes. The distances
between the holes were measured both directly and with stereoscopy technique for sequences of image pairs. These results showed an accuracy of 0.25
mm (Sherlock and Aitken, 1980).
In 1989, Selvik mentioned in his paper that he has developed a Röntgen
stereophotogrammetric method (RSA) to determine the markers positions in
a radio-opaque object. He used his approach to study the kinematics of the
skeletal system to show the benefits of RSA. Moreover, he addressed many
fields in which his method can be used (Selvik, 1989).
In the 1990s, numerous studies appeared on stereophotogrammetry and stereoscopy using CT images, and their use in medicine. Determination of 3D
positions is relevant in, for instance, radiotherapy and neurosurgery (Geems,
1996; Ostgaard et al., 1997). Ostgaard et al. (1997) made an evaluation of
the reproducibility and accuracy of the x-ray stereophotogrammetric analysis using digitized radiographs and image processing algorithms to determine
marker positions.
In 2002, Valstar et al. used RSA to study the motions of orthopaedic implants. The authors reported that the accuracy of their approach ranges
between 0.05 and 0.5 mm for translations and between 0.15o and 1.15o for
rotations, and they used the data to determine the efficiency of artificial
joints (Valstar et al., 2002).
Apart from orthopaedics, the x-ray stereoscopy technique has found its use
in other medical areas such as angiography (Blanksma et al., 1981; Talukdar
and Wilson, 1999). In 2004 it was demonstrated how stereophotogrammetry
applied on low-dose x-ray images can be used for 3D localization with high
precision (Douglas et al., 2004).
X-ray stereoscopy has found its main application in medicine, but many
other applications exist, even including such diverse fields as astronomy and
60

4.1 Introduction
archaeology (Turpin et al., 1979; Howard et al., 2002). In biology, the stereo
principle has also been used to measure the displacements in the quasi-static
pressure regime. Gussekloo et al. (2000) used spherical markers in the head
of birds (Rhea Americana) and they obtained an accuracy of 0.12 mm.
In most medical applications, it is a valid assumption that the x-rays form
a quasi-parallel beam, as the x-ray source is relatively far from the object.
In a µCT setup, however, a small-sized x-ray point source is positioned very
close to the object, and the conical beam forms an enlarged shadow of the
object on a large-size detector (Decraemer et al., 2003; Jenneson et al., 2003;
Altman et al., 2005; Gea et al., 2005). Therefore, the implementation of
stereoscopy in the µCT setup is less straightforward than in parallel beam
setups. Since the µCT setup allows much higher resolution, it holds great
potential for very accurate coordinate measurements.
The combination of µCT imaging with stereoscopy was used to study the
structural organization of cat skull bones by Buckland-Wright (1980). The
results showed that the bone structures of 60 µm can be identified and both
positions and orientation can be determined. Recently, Cox et al. (2008) used
the same combination of µCT and stereoscopy to determine the 3D position
of microelectrode used in the brain mapping. Their results showed that
the localization of the microelectrode could be determined with an accuracy
better than 50 µm.
In a tomography setup, one can of course determine the marker coordinates
from readings taken from the tomographic reconstruction. This approach
has the important advantage that marker coordinates can be directly read
from the reconstructed 3D data. The major disadvantage is the recording
time. In order to obtain the tomographic reconstructions, a large number of
projections need to be recorded. The exposure time for each image depends
on the strength of the x-ray source and on the absorbance of the object,
but for our table-top setup it typically takes two hours or more to record
a full tomographic data set. On top of that, a calculation intensive backprojection algorithm is needed to obtain the final set of tomographic slices,
which then need to be segmented in order to obtain a 3D model from which
the coordinates of the markers can be read.
With the stereoscopy technique, which we will present here, only two images
need to be recorded, thus drastically reducing the recording time, and as we
will show also calculations are minimal. As the back-projection calculations
can be done off-line, they are not the essential bottleneck. The gain in recording time, however, can be essential in a number of applications, especially in
specimens where dimensional stability can not be guaranteed over extended
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periods of time. In biomedical applications, limiting radiation damage is an
additional issue.
In several papers (Ilchmann et al., 1995; Axelsson et al., 1996; Kiss et al.,
1996; Nilsson and Kärrholm, 1996), it was shown that the stereoscopic principle could offer a high resolution and cheaper alternative to full volume
CT and MRI. In the CT, 2D projections are obtained from many different
angles, and the 3D data stack is reconstructed using an iterative method
(Shepp, 1982; Bushong, 2000).
In this chapter, we will use the combination of µCT imaging with stereoscopy
to obtain high-resolution 3D coordinates of small objects. The assumption
of parallel beams is no longer valid. We will first develop the pinhole-camera
model for a point source setup and then use this model in a practical setup to
determine the accuracy of 3D coordinates and the translation measurements.
We will use a single x-ray source instead of two x-ray sources as in other
papers.
In the medical field, we aim at using this method to measure the 3D motions
of the ME ossicles. These measurements are necessary to understand how the
ME functions, especially when it has to deal with the large variations in the
quasi-static pressure regime, cf. chapter 1, which we encounter in everyday
situations (von Unge et al., 1999; Dirckx and Decraemer, 2001). Due to the
short measuring time and the high resolution, the method will be useful to
study the biomechanics in every kind of small specimen, and the principle of
the method is useful in any cone-beam based setup.

4.2

Theory

In the classical x-ray stereoscopy, the object is placed relatively far away from
the x-ray source, and close to the x-ray detector, so it is a good approximation
to regard the rays as forming a parallel beam. In µCT setups, the object
is placed very close to a point source of x-rays and the detector is placed
relatively far away. In this way, the conical x-ray beam is used to provide
a magnified shadow projection of the object. In order to combine the µCT
technique with stereoscopy, a simple treatment based on a parallel beam can
no longer be applied. In this case, the x-rays fan out over a certain angle,
starting out from a nearly point-like source.
For photographic stereogrammetry, the pinhole model was developed to calculate object coordinates from two projections through two small aperture
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lenses. We will now use this approach for x-rays emerging from a point source.
The setup is somewhat different because in an optical setup the light coming
from the object is imaged onto a camera target through a small aperture. In
our case, it works somewhat the other way round: The rays start from the
point source, go through the object, and then fall upon the detector. We will
derive the equations for the calculation of the object coordinates from the
two stereograms in this case.
Instead of using two pinhole cameras, our method makes use of two point-like
sources of x-rays. In practice, only one source is used, and the object will be
rotated between the recordings of the two stereograms, cf. section 4.3. Like
in a pinhole stereo camera setup, an object point Q is imaged onto image
point Q1 and Q2 on the respective detectors. The positions of Q1 and Q2
lie at the intersection of the detector plane σ1 and σ2 with the line which
connects pinhole O1 or O2 (in our case: the point sources) with the object
point Q. (cf. figure 4.1).
Under specific circumstances, it is possible to provide the back-projection
from the two images and to calculate the coordinates of the point Q (Trucco
and Verri, 1998; Steger et al., 2008). By changing the position of the object
between the source and the detector, a different magnification is obtained.
In contrast to tomography, it is not necessary for the entire object to remain
within the x-ray cone, but the coordinates can of course only be measured
for the points which cast a shadow on both detectors.

Figure 4.1: Simple stereoscopy system

In figure 4.1, OXWCS ZWCS represents the world coordinate system (WCS);
O1 XCCS1 ZCCS1 and O2 XCCS2 ZCCS2 are the camera coordinate systems for two
cameras (CCS1 and CCS2 ). The Y-axes are out of the plane, pointing to
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the reader. A set of points Q in the CCS1 or CCS2 can be transformed to
WCS by multiplying the coordinates with a rotation matrix R1 or R2 and
adding a translation T1 or T2 . Those parameters, defining the rigid body
transformation, are called the extrinsic parameters of the camera, which are
necessary to determine the position of the camera with respect to WCS. So

QWCS = RQCCS + T.

(4.1)

In photographic stereoscopy, O1 and O2 represent the pinholes and σ1 and
σ2 represent the photographic plates. Here, O1 and O2 are the x-ray point
sources and σ1 and σ2 are now the corresponding image planes on the x-ray
detectors. The standard pinhole setup has a σ1 -O1 -Q sequence, whereas the
x-ray setup has a O1 -Q-σ1 sequence. The distance between O1 and σ1 is
called the principal distance (f 1 ) (idem for f 2 ).
The image of point Q on detector 1 can easily be transformed to Q1 in WCS.
First, the pixel representing Q is written in the image coordinates. This
is done by defining the origin in the image, giving the pixel number the
same direction as the X-axis and Y-axis of CCS1 and by multiplying with
the pixel size. Secondly, a transformation to CCS1 is applied by making
the Z-coordinate equal to f 1 . The principal distance f , the centre of the
image and the pixel size are called the intrinsic parameters of the camera
which are necessary to link the pixel coordinates of an image point with the
corresponding coordinates in the camera reference frame.
Next, those coordinates are transformed with R1 and T1 to the WCS. To
transform Q2 to the WCS the same method is used. Finally, Q will be
found in WCS as the intersection of O1 Q1 and O2 Q2 . There will often be
no intersection point due to the limited precision of the x-ray detection and
small misalignments of the setup. In this case, the midpoint on the line
perpendicular to O1 Q1 and to O2 Q2 has been taken as Q.
In our setup, we consider the rotation β around the Y-axis and a translation
along X- and Z-axes (cf. figure 4.1). Therefore, the rotation matrix R for
both images is given as





cos(β/2) 0 −sin(β/2)


0
1
0
R1 = 

sin(β/2) 0 cos(β/2)
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cos(β/2) 0 sin(β/2)


0
1
0
R2 = 
,
−sin(β/2) 0 cos(β/2)
T



(4.3)



and the translation T which is T1 = −txCCS , 0, −tzCCS and T2 = txCCS , 0, tzCCS
for the two images respectively. From these equations, we can obtain the
three coordinates as follows:


XWCS =



(4.4)

2cos(β/2)


YWCS =

yCCS1 + yCCS2



(4.5)

2


ZWCS =

xCCS1 + xCCS2

xCCS1 − xCCS2
4sin(β/2)



,

(4.6)

where xCCS2 − xCCS1 is known as disparity (d) which measures the difference in
retinal position between the corresponding points in the two stereo images.
The disparity is an important parameter to determine the depth of the image,
which is along the ZWCS -axis (Steger et al., 2008). From the previous equations, we are now able to determine the XWCS , YWCS and ZWCS coordinates
of point Q and thus the exact 3D position. In reality, more sophisticated
equations were used, (cf. Appendix A), which make use of the intrinsic and
extrinsic parameters of the camera to calculate the QWCS (the x-ray point
source setup in this case).

4.3

Method

A high precision Teflon sphere (TECAMID 66) of 5 mm diameter was used as
a test object. According to the supplier, the spheres are produced according
to h9 size tolerance, meaning that the diameter is maximally 5.00 mm and
minimally 4.97 mm. We measured the diameter of specific spheres that we
used with a high-resolution calliper (1 µm resolution), and found a value of
(4.994±0.001) mm. The sphere was fixed on a translation stage using a 6.2
cm high rod (cf. figure 4.2).
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The translation stage could be moved in two perpendicular directions using
two crossed translation stages. The reading of the micrometer screw on
the translation stage is divided into 10 µm steps. By careful adjustment, a
better positioning precision can be obtained. However, tilting and swivelling
of the XZ stages during travel may cause non-orthogonal movements of the
object and may increase our overall translational uncertainties. In work on
high-resolution photogrammetry, the reference translation stage is, therefore,
first determined with an independent technique, such as laser interferometry
(Bariani et al., 2005) and traceable geometrical standard (Carmignato et al.,
2009).
In order to determine the accuracy and the precision of the object translation
we used an LDV (Polytec OFV-534) with position decoder, and measured the
actual movement of the object. For practical reasons, these measurements
can only be performed outside of the tomograph. The interferometer has
a resolution of 10 nanometres, and has traceable calibration with a relative
calibration accuracy of 1% on the measured value.
At small translations, the precision of the micrometer reading is the limiting
factor, so to check the accuracy of the system we translated the sphere with
readings on the calibration stage of 500 and 1000 µm. We found actual displacements of (506±3) µm and (1016±7) µm respectively, showing a relative
positioning accuracy of better than 2%. We also performed statistical sets of
measurement using 20 µm and 50 µm translations, and found a positioning
precision of 3 µm. From the measurements using the larger motions we see
that the accuracy error for the 20 µm and 50 µm is well below the positioning precision, so for the single translations made during our measurements,
precision is the limiting factor.
Tungsten beads with a diameter of approximately 40 µm were used as markers; the beads are produced in a vapour spray process, which delivers spherelike particles with diameters in the range of 40 µm to 100 µm (specified by
the manufacturer; Tungsten Heavy Powder, Inc.). Under the microscope,
we selected the most perfect spherical beads with the appropriate diameter.
Due to their relatively high atomic number (74), tungsten beads are suitable
to appear clearly on the x-ray images. The beads were placed randomly on
the sphere using a Zeiss OPMI Sensera S7 surgery microscope. The Teflon
sphere and its holder were fixed on the specimen holder of the CT setup
between the x-ray source and the detector (skyscan 1072). The x-ray source
has a spot diameter of 8 µm. (cf. figure 4.2)
If we compare our experimental setup in figure 4.2 to the theoretical explanation given in figure 4.1, we should remark that in the theoretical derivation,
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Figure 4.2: Experimental setup: (a) x-ray point source, (b) detector, (c) rotation stage and (d) 2D translation stage.

