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Patients suffering from severe conductive hearing loss can, in some cases, be helped with 
middle ear prostheses. The design and development of such prostheses is increasingly 
based on simulations with computer models. This way, the impact of the prosthesis 
material or the shape of the prosthesis on the perception of sound can be determined in a 
much faster way and at a much lower cost.

The development of reliable computer models parallels the latest findings in hearing 
research, for - despite great progress in the past decades - the precise functioning of the 

ear is still not fully understood. The eardrum and the middle ear ossicles efficiently transport sound to the cochlea, 
yet the system also responds to slow pressure changes. Such static pressures are quite common in everyday life, for 
example when flying an aeroplane, having a cold, swimming or scuba diving, and even when taking an elevator. 
Until now, little is known about ‘how’ and ‘to what extent’ the middle ear reacts, and how it helps protecting the 
cochlea from such large pressure changes.

In this study, we examine the mechanisms underlying this protective function of the middle ear. By using micro-
tomography, detailed three-dimensional models of the entire middle ear chain are created for different external 
pressures. It appears that the ossicular chain does not behave as a rigid structure but that the middle ear ossicles 
exhibit small rotating movements and thereby slide over each other like flexible joints. These phenomena were 
previously not fully three-dimensionally described, nor quantified with such a high precision.
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Met beide voeten ... ... op de grond

Stef?

Ja Leen?

Tijdens uw doctoraat ...

Ja?

heb je dan iets uitgevonden?

Niet echt, neen.
Maar daar draait het niet om in mijn onderzoek.

Wat dan wel?

We hebben bepaalde interessante zaken gemeten,
het gedrag bestudeerd van het middenoor.

En waarom juist?

Omdat ... euh ... want ...
meten is weten! <glunder>

Heb je dan iets nieuws ontdekt?

Wel ... niet echt ...
eerder vermoedens bevestigd en de werking gequantifieerd.

En daar kan je een doctoraat mee vullen?

Blijkbaar wel.

Niet echt spectaculair hé.

Toch wel hoor,
maar je moet dat zien in een ruimer kader van ...

z z z z z z z z

Hm, slaapwel ...
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Summary

The human ear is one of the most fascinating organs of our body. Despite
its small dimension, it consists of many components, working together as a
complex piece of equipment. It is able to discriminate sounds over a wide range
of frequencies from 20 to 20000 Hz, and its hearing function is preserved over a
huge dynamic range of 6 magnitudes of sound pressure levels. From the almost
inaudible whispering at 0 dB, up to a damaging 120 dB rock concert. But the
ear fairly easy withstands even higher sound pressures than 120 dB, as long as
pressure changes evolve over a much longer time, typically in the low-frequency
range below 1 Hz. These so-called static pressure changes are very common in
everyday life, e.g. due to atmospheric fluctuations, sneezing, flying an aeroplane
or during scuba diving.

A crucial part which guarantees the normal working of the ear at static pressures
is the middle ear (ME), which reacts in a fundamentally different way to these
kind of variations, compared to an acoustic stimulus. Considering the current
knowledge on middle ear mechanics, it is now a generally accepted idea that
the middle ear acts as some sort of buffering mechanism, shielding the inner ear
from the excessive displacements of the tympanic membrane (TM), invoked by
static pressure changes. In literature, no unambiguous answer is given yet to
the questions of ‘how’ and ‘how much’ this happens, although the often-cited
paper of Hüttenbrink in 1988 already provided some insight into the matter.

The objective of this research is to obtain three-dimensional quantitative data
on the mechanics of the middle ear while static pressure changes are applied
onto the tympanic membrane. Microtomography is the most preferable imaging
technique to achieve this goal, as this is a non-destructive technique providing
high-resolution and, most important, three-dimensional results.

This thesis consists of five chapters; the first one explains the motivation for
this study and sketches a general picture of the anatomy and functioning of the
human ear. The second chapter is a more methodological one. It deals with
tomography, and more particularly with region of interest microtomography.
The third chapter draws attention on the deformation of the TM boundary at
static pressure changes. The fourth and fifth chapters are closely related in
the sense that they both report on middle ear mechanics at static pressures,
respectively in gerbil and human ears. A more detailed outline is presented
below.
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First chapter Hearing research aims at a better understanding of the com-
plex working mechanisms of the (human) ear. This, in time, leads to a better
medical treatment of patients suffering from hearing impairment. In order to
present the motivational framework for this research, we start with an overview
of hearing impairment in section 1.1, their social consequences, different types
of disorders, and a number of solutions on how to (partially) overcome these
disorders. A detailed description of the anatomy of the (human) ear is given
in section 1.2. We focus on the ossicular chain, illustrated with realistic three-
dimensional models of the middle ear ossicles. Section 1.2 clarifies to the reader
why the ear is built the way it is, and explains the role and functioning of each
of its components.

Second chapter Computed microtomography (µCT) is an imaging technique
that produces virtual slices of small objects, based on a set of x-ray images taken
while the object is stepwise rotated. This chapter starts with a short history
of tomography in section 2.1, followed by a general theoretical overview of to-
mography in section 2.2. In tomography, a stack of slices is calculated with a
back projection algorithm. It demands that the entire object remains within
the x-ray beam from all observed angles. However, during region of interest
(ROI) tomography, one zooms in on a small part of the object. Therefore, the
above condition is no longer fulfilled; the input data become incomplete and
reconstructed slices are corrupted. In section 2.3 we show that, if we are not
interested in greyscale values but only in geometrical information, conventional
back projection algorithms still perform well for ROI tomography. We demon-
strate this with ROI scans performed on several phantom objects and with ROI
images of the gerbil hearing organ. We found that the resolution could con-
siderably be improved and that small details, not visible in a conventional full
object scan, can be revealed by a ROI scan. One can benefit of ROI µCT in
situations where physical constraints are such that large parts of the object
exceed the field of view (FOV), or in situations where a very high magnifica-
tion is required. Section 2.4.2 compares microtomography with other imaging
techniques and summons the (dis)advantages of each of them. The last section
(2.5) deals with some practical aspects of three-dimensional (3-D) modelling of
middle ear components; the segmentation process, alignation of models and the
construction of tetrahedral volume models.

Third chapter The middle ear is too complex a system for its function to be
fully understood with simple descriptive models. Realistic mathematical mod-



iii

els must be used, in which structural elements are represented by geometrically
correct 3-D models with correct physical parameters and boundary conditions.
Before, the choice of boundary conditions could not be based on experimental
evidence as no clear-cut data were available. In chapter 3 we therefore study
the deformation of the TM at its boundaries using x-ray µCT in both humans
and gerbils while static pressure is applied to the ear canal. 3-D models of
the TM and its bony attachments are carefully made and are used to measure
the deformation of the TM, with focus on the periphery and the manubrium
attachment. We found that the choice of boundary conditions is not so straight-
forward and it is hard to decide a priori which of these conditions will optimally
describe the experimental results. For gerbil pars flaccida at the edge with the
bony ledge and for the pars tensa at the edge with the manubrium, simply sup-
ported boundary conditions are a valid assumption. At the outer edge of the
pars tensa the deformation of the membrane only started at the inner side of a
small bulge, close to the annulus fibrosis. Choosing proper boundary conditions
for the human TM is not easy. At its boundary, it consists of a wedge which
is not deformed at its thick end, but considerably bends at the continuation of
the annulus fibrosis with the TM.