the point-source-detector system rotates around the object and the WCS is
fixed, while in the experimental setup this system remains immobile and the
world coordinate system of the object is rotated.
In classical x-ray stereoscopy techniques, two x-ray sources are used. In our
approach, we only used a single source and we rotated the object over an
exactly determined angle to generate the two projections. The theory was
derived for an ideal point source. In reality, the size of the x-ray spot is not
infinitely small: in our system it is 8 µm. The extent of the source leads to an
extended shadow in the image field. For low magnifications, the pixel size of
the detector is the limiting factor for the measurement resolution, for higher
magnifications, the size of the point source becomes the limiting factor.
In our experiment, we used a magnification factor so that the detector pixel
size corresponds to approximately 7.8 µm in the object coordinate system. In
principle, an object pixel size of 4 µm would be needed to achieve the highest
possible resolution with an 8 µm x-ray spot, but this goes at the expense of
the size of the object which can be imaged (given a fixed detector size).
A pair of images was used to calculate the 3D coordinates of the markers,
using custom written software in Matlab (Matlab R Mathwork Inc.). The
image pairs are plotted on the screen. To determine the location of the bead
in each image we use an iterative minimization process written in Matlab
to automatically fit a Gaussian intensity distribution to the image of each
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bead. The result of the fitting procedure delivers the dimensions and centre
coordinates of the beads, both in the left image and in the corresponding
right image.
To obtain an estimation of measurement uncertainty, we used two approaches.
First, we calculated the translation along the Z-axis and X-axis, using the
coordinates of the same marker before and after translation, and we compared it to the applied translation. The experiment delivers an estimation
of measurement uncertainty on translation measurement. Second, we fitted
a sphere to the coordinates of the markers and compared its radius to the
actual value. The fitting was done by minimizing the difference between
the sphere and the coordinates of the beads. For minimization, we used the
following function in the fminsearch tool in Matlab:

f =

v
u n
u X
t
(x

2

i

− xc ) +

i=1

n
X

2

(yi − yc ) +

i=1

n
X

!
2

2

(zi − zc ) − (r )

,

(4.7)

i=1

where xi , yi and zi are the known coordinates of the markers, n is the number
of markers (25 points in this measurement),xc , yc and zc are the known
coordinates of the sphere’s centre and r is the optimized radius.
Fitting a sphere through the measured 3D marker coordinates and comparing the calculated radius of this sphere to the actual radius will provide an
estimation of the measurement uncertainty when determining 3D coordinates
with the method. To calculate the uncertainty on single bead measurements
we used the standard deviation (STD) of the distance between the 25 beads
and the fitted sphere:
s

STD =

4.4

1 X
(xi − x)2 .
1−n

(4.8)

Results

Figure 4.3 shows two stereo projections of the Teflon sphere, obtained with a
separation angle of 90.45o . For clarity, we put just two markers on the sphere
to make the figure and indicate their position with arrows. One marker was
placed on the front and one on the back. After rotating the sphere by 90.45o ,
the bead at the front went to the back and the back one came to the front
of the sphere. In the stereo projections one also sees a slightly lighter zone
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in the centre. This is caused by a small air bubble near to the centre of
the sphere, which is inherent to the production process. The presence of the
bubble has no influence on our application.

Figure 4.3: Two stereo projections of a 5 mm Teflon sphere with
two Tungsten micro beads on its surface; left image is for 0o , bead
1 is at the front of the sphere, bead 2 on the back of the sphere.
The right image was taken after 90.45o rotation: bead 1 went to
the back and bead 2 moved to the front.

Six projections were used to perform the calculations: two projections in rest
position, two projections after translating the Teflon sphere over a distance
of 50 µm and 100 µm along the Z-axis, and another two projections after
translating the Teflon sphere over a distance of 50 µm and 100 µm along
X-axis. The angle 90.45o is slightly larger than the theoretical optimum of
90o because of the discrete number of steps that the object rotation stepper
motor can make.
For each stereo projection, the coordinates of 25 markers were determined.
Table 4.1 gives example positions of some markers for the object in the first
two references positions. Table 4.2 and 4.3 give examples of changes after
moving the object along the X-axis and Z-axis separately over 50 µm and
100 µm, respectively.
For the rotation angle of 90.45o and a translation of 50 µm, we found an
average translation of the coordinates of the 25 markers of (51.6±3.7) µm
along the X-axis and (48.9±2.8) µm along the Z-axis. For the rotation angle
of 90.45o and a translation of 100 µm, we found an average translation of the
coordinates of (101.7±4.4) µm along the X-axis and (103.1±4.9) µm along
the Z-axis. We also performed some measurement using a rotation angle of
only 60o and a translation of 100 µm along the Z-axis. In this case, the
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Table 4.1: Position of the markers in the original position of
X-axis and Z-axis (in µm).

Marker
1
index
X-axis 10.5
Z-axis
7.8

5

7

10

-12.6 -8.5 2.8
10.5 -3.7 -5.9

13

15

9.2 11.1
7.3 12.5

19

21

-7.2 9.8
2.7 -8.6

25
-14.0
11.4

Table 4.2: Position of the markers after translation of 50 microns
(in µm).

Marker
1
5
7
10
13
15
19
21
25
index
X-axis 63.6 36.4 47.4 57.8 62.2 59.1 46.8 58.8 40.9
Z-axis 56.9 64.4 44.3 47.1 55.4 56.5 53.6 42.4 60.3

Table 4.3: Position of the markers after translation of 100 microns (in µm).

Marker
1
5
index
X-axis 114.6 90.4
Z-axis 111.9 117.5
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7

10

85.4
90.2

110.8
87.1

13

15

113.2 116.0
111.3 118.4

19

21

95.9 113.8
107.7 89.4

25
93.0
107.4

4.5 Discussion
translation was (111.5±16.1) µm. This agrees, to some extent, to the fact
that the coordinates measurement error is proportional to the sin of the angle
rather than 90o .
Next, a sphere was fitted through the data sets obtained from stereoscopy.
The radius of the fitted sphere was found to be (2.506±0.008) mm

4.5

Discussion

In the literature, x-ray stereoscopy has been used to determine the position
of different markers size. The marker size varies from 10 mm (Douglas et al.,
2004) to 0.8 mm (Gussekloo et al., 2000).
In this setup, a point x-ray source and a cone beam are used to obtain
stereo information on relatively small objects, using very small beads of approximately 40 µm. These small and spherical markers make it possible to
pinpoint the position of the marker in the stereo projection precisely. The
centre of the beads was selected in the pair of images, thus reducing the
uncertainty of the coordinates measurement.
By using tungsten as marker material, safety hazards associated with lead
are avoided. Moreover, its high atomic number (74) assures strong x-ray
attenuation and, therefore, good visibility of the maker in the x-ray image.
From the measurements on the sphere one sees that the radius obtained by
using all the marker beads is (2.506±0.008) mm. Using a high-resolution
calliper, the radius of the sphere, which is used in the experiment, is measured and found to have a value of (2.497±0.001) mm. This shows that the
accuracy of the method is better than 10 µm. For the 50 µm translation
experiments, values of (51.6±3.7) µm along the X-axis and (48.9±2.8) µm
along the Z-axis are reported. For the 100 µm translation experiment, these
values are (101.7±4.4) µm for X-axis and (103.1±4.9) µm for Z-axis, so all
of these values are well within the uncertainty range (5 µm). The standard
deviation on the X-axis and Z-axis translations varied between 2.8 µm and
4.9 µm. In conclusion, it can be reported that the measurement accuracy of
the translation measurement is smaller than 5 µm.
The translation resolution has been tested along the X and the Z axis, not
along the Y-axis. The reason is that for y-translations a third translation
stage vertical to the X-Z plane is needed, and this stage would be in the path
of the x-ray beam.
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By using a stereo pair of images obtained at a separation angle of 60o , a
translation of 100 µm along the Z-axis measured a value of (111.5 µm ± 16.1
µm). As expected from theory, this result is inferior to the measurements
obtained with a 90.45o separation angle. In photographic stereoscopy, one
often needs to use a smaller separation angle to make a compromise between
measurement resolution and visibility of the object.
In the case of the x-ray stereoscope, this compromise does not need to be
made, as one can look through the object. Nevertheless, for very large displacements, a smaller separation angle can, however, be useful, so that the
shadow projections of the markers remain within the detector area. In this
case, the resolution is a less important issue, so a smaller separation angle
can be used.

4.6

Conclusion

Starting from the pinhole model, theory for x-ray stereoscopy using a point
x-ray source and cone beam has been developed. The method was applied
using an x-ray µCT setup to measure micro beads (40 µm) on the surface of a
spherical test object. The coordinates of these markers could be determined
with an accuracy of better than 10 µm. Translations of the markers can be
measured with a measurement uncertainty of better than 5 µm.
The main limiting factor is the pixel size of the detector, so smaller measurement uncertainty may be expected in setups with a smaller detector pixel
size. This method is useful for accurate measurement of 3D coordinates
of small objects and for studding small motions without the entire volume
reconstruction of CT, which needs many projections and a long recording
time.
Measuring 3D micro-scale displacement within seconds gives strength to the
method since full CT scans require tens of minutes in order to do the same.
Nevertheless, if two x-ray sources are available, the measurement time will
be reduced by a half, since the stereo pair of images could be obtained simultaneously, unlike in the current approach that rotates the object between
the recording from a single x-ray source is used.
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5

Motion measurements with an x-ray
technique
abstract
We propose a new technique to measure the 3D motion of marker points along
a straight path within an object using x-ray stereo projections. From recordings
of two x-ray projections with 90o separation angle, the 3D coordinates of marker
points can be determined. By synchronizing the x-ray exposure time to the
motion event, a moving marker leaves a trace in the image of which the greyscale
is linearly proportional to the marker velocity. From the greyscale along the
motion path, the 3D motion (velocity) is obtained. The path of motion was
reconstructed and compared with the applied waveform. The results showed that
the accuracy is on order of 5%. The difference of displacement amplitude between
the new method and LDV was less than 5 µm. We demonstrated the method on
the malleus ossicle motion in the gerbil ME as a function of pressure applied on
the TM. The new method has the advantage over existing methods such as LDV
that the structures under study do not need to be visually exposed. Due to the
short measurement time and the high resolution, the method can be useful in the
field of biomechanics for a variety of applications.
This chapter is based on:
W.H.M. Salih, J.A.N Buytaert and J.J.J. Dirckx. Measurement of micro-motions within non-transparent
objects using greyscale information in x-ray stereo projection imaging. Measurement Science and Technology, 22–035801 (11pp), 2011.
Parts of this chapter are presented in: IS&T/SPIE Electronic Imaging 2012 and published in the proceedings book:
W.H.M. Salih, J.A.N. Buytaert and J.J.J. Dirckx. X-ray stereo imaging for micro 3D motions within
non-transparent objects. In: Three-Dimensional Image Processing (3DIP) and Applications II, Atilla M.
Baskurt and Robert Sitnik, ed., volume 8290, page 82900T. SPIE, 2012
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5.1

Introduction

Up till now, x-ray stereoscopy has been used to measure 3D coordinates
of marker points or to measure the displacements of these points between
two different object motion states. However, a few efforts were carried out to
study the continuous changes in position or velocity of a marker along its path
of motion. However, a few efforts were carried out to study the continuous
changes in position or velocity of a marker along its path of motion.Tashman
and Anderst; Anderst et al.; Anderst and Tashman have studied the 3D
motion of a marker point using the RSA method combined with a high
speed camera. The camera allowed them to reveal the time information
and thus the 3D motion as the 3D coordinates are obtained from the RSA
(Tashman and Anderst, 2003; Anderst et al., 2009; Anderst and Tashman,
2010). The tracing of a moving object was recently studied using high-frame
rate cameras up to 250 fps (or even more). You et al. (2001) used this
approach to study the 3D skeletal kinematics with an application to the
knee. Their study showed that it is possible to perform 3D measurement
using segmentation of tomographic reconstructed slices. A similar idea was
used by de Groot and van Leeuwen (2004) to study the mechanical properties
of the chameleon tongue. Their approach made it possible to obtain the speed
of the tongue but they could not determine the 3D displacement from these
single recordings.
In the technique that is discussed in this chapter, one does not need to do
segmentation of reconstructed images and/or further image processing. Only
one pair of images recorded from two positions is needed. This recording can
be done simultaneously if two x-ray sources are available, or sequentially
using just a single x-ray source. The method does not need expensive highframe rate cameras and image intensifiers and can, therefore, be implemented
on any point-source x-ray system.
In the classical x-ray stereoscope, two sources were used to produce two
beams of x-rays in which rays are approximately parallel, and stereoscopic
projections are recorded from two different angles. 3D coordinates of chosen
reference points are measured, and the displacement of the points can be
calculated in three dimensions from the stereograms obtained in rest state
and in displaced state. If three reference points are chosen on a rigid body,
the full 3D displacement of the object can be calculated from the positions
of the reference points. This way of measurement, however, only reveals
the difference in the position before and after the motion, it does not give
information on the motion itself.
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In a mechanical system with a linear response, displacements will be a linear
function of the applied input. In nonlinear systems, the motion is no longer
a linear function of input, and it does not suffice to measure points of extreme position to obtain a simple scaling factor between input and result. In
biomechanics, for instance, most materials show strongly non-linear elasticity: when a force is exerted on two bones connected by a joint, displacement
of the bone will be a strongly nonlinear function of applied force. A typical
example is the mechanics of the ME hearing. When very small pressure variations are applied to the TM, the displacements of the ossicles of the ME will
approximately be a linear function of pressure, but when larger pressures are
applied the displacement of the ossicles as a function of pressure decreases
and ossicles even stop moving for still higher pressures (Dirckx et al., 2006;
Homma et al., 2010; Puria and Steele, 2010).
In this chapter, we propose a new technique that makes use of greyscale
values of moving markers to determine the motion of an object as a function
of time. We combined the method with cone-beam stereoscopy to measure
sub-millimetre motions.

5.2
5.2.1

Theory
Measurement of 3D coordinates using cone beam
stereoscopy

The same theory presented in chapter 4 is used to determine the coordinates
of moving marker points(equations 4.4, 4.5 and 4.6). Chapter 4 focused on
determining the coordinates of static object at two positions (before and after
applying displacements), while here the object under study is moving during
the recording of the x-ray images.