Fourth chapter Gerbils are increasingly popular species in hearing research.
They are easily available and dissection of the relatively large temporal bone
(TB) is fairly straightforward. Its anatomy and functioning is that of a mam-
mal, and is thus very similar to a human’s, although it has a smaller size. In
this chapter we study how the gerbil ossicular chain deforms and changes its 3-D
configuration when acted upon by large static pressures between +200 and -200
daPa. The temporal bones were scanned using a tomographic scanner with a ge-
ometric voxelsize of 6.5 µm. To determine the small deformations of the ossicular
chain with good precision we used hyperelastic warping (HEW), a deformable
image registration method. In this relatively new technique a 3-D finite-element
(FE) model, based on careful segmentation of a template dataset, is deformed
until it aligns with a target dataset at a different pressure. The specificity of
our data (small objects, non-optimal images, small displacements, . . . ) requires
us to perform a validation of the HEW technique, prior to the actual middle ear
measurements. A number of parameters in the warping process were examined
and their impact on the results was checked. To our knowledge, it is the first
time that HEW is applied in the study of the ear. 3-D displacement maps of the
ossicles were obtained and expressed by plotting displacements of a few land-
mark points as a function of pressure between +200 and -200 daPa. Rigid body
motion can be described as a translation along and a rotation around a so-called
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screw-axis (SA). The SA of the ossicles is shown, both in the original coordinate
system as well as relative to the incus at zero pressure. The latter enables us to
describe 3-D changes in ossicular chain configuration and show how the slippage
in the incudo-malleal and incudo-stapedial joints perform as a protecting mech-
anism for the middle ear. Individual ossicle motion tends to be predominantly
in one plane, although this plane is not the same for all ossicles. Deformation of
the ossicular chain tends to be highly asymmetric; certain landmarks show large
displacements at negative and much smaller values at positive pressure. The
large outward (or inward) movement of the malleus umbo (MU) at negative (or
positive) pressures changed into a inferio-lateral (or superio-medial) movement
of the incus lenticular process (LP), evoking a combined tilting and piston-like
movement of the stapes. Distinct relative movement was observed between the
ossicles, due to a flexible behaviour of the ossicular joints at all pressures. These
mechanism account for the protecting function of the middle ear.

Fifth chapter Similar to the previous chapter, we measured the mechanics
of the ossicular chain at static pressure changes between +500 and -500 daPa,
now in human samples. Due to the larger size of the temporal bone, we were
forced to use a different tomographic scanner, with a geometric voxelsize of 35
µm. Conclusions were largely parallel to those in gerbil. Rotation axis were
found to be relatively stable for each ossicle individually, within a (positive or
negative) pressure regime, but tends to change from one ossicle to the other.
The classic view of ossicle motion around a fixed and immobile rotation axis
must thus be weakened. Although the effect was not as outspoken as for gerbils,
distinct asymmetry between positive and negative pressures was present. Again,
an upward-downward movement of the LP resulted in a combined tilting and
piston-like movement of the stapes. The reduction of movement from the MU
to the stapes footplate (SF) is mainly due to the relative movement of the
ossicles, caused by the flexible incudo-mallear joint and to a lesser extent the
incudo-stapedial joint.
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1.1 Motivation

Social impact of hearing impairment

The human ear is one of the most important sense-organs of the human body
as, in cooperation with our voice, it allows us to make audible contact with
fellow human beings. For, hearing allows humans to develop speech. However,
considered from an evolutionary point-of view, speech was not a premise for
the development of hearing. So, no hearing, no speech, but not necessarily
vice versa. In early evolution, species mainly benefited from a hearing organ -
even a primitive one - as it warned them for potential dangers from the hostile
environment. The other way around, it also allowed predators to hunt more
directly for potential preys by localising them precisely by the noise they made.

Nowadays, survival of men no longer primarily depends on how well he/she
is alerted for potential dangers, as the warning function of the ear now only
comes second to its communicative function. The hearing apparatus of the
‘modern’ man is a highly developed and specialised organ which allows him to
discriminate between words, to recognise his acquaintances by only a few words
or even to have a normal conversation in a noisy environment. It is adapted for
clear communication with a variety of individuals and under several non-optimal
conditions.

Although a hearing disability is not fatal or cannot be ‘seen’, people suffering
from hearing impairment, see their lives considerably changed. For children, a
hearing disorder seriously impacts the development of speech and linguistics.
Therefore, it sets back a patient’s communication skills and along his social
capabilities. But it may also disadvantage individuals economically and have
a negative impact on their quality of life. Not only do they have to cope with
personal challenges, they are also often confronted with negative reactions from
others, when spoken to. All these inconveniences are not always merely of a
physical nature, they may also threaten a patients mental health.