5.2.2

Measurement of the motion

When an object moves from one position to another, two sets of stereograms
can be recorded to determine the 3D position of a reference point in both
states of the object, so the amplitude of the displacement can be calculated.
Instead of recording two sets of stereograms, only one set of stereograms
needs to be recorded, and the exposure time of a stereogram is set to exactly
the period of the motion. For non-periodic motions, the recording has to
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be triggered with the start of the motion but for periodic motions it suffices
that the exposure time is exactly equal to the period of the motion or to an
exact multiple of it. In this study, we will focus on periodic motions.
It is obviously known that an x-ray machine gives an image of an object in a
greyscale according to the x-ray absorption of the material. Imaging a dense
material, one with high x-ray absorption, a dark image is obtained, whilst
a less dense material gives a paler image. Moreover, if a marker point with
constant x-ray absorption is moving during the exposure time, the recorded
intensity along the path of motion of the marker is a linear function of the
marker velocity. If the marker remains long in a given position, much x-rays
will be absorbed, if it moves fast less x-rays are absorbed at a given point in
the image plane. Of course, this implies that the absorbance of the marker
needs to be significantly higher than the surrounding material. If we suppose
that the absorbance of the other materials along the path of motion of the
marker is constant, the time tk needed by the marker to move to certain
equidistant positions (k) can be calculated from the greyscale along the path
of motion as follows:
k
τ
1 X
.
(Gi − Gmin ) . PN
tk =
2 i=1
(G
−
G
)
j
min
j=1

!

(5.1)

In this equation, Gmin is the constant background greyscale value, Gi is the
greyscale value measured at each point along the path of motion to get to
point k, and Gj is the greyscale value measured at each point along the path
of motion from the beginning point of the motion to the end point (N). τ is
the period of the motion. In principle, this equation should be an integration
over infinitesimal distances (dk). In practice, the stereograms are recorded
on a pixilated detector, so it suffices to integrate numerically in steps of one
pixel.
The approximation made in equation (5.1) only works well if the background
intensity does not vary significantly with respect to the intensity changes
caused by the absorbance of the moving marker. If the background absorbance caused by the other materials is not constant, we should apply
a first order correction by subtracting the correct background intensity at
each point along the motion path. This background intensity is obtained by
recording an x-ray projection with the same exposure time for the object in
a rest state. Of course, we will not have the background intensity at the
marker rests state position: this value can be obtained by interpolation of
the nearby values or by recording another reference image with the object in
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its displaced state. Using background correction, equation (5.1) becomes:
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(5.2)

where Grefi and Grefj are the greyscale values recorded at points i and j along
the path respectively in the image of the object in a rest state.
To determine the time scale, only one of the two stereo projections is needed.
In practice, one chooses the projection on which the motion of the marker in
the X-Y plane is largest. On this projection, the sensitivity of the method
will be at its best. The 3D position of the marker at each time step (in other
words: at a given greyscale value along the path of motion) is determined
using both stereograms.
In order to measure the variation of greyscale along the path of motion, we
use a simple approach. The path length is divided into equal steps (of about
the size of the marker in pixels) and at each step the average grey value is
taken using a Gaussian weighted circular filter of the same size as the marker.
This (projected) size of the marker is determined by fitting a Gaussian distribution to the shadow of the stationary bead. As the beads are spherical,
they will absorb more x-rays in their centre than at their sides. Additionally, the observed greyscale distribution is a convolution of the absorption
function and the point spread function of the x-ray apparatus. Due to these
effects, the greyscales of a bead will show a cross-sectional profile that can
be approximated as a Gaussian distribution, cf. figure 5.3. So along the
trajectory of motion subsequent points were chosen and around each point
the mean greyscale value was measured using a Gaussian mask of the same
size as the marker. A smaller marker could, therefore, improve the step-size
between different locations where velocity can be measured but at the expense of more uncertainty on the measured (mean) grey value. At the start
and at the end of the curve, the first and last points of measurement were
chosen such that the border of the Gaussian mask coincides with the end of
the greyscale track.
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5.3
5.3.1

Experiments
Test object

To test the accuracy of the technique, we used a test object in which motion
of the markers can be well controlled. For this purpose, we constructed an
electromagnetic actuator on which a piece of drinking straw is mounted. At
the end of the straw, three spherical beads of Tungsten (THP, Inc) were
placed as marker points, cf. figure 5.1. As Tungsten has an atomic number
of 74, and since the absorption of low-energy x-rays is proportional to the
fifth power of atomic number, the beads absorb the radiation much more
than the surrounding material, so a clear absorption contrast is obtained
even with very small beads. In the bead powder we used, more than 90%
of the beads have a size between 40 and 100 µm. Under a microscope we
selected the rather small beads with a size in the order of 40 µm.

Figure 5.1: Test object setup: a: x-ray point source, b: detector,
c: rotation stage, d: loudspeaker which moves the object and e:
tungsten beads.

To calibrate the response of the actuator, an LDV (Polytec OFV-353 sensor
head) was used to measure the motion as a function of applied voltage.
The beam of the LDV was focused on the end of the straw in a direction
perpendicular to the direction of motion of the actuator. Next, the motions
in the perpendicular directions were measured to determine if the straw was
moving in a purely piston-like way.
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After calibration, the test system was put in the microtomograph (Skyscan
1072), with the direction of motion under about 45 degrees with the sample
rotation axis (cf. figure 5.1). The object was placed in this way to demonstrate measurement of motions in 3D space. Then an x-ray image was taken
with an exposure time which was exactly a whole multiple of the vibration
period, the object was rotated over 90o around the x-axis and then the second
x-ray stereogram was recorded (with identical exposure time).
As we will show in the results section, the absorbance of the test straw is so
small and homogeneous so that no reference image for background correction
was needed. In a cone-beam setup, magnification can easily be changed by
placing the object closer to the point source. In our system, the size of
the point source is 8 µm, which puts an upper limit on highest possible
resolution. In practice, resolution is less if the object needs to be placed
some distance from the detector; in order to be able to rotate the objects
between recordings of the two stereoscopic projections. For the test object,
we used a magnification which gave a pixel size of 5.2 µm.

5.3.2

Gerbil ME

As an application example, we used the ME of a gerbil. The animals were
sacrificed according to the rules set by Belgian legislation and the local ethical
committee of the University of Antwerp, and all experiments were carried out
according to local and international rules and in accordance with the Guiding
Principles for Research Involving Animals and Human Beings as adopted by
the American Physiological Society. After sacrificing the animal, the ME was
taken out of the skull. In the gerbil, the ME is contained in an egg-shaped
thin bony structure, called the bulla, of about 5 mm in diameter. The bulla
was opened at one side, and tungsten beads were placed at two locations on
the manubrium (this is the part of the malleus ossicle, which is connected to
the TM).
At the side of the EC, the bulla was glued onto a rigid plastic tube through
which pressure could be applied which leads the TM to strike and thus moves
the ME ossicular chain. During preparation, the gerbil ME was kept humid
by working under a jet of mist of an ultrasonic humidifier (Bonaire BU-1300)
directed via a plastic tube onto the specimen. After preparation the specimen
was placed in a container made of thin acrylic tubing; to avoid drying out
of the tissue structures. Through the plastic tube, pressure was applied
using a pressure generator, which can deliver linear changing pressures with
frequencies up to 0.2 Hz. In this experiment a pixel size of 3.2 µm is used.
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For other applications, faster changing pressures can be used, but 0.2 Hz is
the limit of our device. A pressure of 2 kPa peak-to-peak was used due to
the fact that this is the physiologically relevant range in which MEP varies
under everyday circumstances (Dirckx et al., 2006; Cinamon et al., 2009), cf.
chapter 3.

5.4
5.4.1

Results
Test object

Figure 5.2(a) shows a plot of the straw motion as measured with the LDV,
for a triangular input signal with a frequency of 1 Hz. As we can see, the
system nicely follows the input signal. In figure 5.2(b) we show the object
motion as a function of generator voltage. A line is fitted to the data to
obtain the calibration factor. Measurements at 0.2 Hz and 10 Hz showed
similar results.

(a)

(b)

Figure 5.2: (a) The input voltage from the function generator
and the displacement measured by the LDV of the piston-like
motion of 1 Hz Triangular. (b) The marker position as a function
of the function generator voltage with a linear fitting.

Table 5.1 shows the amplitudes measured along the head axis of motion,
what we will call the piston motion, and along the directions perpendicular
to this axis. As we can see, the non-piston components have an amplitude
of less than 25 µm for a piston-motion amplitude of about 400 µm. In this
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way, we have a test object with a (nearly) singular motion along one axis,
which makes it easy to test the x-ray technique.
Table 5.1: The amplitudes of the piston-like motion and the
rocking-like motion along u and w axes measured by using the
LDV.

Frequencies
0.2 Hz sin
0.2 Hz tri
1 Hz sin
1 Hz tri
10 Hz sin
10 Hz tri
20 Hz sin
20 Hz tri

piston-like
(µm)
459.4
441.1
443.3
425.3
415.1
402.2
407.0
398.6

u-axis
(µm)
24.3
24.7
25.1
25.1
24.8
24.7
24.6
23.1

w-axis
(µm)
23.6
22.4
23.3
22.9
22.6
22.4
23.0
22.8

Next, we measured the motion of the marker using our x-ray greyscale technique for a triangular and a sinusoidal input. We approximated the intensity
distribution of projected images of the markers as two-dimensional Gaussian
profiles. As an example, figure 5.3 shows the greyscale profile obtained along
a cross section through the centre of a stationary bead, and the Gaussian
function profile fitted to it, (RMSE = 6.0 grey value). This delivers the
radius and the centre position of the bead.
In what follows, we use Gaussian masks to determine the absorption caused
by a bead at different steps along the path of motion. For each individual
bead, we first determine the size of the mask by fitting a Gaussian distribution
to the intensity profile of the stationary bead.
Figure 5.4(a) shows a projection using triangular input, figure 5.4(b) shows
the result for sinusoidal input. In figure 5.4(a) we see that the greyscale value
along the path of motion is the same at all points, while in figure 5.4(b) we
see that there is significantly more absorption at the outermost points of
the path. This is exactly the idea behind the method: at the maxima and
minima of the sinusoidal motion, the velocity is smaller so the marker will
spend more time in those locations, causing higher absorbance. For the linear
motion caused by the triangular input voltage, the marker spends exactly the
same time at all points of its path, and absorbance is everywhere the same.
From table 5.1 we see that the motion of the object is quasi piston-like, but
small off-axis components are present. In figure 5.4, one can see a very subtle
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Figure 5.3: Gaussian function (solid line) fitted to the inverted
greyscale (216 - the greyscale value) profile (stars) of a (relatively
large) stationary bead along a central cross section through the
bead (pixel size 3.2 µm).

(a) 1 Hz Triangular

(b) 1 Hz Sinusoidal

Figure 5.4: X-ray shadow image of three Tungsten beads on top
of plastic tube taken during excitation using:(a) 1 Hz Triangular
wave.(b) 1 Hz Sinusoidal wave. Circles indicate the first and last
point zone in which greyscale were measured.
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bending of the greyscale tracks which is caused by these off-axis motions. In
our analysis we have not taken this into account and we have regarded the
tracks as straight because the effect is actually on the edge of what can be
detected. In principle, however, this leads to a small underestimation of the
amplitude of motion in the piston-direction (v-axis).
Figure 5.5 shows the result of the greyscale analysis for the linear motion
(figure 5.5(a)) and for the sinusoidal motion (figure 5.5(b)), for a frequency
of 1 Hz. The measured data are indicated with circles, and the fitted line
and sine function (respectively) have been added as a full line. The data are
obtained using background corrections cf. equation (5.2). The RMSE of the
difference between the fitted curves and the measured data points is less than
5% and 4% of the grey value for the linear function and the sine function
respectively. Measurements at other frequencies gave comparable results.
As we can see, the greyscale value nicely depicts the constant velocity in
case of the triangular input signal, and the co-sinusoidal velocity profile in
case of the sinusoidal input signal. From these greyscale variations, we can
calculate the time for each spatial coordinate using equation (5.1). From the
two stereo projections, we finally calculated the 3D spatial coordinates of the
outermost points along the path of motion, which allows us to calculate the
amplitude of the motion along the piston-axis.
For the sinusoidal motion, figure 5.6 shows the final result for one bead
using equation (5.1). The location of the point of origin in this graph was
determined by measuring the location of the marker point with the object
in rest position. The amplitude of the three markers determined from the
stereoscopic projections using equations (4.4, 4.5 and 4.6) was 446, 448 and
447 µm respectively, which differed less than 5 µm from the value measured
with the LDV.
Figure 5.6 shows that the sinusoidal motion of the bead as a function of time
is well reconstructed using the greyscale integration method. A sine function
was fitted through the data, and the RMSE value of the difference between
the data points and the function is less than 5% of the motion amplitude.
The measured motions, as presented in figures 5.5 and 5.6, coincide surprisingly well with the expected motion. The reason is that the calculation of
the time points essentially involves an integration process, which of course
reduces noise. On the other hand, as we measure greyscale over a mask with
a certain extension, we are not able to see small and local changes in velocity.
Small changes in velocity are averaged out over the size of the greyscale measurement mask, and deviations at each measured point between the measured
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(a) 1 Hz Triangular

(b) 1 Hz Sinusoidal

(c)

(d)

Figure 5.5: greyscale as a function of position along the path of
motion of a Tungsten bead of the: (a) 1 Hz Triangular motion,
(b) 1 Hz sinusoidal motion, (c) difference between the measured
greyscales and the best fitted line for 1Hz triangular motion (d)
difference between measured greyscale and best fitted sine function for 1Hz sinusoidal motion.
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Figure 5.6: Position of the tungsten bead along the piston-like
motion axis during 1 Hz sinusoidal excitation.

motion and the real motion are reduced by the integration process.

5.4.2

Gerbil ear

Figure 5.7 shows an x-ray projection obtained in a gerbil ear, for a linear
pressure variation of peak-to-peak amplitude of 2 kPa and frequency of 0.2
Hz. Although the pressure input varies linearly with time, it is immediately
clear from the image that the greyscale value of the marker is not constant
along its path of motion. If we would only measure the location of the marker
at +1 kPa and -1 kPa we could only calculate the peak-to-peak amplitude
of motion.
Using our new technique, we can now calculate the actual time path of the
bead. We also see that the amplitude of marker 1 is larger than that of
marker 2. The reason is that the malleus ossicle does not just translate when
pressure is put on the TM, but it also rotates around a certain axis. Using
the 3D location of two marker points, we can determine the translation and
rotation components separately, and determine the location of the rotation
axis.
Figure 5.8 shows the motion of bead 1 as a function of pressure (stars and full
85

5 Motion measurements with an x-ray technique

Figure 5.7: X-ray shadow image of two beads at the malleus of
a gerbil ME (sample G3) during linear loading of the TM with an
amplitude of 1 kPa and frequency of 0.2 Hz.

line), as measured with our greyscale analysis technique. As we are applying
a pressure which varies linearly with time, the time axis obtained from our
greyscale analysis can be directly converted to a pressure scale. The point
of origin was determined by measuring the location of the marker at rest
position. The motion of course has components along the X-, Y- and Z- axis,
and in figure 5.8 (stars and full line) we show the resulting motion in the
direction of maximum displacement of the manubrium.
As a comparison, we added the results obtained using an optical measurement technique (circles and dashed line) on the tip of the manubrium, taken
from a paper by Dirckx and Decraemer (2001). Whereas for the optical technique the ME has to be opened completely to make the structures optically
accessible, the x-ray technique allows measuring the motions of the markers
within the bulla.

5.4.3

Background correction

Figure 5.9 shows an x-ray projection obtained in another ear and from a
different direction. Whereas in the previous experiment the background intensity was practically constant along the path of motion, there are now some
structures with different absorption in the line of view.
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Figure 5.8: The motion of the Tungsten bead at the malleus of
a gerbil (sample G3) measured by greyscale technique (stars and
full line) and the motion of malleus of another gerbil (circles and
dashed line) measured with an optical technique by Dirckx and
Decraemer (2001).

Figure 5.9: X-ray shadow image of one bead at the malleus of
a gerbil ME (sample G4) during linear pressure variation with
an amplitude 1 kPa and frequency of 0.2 Hz with non-constant
background intensity.
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Figure 5.10 (crosses, dashed line) shows the result of the motion analysis. After removing the background effect by subtracting the x-ray image obtained
in rest position, we obtain the corrected curve (figure 5.10, full line). The
artefact is rather small as long as the absorption of the bead is significantly
higher than the background absorption.

Figure 5.10: The motion of the bead at the malleus of a gerbil
(sample G4) with and without correction of the background effect.

After the greyscale corrections some additional “bumps” are seen in the
curve, because now two greyscale measurements need to be measured and
subtracted, which increases somewhat the uncertainty on the local value. It
is, however, clear that there is a small but a systematic difference in the general trend of both curves. The correction method is, therefore, most suited in
cases where there are some large zones of significantly different background
absorption along the path of motion of the marker.

5.5

Discussion

From the measurements on the test object, we see that the amplitudes of
motion can be measured with an accuracy of about 5 µm, and that a clear
distinction can be made between motion with constant velocity and motion
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with varying velocity. The RMSE value of the difference between the data
points and fitted ideal curves is less than 5% of the amplitude of the motion.
In order to measure the greyscale variations induced by velocity changes,
the absorbance of the marker needs to be significantly higher than the background absorbance. If the absorbance of the marker is too small, hardly any
change in greyscale will be seen in parts of the motion path where velocity is
high. If the absorbance is too high, the greyscales can go below the dynamic
range of the image in zones where the marker is moving very slowly. Obviously, an imaging system with higher dynamic range allows more flexibility
in choice of markers and range of velocities.
For a transient phenomenon, the method is limited to applications where the
motion is slow enough so that enough x-ray energy can be gathered during
the duration of the event. In practice, everything depends on the power
of the x-ray source, the sensitivity of the detector, and of course the x-ray
attenuation caused by the object. Our micro focus x-ray tube only has a
current of 100 microAmperes, and for the measurement on the current test
objects, we need a minimal exposure time of 1 second. With a more powerful
tube, shorter events could be studied.
For periodic phenomena, the method has, however, far more applications.
We only need to adjust the exposure time to an exact multiple of motion
periods and then periodic movement of any frequency can be measured. In
our application example, we used an exposure time of 10 seconds and a
frequency of 0.2 Hz, but there are no basic objections for using the method
for longer or shorter exposure times, and lower or higher frequencies. Of
course, there are some practical considerations: if very long exposure times
are used, a cooled camera will be needed to avoid build-up of electronic
background noise, if a very short exposure time is used a high power x-ray
tube is needed and the exposure time has to be controlled precisely. It should
be clear, however, that also fast periodic motions can be measured using a
longer exposure time, as long as it is a multiple of the vibration frequency.
For periodic motions, it is not possible to measure hysteresis effects in velocity, as the x-ray absorbance is integrated over entire periods. In principle,
it would be possible to measure half periods separately, either by measuring
a single half period or by integrating a number odd (or even) half periods
using stroboscopic exposures. Our system is, however, not equipped for this,
so we are not able to demonstrate this application.
In figures 5.9 and 5.10 we demonstrated the effect and the correction of
variations in background absorption. This correction works well, provided
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of course that the background remains unchanged during the exposure. If
structures are moving in the background while the marker is moving, the
image recorded in rest position does not contain the correct background
information. The only way to get around this would be to first record a
reference image without markers and with motion, and then record the motion image with markers and with the object in exactly the same position
as before. In practice, it will be difficult to realize this. However, if the
absorbance of the markers is well chosen so that it is high as compared to
the background absorbance, no correction is needed. In biomedical objects,
structures mainly consist of carbon, hydrogen and oxygen atoms, so they
have far less absorbance than tungsten. However, in some other object, such
as one containing metal, it will be difficult or even impossible to use our
technique.
With our x-ray system, pixel resolutions of 5 µm are possible. The greyscales
along the path of motion are a convolution of the absorbance distribution of
the bead at subsequent partly overlapping positions. To obtain accurate
measurements of the greyscale value at a given location, it is important to
use an averaging mask of the correct size. The use of smaller beads leads
to better precision to determine the absorbance at a given point. Evidently,
there are practical limitations to the size of beads, on the one hand because
they need to have enough absorbance, on the other hand because they need
to be manipulated to put them on the specimen. Our 40 µm beads are rather
easy to manipulate, but measurement resolution can probably still be a bit
improved using beads of 10 µm. Use of even smaller markers will require
special manipulation equipment.
In the method there are several sources of measurement uncertainty. First,
there is an uncertainty in the calibration of the pixel size, which propagates
in all following calculations of position. To determine this calibration one
could use the magnification factor as given by the x-ray setup, but we have
experienced that this is not always correct. We, therefore, prefer the use of
a calibration object. For this purpose we take a Teflon sphere with a precisely known diameter, for instance a sphere with radius (2500±1) µm. We
choose the size of the sphere such that its projection fits the detector as good
as possible: at other magnifications, we use another sphere. However, the
projected diameter of a sphere is underestimated as a result of the conical
beam x-ray. Figure 5.11 shows that x-rays project a chord (dashed line),
which is smaller than the diameter (solid line), on the detector because the
x-ray reached the curvature of the sphere in points before the sphere centre.
Therefore, this fact was taken into account to recalculate the sphere diameter. Using the actual sphere diameter, we can determine the pixel size with
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a measurement uncertainty better than 2/2500 µm, making this source of
uncertainty negligible with respect to other uncertainties in the method.

Figure 5.11: The projected sphere diameter due to the conical
x-ray beam. (a) x-ray source, (b) detector and (c) sphere. The
solid line in the sphere indicates the diameter, while the dashed
line indicates the projected chord.

The next source of uncertainty in the stereoscopy calculation is the distance
between the point of rotation and the detector. In practice, this distance can
be measured to a precision of about 0.5 mm, and the distance (depending
on the magnification factor) is in the order of 250 mm, giving a relative
uncertainty of 0.2%. All calculated positions in the stereoscopy scale linearly
with this systematical error, and for small displacements as measured here
the effect is again smaller than other sources of uncertainty.
The most important source of uncertainty for the determination of a marker
position is, therefore, the uncertainty on the greyscale centre. In principle, a
marker with a projected shadow of the size of one pixel would be ideal. In
practice it is impossible to manipulate such small markers, and a size in the
order of 20 µm is the limit. Using such a larger marker leads to a spot with
a certain extent in the projected image.
In principle, the point of maximal grey value within this spot corresponds
to the location of the centre of the marker, but differences in sensitivity of
the detector pixels cause deviations between the centre of the marker and
the centre of a Gaussian curve fitted through the greyscale image of the
marker. The magnitude of this effect depends on the size of the marker, but
also on the pixel noise and, therefore, on the average greyscale value at the
location of the marker. Nevertheless, Poisson statistics must also be taken
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into account in the uncertainty measurement of the CT imaging, certainly
after image normalization with gain and offset images, as the case with the
CT setups that have been used in these measurements. The complexity of
these effects makes it difficult to quantify the final outcome, so, therefore,
we choose a practical approach and compared the calculated result to a reference result obtained with the LDV. The difference between the measured
marker amplitude and the reference measurement was less than 5 µm, and
we, therefore, take this number as an estimate of amplitude measurement
uncertainty.
When reconstructing the time course of a motion, we use fixed position steps,
so the uncertainty on the displacement axis of figures 5.6 and 5.8 is determined by the uncertainty on the motion amplitude, as discussed above. The
uncertainty of the time values, however, is caused by the uncertainty in
the measured grey values which propagates into the calculated time value
through equation (5.1), and, therefore, varies along the path of motion.
The denominator and numerator in equation (5.1) are sums of terms. If the
measurement uncertainty on the grey value of a marker location is given by
δG, then the uncertainty on the denominator in equation (5.1) is given by:
√
2NδG ,

(5.3)

and the uncertainty on the numerator in equation (5.1) is given by:
√
2kδG .

(5.4)

The uncertainty of the motion period τ is negligible as this is set by the
excitation generator. So, equation (5.1) is of the form f(a, b)=a/b. If a
and b are independent and have measurement uncertainties δ a and δ b , then
statistical treatment of propagation of measurement uncertainties shows that
the relative uncertainty Rf on f is given by:
Rf =

q

Ra2 + Rb2 ,

(5.5)

where Ra = δ a /a and Rb = δ b /b.
The absolute measurement uncertainty of f is then given by δ f = f.Rf . If we
apply this same reasoning to the equation (5.1), we obtain:
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Equation (5.5) is, however, only valid if a and b are independent. If not,
then the general formula using partial derivatives should be used, which in
the case of equation (5.1) would of course lead to a very lengthy equation.
In our case, the numerator and denominator are not fully independent as the
same grey values appear in both.
From a statistical viewpoint, this means that over-estimations on one grey
value may be compensated by under-estimations on another one, so the full
partial derivative calculation will give an uncertainty which is a little bit
smaller than the one given by the approximation given by equation (5.6).
The simple equation (5.6), therefore, is adequate to estimate the upper limit
for the measurement uncertainty. From this equation, we see that the uncertainty on the time value tk increases with k, which is of course a logical
consequence of the integration process. The smaller the steps at which the
motion velocity is determined, the larger the accumulated uncertainty will
become. As an upper limit for the uncertainty on all time values, we get:
√

δt = 2τ

!

NδG
.
PN
j=1 (Gj − Gmin )

(5.7)

As explained before, the uncertainty on the measured grey value depends
on a complicated number of factors. As an estimate, we measured 58 points
along the linear motion (where we expect to find the same grey value at every
point). The standard deviation of the 58 values is 0.3, which can be used as
an estimate of δG. Using equation (5.7) we then find a value for δt of 18 ms.
In order to obtain the information about the motion and the 3D position of
the markers, only two x-ray projections are needed. A typical exposure time
to obtain one projection is a few seconds, so all information is obtained in
less than half a minute. If two x-ray point sources are available it is not even
necessary to rotate the specimen in between recordings, and all 3D motion
information can be recorded in a single shot of a few seconds. This is in
strong contrast to full CT measurements in which 180 or more projections
are recorded and a back-projection algorithm is needed to reconstruct the
3D information.
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With our method we can determine the 3D position of the markers in their
most outward positions. Along the path of motion, we can determine velocity. In principle, this information does, however, not suffice to quantify
any general motion, as we do not know the exact position of the marker at
each time point. It is, for instance, not possible to determine the direction
of the motion, we can only determine the magnitude of the velocity along
a linear path of motion. In most applications, however, the high resolution
method will be mainly intended to measure small movements, which are to
a good approximation along a linear path, making fully generalized motion
measurement less of an issue.