According to a report of the World Health Organization (WHO) in 2005, the
number of people with moderate or profound hearing loss in both ears is es-
timated on 278 million worldwide. This makes it the number one physical
disability in the world as it accounts for about 5% of the world population. At
the same time, hearing loss and deafness is the most preventable disability in the
world. In about half of the cases it is preventable, provided it is detected early
and managed properly. Also according to the WHO, “Properly fitted hearing
aids can improve communication for at least 90% of the people with hearing
impairment.”
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Hearing aids

Luckily, nowadays a multitude of hearing aids are available, both external and
internal. Probably the most well-known hearing aid is the so-called behind-
the-ear (BTE) aid, which is worn externally. A small microphone captures the
incoming sound which is filtered and amplified by a processor, and emitted
directly into the ear canal (EC) by a miniature speaker. The choice of which
hearing aid suits best for a patient is mostly determined by the nature of the
problem, which can be classified into two categories: sensorineural hearing loss
and conductive hearing loss.

One speaks of sensorineural hearing loss when there is a malfunction of the
inner ear, mostly caused by damaged hair cells. Besides genetic disorders, this
type of hearing loss can have several other causes e.g. the exposure to chemicals,
bacterial and viral infections, or an acoustic trauma induced by loud noise. Also
age-related hearing loss (presbyacusis) is a growing problem in society as the
average life expectancy tends to increase significantly.

During the last decade, rapid advances in micromachining technology and ad-
vanced electronics allowed the development of active implants. Given that the
auditory nerve fibres remain intact, these kind of hearing aids might partially
relieve sensorineural hearing impairment. Most of the implants consist of a
similar external device: incoming sound is registered and filtered by a small mi-
crophone and processor. Two magnets (one external, one internal) assure that
the device remains attached close to the head. This is a necessary condition as
the processor transmits the signals to an internal receiver via an antenna, placed
between the skull and skin of the patient. How the signal is further processed
depends on the type of the implant.

A first example of such an active implant is the middle ear transducer manufac-
tured by Otologics [1], shown in Figure 1.1. Although implanted in the middle
ear (ME), it is an active inner ear stimulator as it transfers and amplifies acous-
tic vibrations from the outside world to the cochlea. The internal processor,
previously mentioned, sends electric signals to an electromechanical transducer
- firmly mounted into the temporal bone (TB) - such that the tip (the white
part in the lower middle image of figure 1.1) is in direct contact with one of
the ossicles. This way the transducer stimulates the ossicles mechanically by
vibrating in and out of its socket.

A different type of electromechanical stimulator is the floating mass transducer
from Soundbridge [2]. A tiny biocompatible titanium can of 2 mm is attached
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Fig. 1.1: The middle ear implant of Otologics is an example of an active

implant, firmly mounted in the temporal bone. As its tip comes into contact

with the incus, it mechanically stimulates the ossicular chain, hence am-

plifying the incoming vibrations to the inner ear. (Top-left image obtained

from [1])
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onto the incus process, with a small magnet inside. A small coil around the can
sets the internal magnet in vibration, at the moment the processor sends an
alternating electric signal to the coil. Vibrations are transferred to the ossicular
chain, which in turn stimulates the inner ear. The vibrational amplitude can
be raised to an arbitrary level (within the limitations of the device) in order to
provide a stronger stimulation of the inner ear.

A last example is a cochlear implant in which the internal processor transfers a
complex electrical signal to a linear array of electrodes, placed into the cochlea.
The device provides the patient with a sense of sound by direct electrical stim-
ulation of the auditory nerves. This type of implant works purely electrical and
involves no mechanical stimulation of the ossicles at all, so strictly speaking
there is no need for an ossicular chain.

The ME structures are vulnerable for deficiencies, due to their small dimensions.
When they are damaged, the normal conductive pathway of the acoustic vibra-
tions - from the tympanic membrane (TM) through the ossicular chain and into
the inner ear - becomes disrupted. Such conductive hearing loss may occur to
people (especially children) suffering from severe otitis media (ME inflamma-
tion), but can also be due to an inborn deficiency. Another cause of conductive
hearing loss is otosclerosis, an abnormal growth of bone in the ME, which may
result in the ossification and thus immobilisation of the stapes footplate. Also,
when involved in an accident, people with severe head injuries may end up with
an acute rupture of the TB and ME ossicles. Another risk, most people are
unaware of, is the use of ear picks. Not only can they irritate the ear canal and
push ear wax deeper into the ear canal, improper use of ear picks may also result
in a rupture of the TM and disruption of the ossicular chain. This is why many
ENT-specialists have the following sharp advice: ”Never put anything smaller
than your elbow in your ear, and let nature take its course“.