5.6

Conclusion

We have proposed a new technique to use the greyscale information in xray projections for the measurements of 3D motions of reference markers.
greyscale allows to determine the velocity of the marker and reconstruct
its motion as a function of time, and from two x-ray stereograms the 3D
position of the marker can be measured. The recording of this full 3D motion
information takes just a few seconds. We demonstrated this method using a
point-source micro-x-ray setup.
As an example, we measured the 3D motion of a gerbil malleus ossicle as a
function of MEP. The measured motions agree well with data obtained with
LDV, but whereas the optical technique is limited to structures that can be
optically exposed, the x-ray technique allows to measure motions within an
optically opaque object.
In combination with a micro-focus x-ray source, movements of the marker
points can be measured to an accuracy of better than 5 µm. The data obtained from the greyscale analysis and the x-ray stereograms can be combined
with a full 3D morphological measurement of the structures using µCT. In
this way, 3D motion of a complex structure can be measured and visualized.
The method may find many applications, but it is particularly suited for applications in biomechanics, where it is important to have short measurement
times.
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6

3-D displacement measurements of the
ME ossicles in the quasi-static pressure
regime
abstract
The x-ray stereoscopy technique, combined with the greyscale information obtained from the x-ray shadow images, was used to study the 3D motion in both
gerbil and rabbit ME ossicles in the quasi-static pressure regime. The ossicles
showed non-linear behaviour as a function of both pressure and frequency. For
instance, about 80% of the umbo displacements occur at a 1 kPa (peak-to-peak)
pressure load, while a limited increase of the amplitude is noticed when the pressure goes to 2 kPa. The transferred displacement from the umbo toward the
cochlea in a rabbit showed ratios of 0.35 for a pressure of 2 kPa (peak-to-peak)
at 0.5 Hz and 0.36 when the frequency increases to 50 Hz. The ossicular chain
motion is demonstrated on high-resolution computer models in order to better
visualize the ossicles behaviour.
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6.1

Introduction

As seen before in this dissertation, the ME is subject to different pressure
fluctuations high or low in amplitude and fast or slow in the change rate.
These have been reported to happen in our daily lives, and to have an influence on hearing thresholds. Therefore, several researchers have studied the
deformation of the TM and the displacement of the ME ossicles as a function of pressure using different approaches in different species. Among them,
moiré interferometry was used as one of the popular methods to study the
TM deformation in: gerbil (Dirckx and Decraemer, 2001; Dirckx et al., 1997;
von Unge et al., 1993), cat (Ladak et al., 2004), and human (Dirckx and
Decraemer, 1991). Moiré interferometry allows full field deformation measurements, but it takes several seconds to measure the deformed TM shape
at a single pressure. Therefore, it cannot be used to measure the deformation
in a dynamic pressure change. Moreover, it requires the object to be fully
visible to permit projection of a regular grid (usually a line grating) onto the
object and recording of this image from a different view, which increases the
dehydration of the specimen and introduces other artefacts. Another way
to quantify the ossicles vibration/motion is the Mössbauer technique. In
this technique, a small radioactive source is inserted to the ear. This source
produces γ-rays of precise frequencies. When sound is applied to the ear the
source vibrates. These vibrations produce a Doppler shift in the frequency of
the emitted γ-rays. The velocity of the source is measured by passing the γrays through a fixed absorber and measuring their intensity. The absorption
varies with the frequency shift of the emitted γ-ray (Kliauga and Khanna,
1983). However, this method is widely used for studying the vibrations of
the IE (Hillman et al., 1964; Johnstone and Boyle, 1967; Guinan and Cooper,
1974; Schairer et al., 2003).
Apart from those two techniques, Hüttenbrink (1988) used a microscope
equipped with radiographic magnification to visually study the mechanical
behaviour of the ossicular chain in human under static pressure. Although he
could study the 3D displacements of malleus, incus, and stapes, his approach
cannot study the effects of the dynamic pressure changes on the ossicles since
the pressure has to be kept at the same (static) value over a long period of
time. Nevertheless, Hüttenbrink presented an important detailed study that
facilitates the understating of ossicular chain behaviour in the static pressure
regime (Hüttenbrink, 1988).
Recently, Gea et al. (2010) studied the TM deformation in human and gerbil
using the CT technique under static pressure, and thus derived the 3D dis96
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placement of the ossicles from the deformation of the TM (Gea et al., 2010).
Their method is only applicable under static pressures, it requires a full scan
of the ear and intensive back projection algorithms per pressure, and image
processing is required to obtain motion information.
Despite its importance to understanding how the ME behaves in such pressure regimes, the 3D ME mechanics as a function of quasi-static pressure
changes have not been investigated thoroughly due to practical limitations.
Dirckx and Decraemer (2001) and Dirckx et al. (2006) have studied the displacement of a gerbil umbo and a rabbit umbo and stapes respectively. In
both studies, the displacement as a function of several quasi-static pressure
changes were studied using high-resolution moiré interferometry for gerbils
and LDV for rabbits. The LDV, which has become a popular technique to
study the ME motion, allowed them to quantify umbo and stapes displacement along the direction of maximum displacement. But since LDV only
measures displacements long one rotational axis, it cannot offer 3D displacement information unless three laser beams from different views are used.
Vorwerk et al. (1999) used a high speed camera to study the deformation of
the human TM in the quasi-static pressure regime, thus the displacement of
the malleus umbo could be obtained. However, like LDV the 3D motion is
not achievable with this approach.
In this chapter, the technique developed in chapter 4 and chapter 5 is used
to study the 3D motion information of the ossicular chain of intact rabbit
and gerbil ears as a function of quasi-static pressure changes. Understanding
the behaviour of the ME under such circumstances is important in improving the FEM of the ME, and thus in improving the design of hearing aids
(Hüttenbrink, 2001).
Although the deformation of the TM and the displacement of the malleus
ossicle have been widely studied in the static (and quasi-static) pressure
regime (Hüttenbrink, 1988; Dirckx and Decraemer, 1991; von Unge et al.,
1993; Dirckx and Decraemer, 2001; Lee and Rosowski, 2001; Ladak et al.,
2004; Gea, 2010), the transferred motion to the cochlea has been reported
only in a few studies. For instance, Dirckx et al. (2006) have reported the
transfer function in a rabbit in the quasi-static pressure regime. However,
their approach requires that the cochlea has to be opened in order to make
the stapes footplate reachable for the LDV laser beam, thus the measurement
is not performed in intact ears. Gan et al. (2004b) have reported the transfer
function in human using LDV but in the acoustical domain.
When the motions of both malleus and stapes ossicles are obtained simulta97
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neously, as is the case using the x-ray stereoscopy technique in which multiple
points can be studied at the same time, the real-time transferred motion toward the cochlea can be resolved, which leads toward a better understanding
of the complex ME biomechanics.

6.2
6.2.1

Materials and method
Sample preparation

Adult rabbits and gerbils were used to measure the displacement of the ossicles. Gerbils were euthanised using carbon dioxide, while rabbits were sacrificed using intravenous injection of sodium pentobarbital 60 mg/kg (Dolethal,
Ethical Agents Ltd). The injection was performed in the vein of the pinna after local surface anaesthesia with lidocaine spray (Xylocaine, AstraZeneca).
All manipulations were conducted according to the rules set by Belgian legislation and the local ethical committee of the University of Antwerp, and were
in accordance with the Guiding Principles for Research Involving Animals
and Human Beings as adopted by the American Physiological Society.
Next, the temporal bone was dissected from the skull. A plastic tube was
glued (LOCTITE R 401TM ) to the EC through which an air pressure was applied, which moves the TM and thus the ME ossicular chain. At the medial
side of the bullae, a small opening was created in order to place tungsten
beads size, which are used as marker points. Three beads were placed on
the malleus handle; one at the umbo and two further on the manubrium
toward the lateral process. Two beads were placed on the stapes; one bead
at each crus, cf. figure 6.1. The preparation was performed under a surgery
microscope (Zeiss OPMI Sensera S7) to avoid any damage to the internal
structures. Efforts were made to place beads on the incus but their displacement is difficult to follow because its path of motion is orthogonal to
the x-ray propagation. Some beads were also placed on the promontory to
assure that the specimen did not move during the measurement and the displacements of the marker points on top of the ossicles are thus exclusively
due to air pressure. Please note that the bead doesn’t affect the dynamics
of the ossicles since its weight (around 6.5 µmg) is negligible compared to
the weight of the ossicles, e.g. the tip of a gerbil malleus with dimensions of
width: 600 µm and hight 500 µm has a weight of about 0.1 mg.
During preparation, the specimens were kept humid by working under a jet
of mist of an ultrasonic humidifier (Bonaire BU-1300) directed via a plastic
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Figure 6.1: Snapshots of beads on top of rabbit ossicles taken
under a surgical microscope: (a) arrows indicate three beads on a
rabbit malleus and one (top left) on the incus, (b) zoomed in for
the beads on the malleus, (c) one bead on the head of the incus
and one on the stapes crura and (d) one bead on the stapes crura
and other one on the promontory, which has been used to assure
that the specimen did not move during the measurement. TM:
tympanic membrane, m: manubrium, i: incus and s: stapes.

99

6 Ossicles motion
tube onto the specimen. After preparation, the specimens were wrapped in
a wet piece of paper towel and placed in a container made of thin acrylic
tubing, to avoid dehydration of the tissue structures, cf. figure 6.3.

6.2.2

Pressure generation

A custom-built pressure generator was used to apply a uniform dynamic
air pressure to the EC. The pressure setup consists of an electromagnetic
actuator (Frederiksen 2185.00) that is attached to an adaptable gas volume
in connection with a tube. When the actuator moves, the pressure changes,
since the amount of gas remains constant. With a pressure sensor (Druck
PDCR 10/L) coupled to the tube, the exact pressure values were obtained
using a custom-built feedback system (Aernouts and Dirckx, 2011).
A function generator (Tektronix TDS 210), attached to the feedback system,
was used to generate the frequency of the desired pressures within the range
of ±2 kPa at frequencies varying from 0.1 to 100 Hz, cf. figure 6.2. In this
chapter, pressures of 1 and 2 kPa (peak-to-peak amplitude) at frequencies of
0.5, 1, 5, 10, 20, 30, 40 and 50 Hz were applied to the ME through the tube
that is glued to the bulla.

6.2.3

Measurement of the motion

As shown in chapters 4 and 5, a method has been developed to study the 3D
motion of the internal structures of an object. It makes use of x-ray stereoscopy in order to obtain the 3D motion information within non-transparent
objects, such as the ME, from greyscale variations.
In short, the method works as follows: Using the x-ray point source of a CT
machine, two images are recorded from two different directions (by rotating
the object over a 90o between imaging), while the internal structures are
moving. The 3D coordinates of marker points in the WCS can be obtained
from the coordinates of the marker points in the CCS in the pair of images, cf.
equations 4.4, 4.5 and 4.6. When the 3D coordinates of the two outer points
of the displacement are calculated, the amplitude of motion for a periodically
moving object can be measured.
Since the ossicles move during the x-ray imaging due to the applied air pressure, the integrated recorded intensity along the path of motion of the marker
points, which have been placed on top of the ossicles, shows different values
100
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(2)
(5)
(1)

(3)

(4)
Figure 6.2: Schematic drawing of the custom-built pressure generator: (1) electromagnetic actuator, (2) compressible gas volume,
(3) pressure sensor, (4) feedback control unit and (5) sample that
is glued on a tube. When the actuator moves, the pressure in
the closed volume changes and using the feedback control unit
a desired pressure can be obtained (from (Aernouts and Dirckx,
2011)).

101

6 Ossicles motion
due to the motion speed. If the marker remains long in a given position,
more x-rays will be absorbed and vice versa, cf. figure 6.5. Therefore, the
greyscale of the x-ray shadow image can be used to reconstruct the time information by integration and thus the 3D motion information can be obtained,
cf. equations 5.1 and 5.2

Figure 6.3: Schematic drawing of the x-ray stereoscopy setup to
measure a dynamic displacement in gerbil and rabbit ears: (a) xray point source, (b) detector, (c) pressure generator, (d) specimen
holder that rotates over angle β and (f) specimen.

The measurements were performed as follows: The gerbil specimens were
placed in the specimen holders of a µCT (skyscan 1072) with a spot size of
8 µm, while the rabbit specimens were imaged using a custom built state-ofthe-art µCT (UGCT -Ghent University), which can achieve feature recognition of 2 µm as specified by the x-ray tube manufacturer (Masschaele et al.,
2007), cf. figure 6.4. The latter was used since rabbit bone is more dense,
thus more x-ray energy is needed in order to distinguish between the tungsten beads and the bony structure, which seemed unachievable with skyscan
1072.
Next, a pair of images with a 90o separation angle was recorded with exposure
time of 10 s during excitations with 1 and 2 kPa (peak-to-peak) at 0.5, 1,
5, 10, 20, 30, 40, and 50 Hz. This exposure time has been chosen to be an
integer number of periods of the movement. After the measurement session,
a full scan was performed in order to generate a computer model of the
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Figure 6.4: Pictures show the experimental setup that has been
used to record a pair of x-ray shadow images and later on a full
scan of the specimen. (a): x-ray point source, (b): detector, (c):
stepper motor that rotates, translates the specimens, (d): specimen (a rabbit ear), (e): specimen holder and (f): a tube via which
an air pressure is applied to the EC

ossicles with beads, which will be used later to demonstrate the motion.
The displacement of the marker points is registered to the ossicles computer
model using the aligning function in Amira R 5.3.3 (Visage Imaging)

6.3
6.3.1

Results
Gerbil ear

An example of the tungsten beads movement is presented in figure 6.5 in order
to show how the greyscale varies between rest (figure 6.5(a)) and excited state
(figure 6.5(b)). The figure shows that at the two outer points, more x-rays
are absorbed as the ossicles motion becomes slower (the bead spends more
time here) than in the middle of the motion event, where the bead becomes
faster and thus absorbs less x-rays.
The displacement amplitudes of 6 gerbil umbos as a function of 1 and 2 kPa
at frequencies of 0.5, 5, 10 and 50 are presented in figure 6.6. For a pressure
of 1 kPa, the gerbil umbos show an average amplitude of (307 ± 40) µm at
0.5 Hz, which increases to (348 ± 28) µm at 50 Hz. The amplitudes of other
frequencies lie in between. When a bigger pressure is applied to the gerbil
ears (2 kPa), the amplitude increase to values between (354 ± 42) µm at 0.5
Hz and (428 ± 26) µm at 50 Hz, cf. figure 6.7.
103

6 Ossicles motion

(a)

(b)

Figure 6.5: Snapshots of x-ray shadow images show three tungsten beads on top of the malleus ossicle of a gerbil at: A) rest
state before applying a pressure and B) during linear loading of
the tympanic membrane with a pressure of 2 kPa at a frequency
of 50 Hz. The scale bar is 500 µm.

Due to practical limitations, it was not possible to reconstruct the path of
motion for all of the beads that were placed toward the lateral process of the
malleus manubria. Nevertheless, the amplitudes of motion for all manubria
have been obtained from stereoscopy. The manubria displacements as a
function of 1 kPa show values between (162 ± 17) µm at 0.5 Hz and (205 ±
16) µm at 50 Hz. When 2 kPa is applied, the displacement at 0.5 Hz shows
a value of (213 ± 26) µm, while this value increases to be (254 ± 24) µm at
50 Hz. Examples of the reconstructed displacements of manubria are shown
in figures 6.8.

6.3.2

Rabbit ear

Since the dimensions of the rabbit ossicles are bigger than in gerbils, cf. table
2.1, the positioning of beads becomes easier, which facilitates the accurate
measurement of the umbos, manubria (2 places) and stapes displacements.
Figure 6.9 shows the displacements of 6 rabbit umbos as a function of 1 kPa
(figure 6.9(a)) and 2 kPa (figure 6.9(b)).
The displacements of the rabbit manubria as a function of 2 kPa is presented
in figure 6.10. Figure 6.11 shows the displacements of stapes as a function of
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Figure 6.6: Displacement of gerbil umbos as a function of: (a)
1 kPa and (b) 2 kPa, at frequencies of: 0.5 Hz, 5 Hz, 10 Hz and
50 Hz.
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Figure 6.7: Average amplitude of gerbil umbos as a function of
1 kPa (red solid line) and 2 kPa (dashed black line)

2 kPa. The average amplitudes of the umbos, manubria and stapes with their
standard deviations are presented in figure 6.12. This figure shows clearly
that the maximum displacement is performed by the umbo while the stapes
movement is the smallest.
To facilitate the comparison between the ossicles displacements, figure 6.13
presents displacements of the umbo, manubrium (at two positions) and stapes
(one at each crus) of specimen R4 as a function of 2 kPa at different frequencies.

6.3.3

3D displacement

As mentioned before, full scans of the specimens have been made in order
to generate computer models of the gerbil and rabbit ears, including the
beads. These models are required to represent the 3D displacement of the
ossicles since the coordinates of the beads, relative to the ossicle, are needed
to show the motion. From 180 projections (one per 1o ), a back projection is
calculated, and a set of virtual slice images of the object is obtained. These
slices are then segmented and the 3D shape of the object is reconstructed. If
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Figure 6.8: Displacement of gerbil manubria as a function of:
(a) 1 kPa and (b) 2 kPa, at frequencies of: 0.5 Hz, 5 Hz, 10 Hz
and 50 Hz.
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Figure 6.9: Displacement of rabbit umbos as a function of: (a)
1 kPa and (b) 2 kPa, at frequencies of: 0.5 Hz, 5 Hz, 10 Hz and
50 Hz.
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Figure 6.12: Average amplitude of rabbits’ umbos, manubria
and stapes s as a function of 1 kPa and 2 kPa.

the internal structure has the full 6 degrees of freedom, then 3 markers are
needed to determine its full three-dimensional motion.
The malleus ossicle mainly moves along one direction and at low frequencies
it rotates along a certain axis (Decraemer and Khanna, 1994), so two beads
suffice to measure their rotational movement. It has been noticed that the
beads strongly affect the reconstructed images since the reconstruction algorithm is based on Lambert-Beer law, which doesn’t work properly for a very
dense materials as the case with the tungsten. These low-resolution reconstructed images thus affect the segmented/created computer models, which
make them less useful to demonstrate the motion event. To tackle this problem, high-resolution morphological computer models of the MEs of gerbils
and rabbits that have been developed earlier, cf. chapter 2, were being used
for the 3D representation. The models including the beads were registered
with the high-resolution models in order to demonstrate the motion on this
better quality representation.
The 3D displacements of the marker points, which were placed on the gerbil
malleus and rabbit malleus and stapes, were applied to the models in order to
represent the ossicles displacements. In a gerbil, just the motion of malleus
ossicle can be shown, while in a rabbit displacements of both malleus and
stapes ossicles can be shown. However, the incus ossicle has been displaced
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Figure 6.13: Displacement of umbo, manubrium (at two positions) and stapes (at the two crus) of a rabbit (specimen R4) as a
function of 2 kPa at frequencies: (a) 0.5 Hz, (b) 5 Hz, (c) 10 Hz
and (d) 50 Hz.
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as a part of the malleus since its own small/limited displacement falls beyond
the resolution of the approach.
Figure 6.14 shows a snapshot of the 3D reconstruction of the malleus ossicle
of a gerbil in its two extreme positions, when pressure between -1 kPa and
+1 kPa is applied at a frequency of 50 Hz. The shape of the (considered)
rigid structure is obtained from the tomography, the position of the ossicle
was determined from the stereo projections of the marker points (the two
spheres, one at the umbo and the other at the manubrium). Using the new
greyscale analysis technique, time information of the motion as a function of
pressure is obtained. This can, of course, not not be shown in a single image.
The same for rabbits is presented in figure 6.15. The figure shows a snapshot
of the reconstructed 3D motion of the ossicular chain when 2 kPa (peak-topeak) is applied to the TM at 50 Hz. From the figure, one sees that when
the umbo moves in the lateral side (at + pressure), the stapes goes in the
medial side toward the cochlea, and vice versa.
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Figure 6.14: Snapshot of the 3D motion of the malleus of a gerbil ME during pressurizing the EC with 2
kPa (peak-to-peak) at a frequency of 50 Hz. The beads are represented by spheres that are out of the scale.
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Figure 6.15: Snapshot of the 3D motion of a rabbit ossicular chain during pressurizing the EC with 2 kPa
(peak-to-peak) at a frequency of 50 Hz. Arrows indicate the displacement as a function of pressure. (a)
is the malleus, which contains 3 beads, (b) is the incus, it is displaced as a part of the malleus, (c) is the
stapes, which has two beads one at each crura. The stapes moves inward (at + pressure) and outward (at
- pressure) the cochlea (d), which does not move as a function of pressure. The beads are represented by
spheres that are out of the scale.
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6.4 Discussion

6.4
6.4.1

Discussion
Measurement setup

Unlike the moiré interferometry and LDV techniques, x-ray stereoscopy does
not require the internal structures/features under study to be visually exposed. Moreover, the 3D displacements for the ossicles are obtained from
just one pair of images recorded in few seconds.This approach uses one single x-ray point source with the object rotated in between the recording of a
pair of images, so no need for two x-ray sources as it has been used in a classical x-ray stereoscopy. By setting the exposure time to an integer number of
periods of the movements, the displacements of the ME ossicle as a function
of a dynamic pressure change ranging from 0.5 Hz to 50 Hz can be studied in
less than 30 s, which was not achievable with moiré interferometry, or with
a full CT scan.
The greyscale variation of the x-ray shadow images in 2D allowed to obtain
the time information at each bead/point along the 3D (approximately linear)
path of the ossicles motion. Combined with the 3D coordinates, calculated
from stereoscopy, the 3D displacement can be demonstrated on computer
models, which helps to identify the behaviour of the ossicular chain in such
pressure regime. Another advantage of the current method is that the displacement at several points on the ossicles can be achieved simultaneously;
unlike LDV where one point per laser beam can be studied.
Figure 6.5 shows an example of x-ray shadow images. At rest state, tungsten
beads have approximately the same greyscale value. From these, the size of
the beads is determined, which is used to set the size of the Gaussian filter
that is used to obtain the greyscale values, cf. section 5.2.2. Using smaller
beads will improve the measurement accuracy, but there are practical issues
that force to select an appropriate bead size. On the one hand they need
to be manipulated on the ossicles, on the other hand they need to absorb
enough x-rays.
Figure 6.5(b) shows how the bead at the umbo moves faster than the bead
close the lateral process of the malleus, moreover, it shows that they move
in relative different directions. Moreover, one sees that there is a variation
in the background intensity around the beads; the bead in the middle has a
brighter background than the other two. The background of the bead at the
umbo, the upper one, is not homogeneous. Therefore, first order correction
for changes in the background intensities were needed. Consequently, the
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greyscale of each bead is calculated individually using the actual background
intensity in order to accurately reconstruct the path of motion, cf. section
5.4.3.
When a faster motion event (high frequency) is studied, more accurate results
are expected than in a slower motion (low frequency), if the exposure time
remains the same in the two cases. This is due to that a faster marker crosses
the same points several times more than a slower one, thus the recorded
intensity is averaged over more periods which leads to a clear variation in
the greyscale. Nevertheless, even in very low frequency, exposure time can be
set to ensure tens of periods depending on the ability of the x-ray machine.
As seen before, one can determine the 3D position of the markers in their most
outward positions. Along the path of motion, one can determine velocity. In
principle, this information does not suffice to quantify any general motion,
as the exact position of the marker at each time point is unknown. It is
for instance not possible to determine the direction of the motion; one can
only determine the magnitude of the velocity along a linear path of motion.
In most applications, however, the high-resolution method will be mainly
intended to measure small movements, which are to a good approximation
along a linear path, making fully generalized motion measurement less of an
issue. However, the method is not limited to be used just in ME research,
it can find its way in other biomechanics applications since it offers fast 3D
motion measurements within opaque objects.

6.4.2

Ossicles displacement

As shown in the results, all specimens exhibited similar behaviour for the
ossicles displacements as a function of pressure. However, one can see some
variations in the displacement amplitude. This can be attributed to several
reasons such as interspecies variation or the positioning of the beads on top
of the ossicles, (it is practically impossible to place the beads at the same
position in different specimens). The pixel size cannot be set to the same
value for all specimens due to a practical reason: the orientation of the
specimen is varied between recordings to ensure the best view. Nevertheless,
the average amplitude of the ossicles in gerbils and rabbits, showed a standard
deviation of less than 45 µm, which is equivalent to about 6 pixels.
The displacements of the ossicles in both gerbil and rabbit showed a sigmoid
or S-like shape, meaning that the displacement as a function of pressure
increases fast at the beginning, while it increases much slower when higher
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pressure is applied. Consequently, most of the displacement happened while
pressure is increasing from 0 kPa to 1 kPa. For instance, rabbit umbos show
an average amplitude of (179 ± 23) µm for a pressure of 1 kPa (peak-to-peak)
at 50 Hz. This value increases by about 40 µm to (211 ± 25) µm when the
pressure increases to 2 kPa (peak-to-peak), which means that approximately
80% of the displacement occurs below/at 1 kPa. This shows clearly that the
ossicles have a strong nonlinear behaviour as a function of pressure, which
has been reported earlier by Dirckx et al. (2006).
From the results section, one sees that the displacements of the ossicles show
bigger values when pressure cycles of higher frequency were applied. The
displacement in both gerbil and rabbit umbos increase by about 73 µm and
38 µm, respectively, when the frequency increases from 0.5 Hz to 50 Hz for
the same pressure amplitude. This shows that the ossicles move less when a
static and quasi-static pressure changes were applied than when frequencies
approach the acoustic domain. Since high-pressure variations are reported
to happen in the static and quasi-static regime. The ME is known to act
as a high pass filter protecting the IE from excessive pressure changes. This
protective function has been observed in human (Hüttenbrink, 1988). It was
mainly attributed to the sliding motion between the malleus and incus. In
rabbit and gerbil, the incus and malleus are fused as one ossicles, but we
also see that ultra-low frequencies cause less stapes motion than acoustical
frequencies. Additionally, when a positive pressure is applied to the EC
(negative ME pressure), smaller displacements for the ossicles are observed
than for a negative EC pressure (positive ME pressure) (Dirckx et al., 2006;
Dirckx and Decraemer, 2001). This effect can at least partly be attributed to
the conical shape of the TM, making movements towards the ME (medially)
more difficult than inflation movements towards the EC (laterally)
In gerbils, the umbos show an average amplitude of (428 ± 26) µm at 2 kPa,
50 Hz, while the beads at the manubrium toward the lateral process show an
average amplitude (254 ± 24) µm. This shows that the displacement drops
by more than 40% between the two measurement points. On average, the
beads at the umbo measure about 200 µm to 300 µm from the tip of the
manubrium, while the beads further toward the lateral process have been
placed from 1050 µm to 1200 µm, relatively to the beads at the umbo.
The current gerbil umbos show maximum amplitude at a pressure of 2 kPa
of (428 ± 26) µm while Dirckx and Decraemer reported a value of about
410 µm for the same pressure (Dirckx and Decraemer, 2001). In their paper,
they measured the displacement as at pressures up to 4 kPa, and they found
a value of 460 µm, which confirms that limited displacement can occur with
117

6 Ossicles motion
increasing the pressure to the more than 1 kPa. Gea et al. (2010) have
reported a limit value of 294 µm. This shows a difference of more than 100
µm between the current results and the one obtained by Gea et al. (2010).
However, the latter is done in static pressure load, which may decrease the
amplitude of motion, as it has been reported now that the displacement
increases as a function of frequency.
In rabbits, the results show umbo displacements of (211 ± 25) µm while
Dirckx et al. (2006) have reported (165 ± 19) µm. Stapes displacements
were found to be (78 ± 9) µm with the x-ray stereoscopy approach. Dirckx
et al. (2006) have reported a limited value of (34 ± 5) µm. One can notice that the current results show a relatively bigger displacement for the
ossicles. This can be attributed to the requirements that LDV should exactly measure along the direction in which the object under study has its
maximum displacement. Due to practical issues, this is always a challenge
because of the anatomical structure of the ME. Therefore, the displacement
might be smaller. Whilst in x-ray stereoscopy, one only needs to place the
specimen in the path of an x-ray bundle and rotate the object to have the
best view. Moreover, the displacement is measured from the 3D coordinates
of the marker points; therefore, the motion in all directions is taken into account. However, interspecies variations as well as the position of the marker
point, relative to the ossicles, are also sources of variability.