Conductive hearing loss is often treated with reconstructive surgery [3]. A
damaged TM and/or ossicular chain, in part or in whole, is replaced or restored
with homografts, intact parts of a donor human ear. Hospitals keep a collection
of homografts from deceased people, from which the surgeon chooses the one
that fits best for the patient, judging on his experience and considering the size
of the patient’s ME components. Sometimes the patient’s own ossicles are re-
used, re-positioned, and even re-modelled in order to construct some sort of a
new sound-conductive ossicular chain. In that case we speak of an autograft [3].

Another well-established technique for the restoration of a patient’s hearing in
case of conductive hearing loss is to replace damaged structures with man-made
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prostheses. They have the asset of being very strong and since they are often
made of titanium, the surgeon does not longer depend on the (un)availability
of homografts, and they are more easily designed and manufactured for spe-
cial purposes and conditions. Figure 1.2 shows some schematic drawings of
commonly used passive implants, the shape of which depends on the extent
of destruction of the ossicles. The first image pictures a so-called (Robinson)
stapedectomy in which only the superstructure of the stapes is destroyed. The
implant is designed like a thin column (or columella), bridging the gap from
the incus long process to the stapes footplate. Ensuing images show similar
columellas with extended destruction of the ossicular chain. The final image
shows a total ossicular replacement prosthesis, or TORP [4], equivalent to the
single-ossicle ME chain in a birds’ ear.

Fig. 1.2: Passive middle ear implants aim to replace damaged and/or

removed middle ear ossicles. The type of implant depends on the specific

situation of the patients’ disrupted ossicular chain.

It is expected that future designs of ME prostheses will become more com-
plex than they are today. Especially with the development of new material
alloys, new solding and welding techniques, and micro-scale solid lithography,
the spectrum of prostheses will extend significantly. Currently, several patents
are published describing more exotic prostheses with telescoping or hinging rods,
wire spring prostheses, prostheses made of superelastic metal alloys etc. Unlike
the simple columella-like rods described above, these new type of prostheses
simulate some sort of hinging behaviour of the ossicular chain.

It is extremely difficult, if not impossible, to predict accurately how an implant
will affect the hearing of a patient. New ME prostheses are thus often designed
through a general trial-and-error approach, and the search for a well-fitted and
efficient device is more driven by the experience of the surgeon than by the actual
knowledge on the mechanics of the implanted device. The shape, the material
and how to mount the device are largely unknown parameters. Moreover, the
precise anatomy of the (middle) ear is strongly patient-dependent, which makes
it rather impossible to design an efficiently working prosthesis on a one-fits-all
basis.
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By means of mathematical models one could more reliably predict on how a
prosthesis will behave in several natural or extreme conditions, on how the pre-
cise shape alters the conduction of sound and which material is more appropriate
for use. This way the process of optimising ME prostheses could be accelerated
dramatically. Also, computer models of both the prosthesis and TB provide
the surgeon with more accurate supplementary information, prior to the actual
implantation of the prosthesis. The construction and validation of such models
require thorough knowledge and reliable data about the ME, about its precise
anatomy and its mechanical and/or acoustical behaviour in various conditions.

Researchers, surgeons, and medical practitioners thus face great responsibility
towards society to gain insight in the functioning and disfunctioning of the ear
in all its aspects. A better understanding of the ear’s nature, its deficiencies
and their cause may result in new surgical techniques and devices in order to
stop deteriorating or to overcome hearing impairment, even if partially.

Static pressures

ME structures are the smallest mechanical systems of our body, but despite (or
must we say due to) this fact its working mechanism is complex. Even though
hearing research has a long history which goes back to the 19th century (with the
fundamental work of Helmholtz [5] and later of Nobel-prize winning von Békśy
[6]), the precise functioning of the hearing organ is not yet fully understood
today.

The ME is mostly studied concerning its function as a transducer of acoustic
energy in the broad frequency range for which the normal human ear is sensible,
usually between 20 Hz and 20 kHz. Air pressure fluctuations associated with
sound waves in the audible spectrum are very little, typically in the µPa or mPa
range, but seldom above 1 Pa. The threshold level for pain in human hearing
is about 120 dB sound pressure level, but even then pressures do not rise above
20 Pa. These small but swift fluctuations do not cause any net flow of air but
move the molecules back and forth around the mean position, over distances in
the picometre to micrometres scale. For a more extensive treatment of pressure
comparisons and conversions, we refer to appendix A.

Another important aspect, namely the behaviour of the ME under a (quasi-)
static air pressure load, is however hardly investigated. Compared to acoustic
sound waves, these kind of pressure changes are situated in a totally different
frequency regime. They range from absolute static (0 Hz) to low-frequency (or
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quasi-static) of a few Hz, although the latter limit is only arbitrary. Moreover,
variations in air pressure associated with the static regime, are mostly mag-
nitudes larger than the largest audible sound waves. Yet, the human hearing
apparatus responds with fair ease to these huge but slowly varying changes,
while acoustic pressures as small as several tens of Pascals inevitably damage
the ear permanently.

Deliberate application of static pressures onto the human ear is found in tym-
panometric examinations by otologists, to test the condition of the human ME
and the mobility of the eardrum and the ossicular chain. Various static pres-
sures, ranging from -400 daPa to +400 daPa, are applied onto the TM while
simultaneously a tone is send into the ear canal. The TM partially reflects this
tone, which is recorded by a microphone. The specific shape of the admittance
vs. pressure curve provides useful quantitative information on ME symptoms
and ear infections.

But are static pressure changes relevant in everyday life as well? In fact, they
certainly are; the ear is constantly subject to static pressure variations both
small and large, day and night, whether we are aware of them or not. Figure
1.3 shows some frequently occurring situations where static pressure influences
the (middle) ear, in a timescale vs. pressure plot. In the same graph they are
also compared to stimuli in the acoustic regime.

Recently, a number of studies were published (Tideholm et al. [7], Dirckx et al.
[8], Gaihede et al. [9]) reporting 24-hour real-time in-vivo middle ear pressure
(MEP) monitoring on human subjects. They revealed that MEP could change
up to 1 kPa during a time interval of hours and even minutes while performing
everyday activities. One of the important mechanisms for establishing (and
restoring) this pressure drift are gas exchange processes from the ME pocket to
the blood vessels in the mucosa (or vice versa), which act as a natural pumping
mechanism.

But this mechanism can not solely be accounted for the MEP variations. Gai-
hede et al. [9] demonstrated that the pressure rose about 50 daPa in a time
span of half a minute, during a 10-level descent in an elevator. Needless to
say that, considering today’s skyscrapers with over 50 levels, pressure increases
to a multitude of this value. Changes were also recorded when a patient lay
down on the bed or got up again. When going to a recumbent position, MEP
increased by 130 daPa in a time span of one hour, while the pressure dropped
quickly when he went back into an upright position. Even blowing the nose
pressurises the ME in seconds with about 10 daPa. Gaihede surprisingly found
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the existence of a biased, subject specific MEP. Gas exchange processes restore
the MEP to this bias level when it is disturbed by external influences [9].

The turbulent noise of airflows in the far infrasound frequency range (<1 Hz)
cause rapid and slight atmospheric pressure fluctuations. However, they seldom
deviate more than 20 Pa from the average atmospheric pressure in calm weather
conditions and rarely peak above 100 Pa in rough weather as was demonstrated
by Didyk et al. [10]. In the same paper, registrations of the atmospheric pressure
over 24 hours showed an overall atmospheric pressure drift reaching up to 600
Pa.