6.4.3

3D motion

As the stereoscopy technique offers the 3D coordinates of the two outer points
of a motion event, and as the greyscale variety of x-ray shadow images can
be used to obtain time information, the 3D motion of the beads and thus the
ossicles are obtained on a linear path and can be shown in a 3D computer
model. In gerbils, it was only possible to present the motion for the malleus
ossicle, whilst in rabbits the motion of stapes ossicle could be presented
as well. The Displacement of the incudo-mallear complex was treated as
one rigid body using three beads, one at the umbo and two further at the
manubrium toward the lateral process. It is not possible to present the 3D
displacement in a single image, so, snapshots of these motions are presented
in figure 6.14 and figure 6.15 in order to give a reader an idea about how the
ossicles move.
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6.4.4

Transfer function

The contribution of the ME ossicles to transfer the motion from the TM
toward the cochlea is well-known as one of the ME functions. However,
few efforts have been made to identify this action in the quasi-static pressure
regime. In the current study, the displacements of the malleus and the stapes
ossicles in rabbits have been measured simultaneously. In this way, the real
time transfer function is achieved, which leads to a better understanding of
the behaviour of the ME in such circumstances.
As seen in the results section, the motion transfer from the malleus to the
incus shows non-linearity as a function of both pressures and frequencies.
When 2 kPa with a frequency of 0.5 Hz is applied to rabbit ears, the ratio
of stapes, (61 ± 10) µm, versus malleus, (172 ± 42) µm, displacements show
a value of 0.35. The ratio is increased a bit to 0.36 at 50 Hz ((78 ± 9) µm
for the stapes and (211 ± 25) µm for the malleus). This shows that it is the
ratio that remains practically unchanged, even under high pressure, while
the displacement increases with frequency.
This ratio is very close to the lever arm value that is reported in rabbit (0.4)
(Hemilä et al., 1995). However, it is bigger than the ratio (0.2 to 0.3) that
has been reported by Dirckx et al. (2006). The latter can be attributed to
the fact that Dirckx et al. (2006) measured the footplate motion without the
fluid load of the cochlea, while the current measurements have been done in
intact ears.

6.5

Conclusion

A setup has been developed that makes it possible to measure the 3D motion
of the ME ossicles as a function of sinusoidal pressure variations in the range
of ± 1kPa with a frequency of 0.5 to 50 Hz, applied to the EC within a few
seconds. The approach makes use of the combination of x-ray stereoscopy and
greyscale (thus time) information, obtained from the x-ray shadow images,
in order to reconstruct the 3D linear path of motion such as the motion of
the ossicles motion as a function of quasi-static pressure changes.
The ossicles motion is found to show a nonlinear response to the applied
pressure. The major part of the displacement amplitude occurred between
0 and 1 kPa, and only a small increase of the amplitude is noticed between
1 and 2 kPa. Moreover, the ossicles displacement increase with frequency,
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which means that ME is adapted to avoid big deformation in response to the
quasi-static high-pressure changes.
The transferred displacement of the umbo toward the cochlea showed a ratio
of 0.35 for a pressure of 2 kPa at a frequency of 0.5 Hz. The ratio increases a
bit to 0.36 as a function of a faster pressure change (at 50 Hz). This agrees
with the lever arm that is reported in rabbits.
Using high-resolution computer models, the ossicles motion is demonstrated
in order to facilitate the understanding of the ME behaviour in such pressure
regime.
The results show that the new method of x-ray stereoscopy combined with
greyscale analysis along the path of moving markers opens up new possibilities to measure the ME ossicles motion in 3D. Gerbil morphology is on the
edge of the resolution of the current approach, for rabbit better results can
be obtained. For human temporal bones, dimensions and motions will still
be larger so relative measurement resolution will be better, but it will be
a challenge to detect the marker beads within the strongly absorbing dense
temporal bone. With more powerful x-ray point sources becoming available, the method discussed in the present work will allow new possibilities
to study ossicles motion in the transition range between quasi-static and
acoustic pressures.
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Summary and general conclusion

The measurement of three-dimensional motion is important to study the
mechanics of biological systems. For decades, efforts have been made to
quantify and measure them using different approaches. X-ray stereoscopy as
a technique was introduced one year after Röntgen discovered x-rays. The
method is used to obtain 3D coordinates of marker points, and derive their
displacement. Continuous changes in position and velocity of a marker along
its path of motion can also be studied, but to my knowledge this has not
been done before. Thus I studied the 3D motion of internal non-visually
exposed structures using x-rays, which is not possible with other available
techniques. I performed x-ray stereoscopy using a single x-ray point source,
unlike the classical setups with two sources. This method was tested on a
well-controlled test object to measure static displacements in the range of
0.5 mm. The obtained amplitude of motion was verified using laser Doppler
vibrometry. The results showed a displacement uncertainty of less than 5
µm.
Although this method shows promising results in measuring motion amplitudes, it is still not usable to quantify the velocity of a marker point. Therefore, this method was combined with a greyscale analysis to study the motion
in an accurate way: A moving object with a relative high x-ray absorbance
leaves a trace in an x-ray shadow image of which the greyscale intensities
are linearly proportional to the marker velocity at that point. If the marker
moves fast then less x-rays are absorbed and vice versa. The integrated intensity along the marker linear path of motion can be used to reconstruct the
time information. To do so, I placed tungsten beads, with high x-ray absorption, on a calibration object to reconstruct the path of motion as a function
of the known input waveform. Measurements on a test object showed that
the path of motion can be reconstructed with an accuracy of about 5% com123
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pared to a sinusoidal input waveform. My method shows that the 3D motion
can be studied using a single x-ray point source within a few seconds. A
big difference compared to a CT-scan, which requires a 360o scan of the
object and intensive calculations afterwards. Moreover, it can also be used
for measurements on non-visually exposed internal structures, which is not
possible with other methods such as moiré interferometry or laser Doppler
vibrometry.
The developed method is used to study the 3D motion of the middle ear
ossicles as a function of high quasi-static pressure variations. The latter
occur on a daily basis, and it is known that they have an influence on hearing
thresholds. The effects of these high pressure variations on the ossicles are
not entirely clear due to the complex anatomical structure of the middle
ear. The 3D motion of the ossicles of gerbil (malleus) and rabbit (malleus
and incus) were studied as a function of peak-to-peak pressures of 1 up to 2
kPa at frequencies of 0.5 Hz to 50 Hz. The displacement of the ossicles in
both gerbil and rabbit as a function of pressure has a sigmoid (S -like) shape.
The displacement increases faster at lower pressures, while it increases much
slower and stagnates when higher pressures are applied. Thus, approximately
80% of the displacement occurs in the range of 0 to 1 kPa range, and only
a limited increase of the amplitude is observed at higher pressures (from 1
to 2 kPa). The ossicles also have a smaller peak-to-peak amplitudes in the
static and quasi-static range, compared to frequencies closer to the acoustic
domain. The ossicles motions are visualized on high-resolution computer
models to show the movement in these pressure regimes.
Ears are subject to different sound pressures, with high or low intensity and
changing rapidly or slow. The tympanic membrane plays a key role in regulating these pressure variations. To get a better understanding of the middle
ear operating conditions, I developed a setup to study the tympanic membrane regulatory capacity in the quasi-static pressure regime. The pressure
at the middle ear side was measured as a function of ear canal pressurization in the high quasi-static pressure regime. The trans-tympanic pressure
difference was found to be the smallest in the lower quasi-static range, and
quickly increasing as a function of frequency. The non-linearity of the middle
ear pressure as a function of ear canal pressure was investigated and found
to increase as a function of frequency. The tympanic membrane can protect
the middle ear for more than 60% of high pressure amplitudes, such as a 2
kPa peak-to-peak, to which the outer ear is exposed.
Finally, I created a library of high-resolution morphological computer models of the middle (and inner) ear of cat, gerbil, rabbit, rat and human (adult
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and juvenile) using state-of-the-art micro-CT. These models are of great importance for finite element modelling, which requires accurate geometries to
obtain realistic results. The models are freely available at the laboratory of
the biomedical physics group website for the benefit of the research community, clinicians and educators. The gerbil and rabbit models were furthermore
used to visualise the 3D motion of the middle ear ossicles, the main aim of
this dissertation.
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Het meten van driedimensionale bewegingen is erg belangrijk bij het bestuderen van de mechanica van biologische systemen. Reeds tientallen jaren
werkt men aan het kwantificeren en meten hiervan met diverse methoden.
X-stralenstereoscopie werd als techniek geïntroduceerd één jaar na de ontdekking van X-stralen door Wilhelm Röntgen. In het gepresenteerde doctoraatswerk werd deze methode gebruikt om 3D-coördinaten te bekomen
van structuren waarop een markeerpunt werd aangebracht dat ondoorzichtig is voor X-stralen. De verplaatsingen van dit markeerpunt werden bepaald, evenals de continue verandering in positie en snelheid ervan langsheen
zijn verplaatsingstraject, wathier voor het eerst werd geïmplementeerd in
een praktische toepassing. Op deze wijze werd de 3D-beweging van interne
zachte structuren met X-stralen bestudeerd, wat niet mogelijk is met huidige beschikbare technieken. X-stralen stereoscopie werd gerealiseerd met
één enkele X-stralen puntbron, in tegenstelling tot een klassieke opstelling
met twee bronnen. Deze methode werd getest op een testobject om statische
verplaatsing te meten in de orde van 0,5 mm. De bekomen amplitude van de
beweging werd gecontroleerd met laser Doppler vibrometrie. De resultaten
toonden een meetnauwkeurigheid beter dan 5 µm.
Hoewel deze methode beloftevolle resultaten levert voor het meten van bewegingsamplitudes, is ze nog niet bruikbaar om de snelheid van een markeerpunt te kwantificeren. Daarom werd de methode gecombineerd met een
grijswaardeanalyse om de beweging nauwkeurig te kunnen bestuderen: Een
bewegend object met een relatief hoge X-stralenabsorptie laat een spoor achter in een X-stralenschaduwbeeld waarvan de grijswaarde-intensiteit recht
evenredigis met de snelheid van het markeerpunt op die positie. Als het
markeerpunt snel beweegt dan zal het minder X-stralen absorberen en omgekeerd. De geïntegreerde intensiteit langsheen het lineaire bewegingstraject
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van het markeerpunt kan zo gebruikt worden om de tijdsinformatie te reconstrueren. Aldus werden wolfraam sfeertjes met hoge X-stralenabsorptie
gebruikt op een kalibratie-testobject om het bewegingstraject te reconstrueren als functie van een gekende opgelegde stimulatiegolf. Metingen op een
testobject toonden dat het bewegingstraject gereconstrueerd kan worden met
een nauwkeurigheid van ongeveer 5 µm in vergelijking met een sinosuïdale
opgelegde golf. De methode toont dat de 3D-beweging bestudeerd kan worden met een enkelvoudige X-stralen puntbron in enkele seconden. Dit is een
groot verschil in tijd vergeleken met een volledige CT-scan, die een scan van
360o rondom het object vereist, gevolgd door zware berekeningen. Bovendien kan deze nieuwe methode ook gebruikt worden om niet-visueel zichtbare
structuren inwending te meten, wat niet mogelijk is met methoden als moiré
interferometrie of laser Doppler vibrometrie.
De ontwikkelde methode werd gebruikt om de 3D-beweging te bestuderen
van de gehoorbeentjes in functie van grote quasi-statische drukveranderingen. Deze veranderingen treden continu op en hebben een invloed op onze
gehoorsdrempel. Het effect van deze grote drukveranderingen op onze gehoorbeentjes is niet volledig duidelijk omwille van de complexe anatomische
structuur van het middenoor. De 3D-beweging van de gehoorbeentjes van
woestijnrat (de hamer) en konijn (de hamer en het aambeeld) werden bestudeerd als functie van een piek-tot-piek amplitude van 1 tot 2 kPa met
frequenties 0,5 tot 50 Hz. De verplaatsing van de gehoorbeentjes als functie van druk heeft in beide specimen een sigmoïde (S-) vorm. De uitwijking
neemt sneller toe bij lage drukken, terwijl het trager toeneemt en stagneert
bij hoge drukken. Zodoende wordt 80% van de verplaatsing bereikt in het
bereik 0-1 kPa, en slechts nog een beperkte toename bij hogere drukken (van
1 tot 2 kPa). De gehoorbeentjes hebben ook kleinere piek-tot-piek amplitudes in het statische en quasi-statische gebied, dan bij frequenties dichter
bij het akoestische gebied. De beweging van de gehoorbeentjes werd geïllustreerd op hoge-resolutie computermodellen om de beweging te tonen in deze
drukregimes.
Het oor ondervindt verschillende geluidsdrukken, met hoge of lage intensiteit en snel of traag variërend. Het trommelvlies speelt een sleutelrol in
het reguleren van deze drukvariaties. Om een beter begrip te krijgen van
het functioneren van het middenoor werd een opstelling ontwikkeld om de
regulerende bufferwerking van het trommelvlies te bestuderen bij hoge quasistatische drukken. Het drukverschil over het trommelvlies bleek het kleinst
bij laagfrequente quasi-statische drukken, en steeg snel als functie van de
frequentie. De niet-lineariteit van de middenoordruk in functie van de druk
in de gehoorgang werd onderzocht, en bleek toe te nemen in functie van de
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frequentie. Het trommelvlies kan het middenoor beschermen voor meer dan
60% bij hoge drukken, zoals bijvoorbeeld 2 kPa piek-tot-piek, die het oor
opgelegd worden.
Tot slot werd een database aangemaakt met hoog-resolutie computermodellen van het midden- (en binnen)oor van katten, woestijnratten, konijnen, ratten en mensen (volwassen en kinderen) met state-of-the-art micro-CT. Deze
modellen zijn van groot belang voor eindige-elementenmodellering, waarbij
een zeer nauwkeurige geometrie vereist is om realistische resultaten te bekomen. Deze modellen zijn vrij beschikbaar op de website van de onderzoeksgroep BIMEF (Laboratorium voor BioMedische Fysica) ten bate van de onderzoeksgemeenschap, clinici en didactische toepassingen. De woestijnraten konijnmodellen werden bovendien gebruikt om de 3D-beweging van de
gehoorbeentjes te illustreren, het hoofddoel van dit eindwerk.