Opposed to the natural atmospheric fluctuations, more dramatic changes may
occur as well, mostly due to human activity, although this does not happen on
a frequent basis most people. Aeroplanes flying at altitudes above 3000m need
to be pressurised during flight in order to avoid health risks to passengers, such
as hypoxia, altitude and decompression sickness, and barotrauma. However,
cabin pressure is remained at a constant value of only 80 kPa (the equivalent of
a height of 2000 m), which is lower than the ambient air pressure of 101 kPa at
sea level. This implies that all passengers are subject to a pressure drop of 21
kPa during take-off, a process lasting no longer than a couple of minutes. Due
to this abrupt change passengers will often experience pain, or at least some
discomfort, and notice a raised hearing threshold, i.e. dim hearing.

A similar pressure change occurs when a swimmer or scuba diver descends in
the water. Most persons can reach a depth of one meter (corresponding with a
pressure change of 10kPa) without the urge of performing a Valsalva manoeuvre.
A healthy person will endure the mentioned quasi-static pressure changes with
relative ease despite the vast increase.

Other parameters influencing MEP may be: driving in the mountains, rapidly
entering a tunnel seated in a train or car, a malfunctioning Eustachian tube
when one is having a cold, and the effect of wind.

Small pressure changes are rarely noticed by persons because the ear can easily
adapt to small changes by means of three mechanisms in the ME, which can,
to some extent, equalize MEP with the ambient pressure. First, the pars flac-
cida, a small and extremely flexible part of the TM, is capable of compensating
the small and swift pressure fluctuations to about 40 daPa in the infrasound
range, by quickly bulging in or out of the ME cavity. Second, the Eustachian
tube spontaneously opens when the MEP excess raises over 1 kPa. With ME
underpressure, the tube must be forced in order to open, but simply swallowing
often already opens it for a short period of time. Large pressure differences
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Fig. 1.3: Schematic diagram roughly representing how different pres-

sure change phenomena relate to each other, given the magnitude and the

timescale at which the changes occur. Although it is clear that a person is

subjected to a huge spectrum of frequencies and pressure magnitudes, the

ear adapts with fair ease to these fluctuations. The quasi-static pressure

regime marks the transition between static and acoustic changes, but its

limits are arbitrary.

between the ME cavity and the environment are hence equilibrated by releasing
or injecting a small bolus of air. The third process is the above-mentioned gas
exchange, which is a much slower process than the acting of the pars flaccida or
opening of the Eustachian tube. However, these mechanisms will never quickly
nor perfectly equalise MEP with the ambient pressure. So, to some extent, there
will always remain some nett pressure difference, be it small or large.

Conclusion

Static pressure differences between the ME and the environment undoubtedly
alter the configuration of the ME components, from the TM, over the ossicular
chain and even the suspensory apparatus itself, in concreto the small ligaments
and muscles.

Since ME prostheses are in close contact with the moving ossicles, their oper-
ation will also be affected. For example, right now it is hard to tell a priori
whether the tip of a transducer remains in contact with the incus (see figure
1.1) when the ambient pressure, surrounding the patient, changes. It is thus
unclear whether the implant preserves its function as an active hearing aid.
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More generally, in situations where the ear is subjected to static pressure, the
behaviour of ME prostheses can be decisive for their efficiency.

Hence, studying the effect of static pressures on the behaviour of a normal
functioning ear and ME prostheses, and providing quantitative data is of great
importance. The more so as static pressures alter the acoustical functioning
drastically as well. Knowledge on the precise mechanics of these components
will inherently provide new insights in the complex working of the ear.
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1.2 Anatomy of the ear

For a good understanding of this thesis, some notion of the ear’s functioning is
helpful. But before we describe the working of the ear, we will first give a general
introduction on the overall anatomy of the human ear and each component
separately. The gerbil ear, and by extension the ears of mammals in general,
functions in a similar way as that of human. The overall anatomy is comparable
as well, although dimensions and specific shape of the hearing apparatus and
its components may differ significantly.