129

131

Arabic abstract

Arabic abstract

132

133

Arabic abstract

134

135

Appendix

A

Matlab R code for stereoscopy
measurement
The matlab function ‘stereoscopyPlanar.m’ calculates the QWCS using QCCS1
and QCCS2 for the simple case, as presented in figure 4.1. The function ‘backprojection.m’ is used for the actual calculation:

1 f u n c t i o n markers_WCS_new=s t e r e o s c o p y P l a n a r ( fileName_imageL ,
fileName_imageR , t h e t a , d i s t _ i m a g e p l a n e _ r o t a t i o n , imageon )
2
3%
4%
5 % markers_WCS_new=s t e r e o s c o p y P l a n a r ( fileName_imageL ,
fileName_imageR , t h e t a ,
6%
d i s t _ i m a g e p l a n e _ r o t a t i o n , imageon )
7%
8%
9%
This program c a l c u l a t e t h e 3D c o o r d s from a p o i n t g i v e n i n 2
10 %
s t e r e o p i c t u r e s . Those p i c t u r e s a r e o b t a i n e d by r o t a t i n g t h e
camera
11 %
around a r o t a t i o n p o i n t w i t h an a n g l e t h e t a .
12 %
13 %
14 %
Don ’ t f o r g e t t o change t h e camera p a r a m e t e r s !
15 %
16 %
17 %
18 %− markers_WCS_new : t h e c a l c u l a t e d 3D c o o r d i n a t e s from t h e
stereoscopy
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19 %− fileName_imageL and fileName_imageR : t h e p a t h from t h e l e f t
and t h e
20 %
r i g h t image
21 %− t h e t a : a n g l e b e t w e e n l e f t and r i g h t s t e r e o p i c t u r e s
22 %− d i s t _ i m a g e p l a n e _ r o t a t i o n : d i s t a n c e b e t w e e n i m a g e p l a n e ( c e n t e r
) and
23 %r o t a t i o n p o i n t
24 %− imageon : image o u t p u t on ( 1 ) or o f f ( 0 )
25 %
26
27
28 %% Camera p a r a m e t e r s ( f i l l i n ! )
29 p i x e l s i z e =0.03 e −3;
30 kappa = 0 . 0 ;
31 s c a l e F a c t o r = 0 . 9 8 ; %h2 / h1 w i t h h2 dimension i n image , h1 i n
object
32
33 %% c a l c u l a t e d camera p a r a m e t e r s
34 f=d i s t _ i m a g e p l a n e _ r o t a t i o n / ( 1 / s c a l e F a c t o r +1) ; %p r i n c i p a l
distance
35 dist_cam=d i s t _ i m a g e p l a n e _ r o t a t i o n −f ;
36 pos_cam_r=[ dist_cam ∗ s i n ( t h e t a / 2 ) , 0 , dist_cam ∗ c o s ( t h e t a / 2 ) ] ;
37 pos_cam_l=[−dist_cam ∗ s i n ( t h e t a / 2 ) , 0 , dist_cam ∗ c o s ( t h e t a / 2 ) ] ;
38 angle_cam_r =[0 , t h e t a / 2 , 0 ] ;
39 angle_cam_l =[0,− t h e t a / 2 , 0 ] ;
40
41
42
43 %% p l o t images
44 f i g u r e
45 imageL=imread ( fileName_imageL ) ;
46 s u b p l o t ( 2 , 1 , 1 )
47 imshow ( imageL )
48 t i t l e ( ’ L e f t Image ’ )
49 a x i s image
50
51 imageR=imread ( fileName_imageR ) ;
52 s u b p l o t ( 2 , 1 , 2 )
53 imshow ( imageR )
54 t i t l e ( ’ Right Image ’ )
55 a x i s image
56
57 %c a l c u l a t e c e n t e r p i x e l
58 c e n t e r L =( s i z e ( imageL ) +1) / 2 ;
59 c ente rR =( s i z e ( imageR ) +1) / 2 ;
60
61 zoom
62 i n p u t ( ’ zooming ( p r e s s e n t e r i f ok ) ’ ) ;
63

138

64 %% c h o o s e p i x e l s t o c a l c u l a t e 3D Coord ( f i r s t l e f t and t h e n
corresponding
65 %% r i g h t )
66
67 d i s p ( ’ Stop by u s i n g r i g h t mouse button ’ )
68 count_markers =1;
69 w h i l e 1
70
d i s p ( ’ c h o o s e p i x e l on l e f t image ’ )
71
[ p_l ( count_markers , 1 ) , p_l ( count_markers , 2 ) , button ]= g i n p u t ( 1 )
;
72
i f button == 3
73
p_l=p_l ( 1 : ( count_markers −1) , : ) ; %t o remove l a s t r i g h t
button c l i c k
74
break %r i g h t c l i c k t o s t o p
75
end
76
d i s p ( ’ c h o o s e c o r r e s p o n d i n g p i x e l on r i g h t image ’ )
77
[ p_r ( count_markers , 1 ) , p_r ( count_markers , 2 ) , button ]= g i n p u t ( 1 )
;
78
i f button == 3
79
p_l=p_l ( 1 : ( count_markers −1) , : ) ;%t o remove l a s t r i g h t
button c l i c k
80
p_r=p_r ( 1 : ( count_markers −1) , : ) ;
81
break %r i g h t c l i c k t o s t o p
82
end
83
count_markers=count_markers +1;
84 end
85 %% c a l c u l a t e image c o o r d i n a t e s
86
87 Marker_image_left= ( p_l−o n e s ( l e n g t h ( p_l ) , 1 ) ∗ [ c e n t e r L ( 2 ) , c e n t e r L
(1) ] ) ∗ p i x e l s i z e ;
88 Marker_image_left ( : , 2 )=−Marker_image_left ( : , 2 ) ;
89
90 i f imageon==1
91
figure
92
p l o t ( Marker_image_left ( : , 1 ) , Marker_image_left ( : , 2 ) , ’+ ’ )
93 end
94
95
96
97 Marker_image_right= ( p_r−o n e s ( l e n g t h ( p_r ) , 1 ) ∗ [ ce nter R ( 2 ) , cen terR
(1) ] ) ∗ p i x e l s i z e ;
98 Marker_image_right ( : , 2 )=−Marker_image_right ( : , 2 ) ;
99
100 i f imageon==1
101
figure
102
p l o t ( Marker_image_right ( : , 1 ) , Marker_image_right ( : , 2 ) , ’+ ’ )
103 end
104
105 %% de t h e b a c k p r o j e c t i o n and compare w i t h r e a l s o l u t i o n
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106
107 %t h e n e g a t i v e Marker_image_∗ i s b e c a u s e t h e b a c k p r o j e c t i o n i s
written for
108 %n e g a t i v e s .
109 markers_WCS_new=b a c k p r o j e c t i o n (−Marker_image_left ,−
Marker_image_right , pos_cam_l , pos_cam_r , angle_cam_l ,
angle_cam_r , f , kappa , imageon ) ;
110 i f imageon==1
111
h o l d on
112
p l o t 3 (Marker_WCS_new ( : , 1 ) ,Marker_WCS_new ( : , 2 ) ,Marker_WCS_new
( : , 3 ) , ’ r+ ’ ) %r e a l s o l u t i o n
113 end

The matlab function ‘backprojection.m’, which is recalled in the matlab function ‘stereoscopyPlanar.m’, calculates the QWCS . The function requires the
intrinsic and extrinsic parameters of the setup:

1 f u n c t i o n Marker_WCS = b a c k p r o j e c t i o n ( Marker_image_left ,
Marker_image_right , pos_cam_l , pos_cam_r , angle_cam_l ,
angle_cam_r , f , kappa , imageon )
2%
3 %Marker_WCS = b a c k p r o j e c t i o n ( Marker_image_left ,
Marker_image_right ,
4%
pos_cam_l , pos_cam_r , angle_cam_l , angle_cam_r , kappa , imageon )
5%
6 % − Marker_Wcs : s e t o f c a l c u l a t e d 3D p o i n t s i n w o r l d coord
system
7 % − Marker_image_lef and _ r i g h t : image on p i n h o l e camera ( remark
: negative )
8 % − pos_cam_l and _r : r e s p e c t i v e 3D p o s i t i o n o f p i n h o l e o f
camera
9 % − angle_cam_l and _r : r e s p e c t i v e d i r e c t i o n o f camera g i v e n i n
3 a n g l e s [ a , b , c ] , a i s around
10 % x−as , b around y−as , c around z−as
11 % − f : p r i n c i p a l d i s t a n c e ( d i s t a n c e b e t w e e n p i n h o l e and
p r o j e c t i o n −p l a n e
12 % − kappa : l e n s d i s t o r t i o n
13 % − imageon : image o u t p u t on ( 1 ) or o f f ( 0 )
14
15
16 %% de−d i s t o r t t h e images
17 %kappa d i s t o r t i o n
18 d e _ d i s t o r t i o n =1./(1+ kappa ∗ ( Marker_image_left ( : , 1 ) .^2+
Marker_image_left ( : , 2 ) . ^ 2 ) ) ;
19 Marker_image_left ( : , 1 )=d e _ d i s t o r t i o n . ∗ Marker_image_left ( : , 1 ) ;
20 Marker_image_left ( : , 2 )=d e _ d i s t o r t i o n . ∗ Marker_image_left ( : , 2 ) ;
21
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22 d e _ d i s t o r t i o n =1./(1+ kappa ∗ ( Marker_image_right ( : , 1 ) .^2+
Marker_image_right ( : , 2 ) . ^ 2 ) ) ;
23 Marker_image_right ( : , 1 )=d e _ d i s t o r t i o n . ∗ Marker_image_right ( : , 1 ) ;
24 Marker_image_right ( : , 2 )=d e _ d i s t o r t i o n . ∗ Marker_image_right ( : , 2 ) ;
25
26 %% g i v e p o s i t i o n cameras i n World coord system
27 T_l=pos_cam_l ’ ;
28 T_r=pos_cam_r ’ ;
29
30
31 %% changeAxes i s t o : z−>x , x−>y , y−>x
32 changeAxes=eye ( 3 ) ; [ 0 , 0 , 1 ; 1 , 0 , 0 ; 0 , 1 , 0 ] ;
33 % Remark : This i s f o r t h e n e g a t i v e
34
35 %% c r e a t e r o t a t i o n m a t r i x f o r t r a n s f o r m a t i o n camera coord system
to world
36 %% coord system
37 angle_cam=angle_cam_l ;%r o t x , r o t y , r o t z
38 Rx=[1 0 0 ; 0 c o s ( angle_cam ( 1 ) ) −s i n ( angle_cam ( 1 ) ) ; 0 s i n (
angle_cam ( 1 ) ) c o s ( angle_cam ( 1 ) ) ] ;
39 Ry=[ c o s ( angle_cam ( 2 ) ) 0 s i n ( angle_cam ( 2 ) ) ; 0 1 0;− s i n ( angle_cam
( 2 ) ) 0 c o s ( angle_cam ( 2 ) ) ] ;
40 Rz=[ c o s ( angle_cam ( 3 ) ) −s i n ( angle_cam ( 3 ) ) 0 ; s i n ( angle_cam ( 3 ) ) ,
c o s ( angle_cam ( 3 ) ) , 0 ; 0 0 1 ] ;
41 R_l=Rx∗Ry∗Rz∗ changeAxes ;
42
43 angle_cam=angle_cam_r ;%r o t x , r o t y , r o t z
44 Rx=[1 0 0 ; 0 c o s ( angle_cam ( 1 ) ) −s i n ( angle_cam ( 1 ) ) ; 0 s i n (
angle_cam ( 1 ) ) c o s ( angle_cam ( 1 ) ) ] ;
45 Ry=[ c o s ( angle_cam ( 2 ) ) 0 s i n ( angle_cam ( 2 ) ) ; 0 1 0;− s i n ( angle_cam
( 2 ) ) 0 c o s ( angle_cam ( 2 ) ) ] ;
46 Rz=[ c o s ( angle_cam ( 3 ) ) −s i n ( angle_cam ( 3 ) ) 0 ; s i n ( angle_cam ( 3 ) ) ,
c o s ( angle_cam ( 3 ) ) , 0 ; 0 0 1 ] ;
47 R_r=Rx∗Ry∗Rz∗ changeAxes ;
48
49
50 % %
51 % % R=R_r∗R_l ’ ;
52 % % % T=pos_cam_l ’−R’ ∗ pos_cam_r ’ ;
53 % % T=pos_cam_r’−pos_cam_l ’ ; %remark : d i f f e r e n t from book p a g e s
163
54
55 %% c a l c u l a t e coord i n World coord system
56
57 c l e a r p o i n t
58 f o r herh =1: l e n g t h ( Marker_image_left ( : , 1 ) )
59
p_l=R_l ∗ [ Marker_image_left ( herh , : ) , f ] ’ ;
60
p_r=R_r ∗ [ Marker_image_right ( herh , : ) , f ] ’ ;
61
%image_vector from camera coord system t o w o r l d coord system
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62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

w=c r o s s ( p_l , p_r ) ;
%p e r p e n d i c u l a r on p_l and p_r ( s h o r t e s t d i s t a n c e )
Temp=[p_l ,−p_r , w ] ;
c o e f f=Temp^−1∗(T_r−T_l ) ;
a=c o e f f ( 1 ) ;
b=c o e f f ( 2 ) ;
c=c o e f f ( 3 ) ;
% f i n d c r o s s −s e c t i o n T_r+b ∗p_r and T_l+a∗ p_l+c ∗w
Marker_WCS ( : , herh )=T_r+b∗p_r ;
end
%% p l o t i n w o r l d coord system
i f imageon==1
figure
p l o t 3 (Marker_WCS ( 1 , : ) ,Marker_WCS ( 2 , : ) ,Marker_WCS ( 3 , : ) , ’+ ’ )
g r i d on
view ( 2 )
axis vis3d
end

These Matlab functions were written in a collaboration with Dr. Joris Soons,
So I would like to thank him for his contribution.
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