In anatomy, terms like left or right, up and down, are rarely used, as these are
relative concepts, depending on the viewpoint of the observer. Figure 1.4 shows
the common anatomical directions with their more appropriate nomenclature.
Anterior and posterior refer to (respectively) the front and the back of the body,
while a superior direction points up towards the head and inferior towards the
feet. Due to the symmetry of the body, there is no general term for left or right,
only medial and lateral, directed respectively to the central vertical axis or away
from it. When looking at the head in posterior direction, the hearing organ is
located at level with the ear canal, slightly lateral and inferior to the eye, as
can be seen in the semi-transparent overlays in figure 1.4B.
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Fig. 1.4: Conventional anatomical nomenclature for orientations in respect

to the human body (left) and head (right). (Left image obtained from [11])

Figure 1.5 shows a schematic drawing of the human ear, with its principal com-
ponents marked a to l. From a functional point of view, the ear consists of
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three main parts: the outer, middle and inner ear. The outer ear comprises of
the auricle, collecting the incoming sound, and the ear canal. Some textbooks
mention four parts (of the ear) instead of three; they don’t consider the auri-
cle and ear canal as being one functional part, which is a matter of personal
interpretation though. The TM, the ossicular chain (consisting of three small
ossicles: the malleus, incus and stapes) and the suspensory ligaments, belong to
the ME and are located in the tympanic cavity. They are responsible for prop-
agation of vibrations from the ear canal to the inner ear (or labyrinth). The
latter consists of three semicircular canals, providing a balancing system, and
the cochlea, where the actual transformation of vibrations into electrical pulses
takes place. Except for the auricle and the first one third of the ear canal, the
ear is embedded in the TB, a dense hard petrous structure. It safely protects
the middle and inner ear structures from external influences, potentially harm-
ing the fragile structures. It also benefits the propagation of sound through the
skull, called bone conduction.

The auricle and ear canal

The auricle, or pinna, is the external and most lateral part of the ear. It has
several prominences and depressions, and consists of a thin plate of cartilage
covered with thin skin. Two curved rims are noticeable in figure 1.6A, the
posterio-lateral one is the helix, the smaller anterior one the antihelix. The small
prominence anterior to the ear canal is the tragus, opposed by the antitragus
at the other side of the ear canal. Inferior to this antitragus is the soft lobus,
containing no cartilage.

Figure 1.6B shows a three-dimensional (3-D) model of a human ear canal, ex-
tending from the auricle to the TM. It has a curved shape, the most lateral part
measuring 1 cm and the medial part 1.6 cm. Its diameter is about 5 mm, but
becomes smaller closer to the TM. Contrary to normal skin, the skin of the ear
canal grows in a lateral direction, about 0.05 mm per day, approximately the
same growth rate as that of fingernails.

Tympanic membrane

In chapter 3 we present results on the deformation of the human and gerbil
tympanic boundary under a static pressure load. Section 3.2 gives a detailed
description of the TM, with focus on the boundaries. For now, we will only give
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Fig. 1.5: Schematic overview of the human’s complete hearing apparatus

(right ear), consisting of the following components: a Auricle b Ear canal c

Cartilage d Tympanic membrane e Malleus f Incus g Stapes h Semicircular

canals i Cochlea j Auditory nerve k Bone l Eustachian tube (The chorda

tympani is not shown) (Edited from [12])
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Fig. 1.6: (A) Components of the auricle: a Helix b Antihelix c Tragus

d Antitragus e Lobus (B) Three-dimensional model of a human ear canal

and position of the tympanic membrane (TM) and malleus (M). (Pinna

obtained from [13])
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a brief overview of the anatomy of the TM, and refer the reader to section 3.2
for an in-depth review.

The thin TM (see figure 1.7A) separates the ear canal from the tympanic cavity,
forming an angle of about 55◦ to the inferior part of the ear canal. It is slightly
oval shaped with a long and a short diameter of respectively 9-10 mm and 8-9
mm and has the 3-D shape of a tent with a gently curved surface.

The name originates from this specific shape, as it re-
sembles the triangle-shaped superstructure on top of an-
cient temples, the tympanum (see inserted figure1). The
malleus handle is strongly connected to the membrane in
the apex, or umbo, named after “the knob on the centre
of a warrior’s shield” [14].

The malleus handle does not reach all the way up to the
superior rim of the membrane, but ends slightly more inferior where it also
connects to the membrane. The small triangle shaped space, superior to the
handle, is a part of the TM which is extremely flexible, hence its name pars
flaccida (PF). It is opposed to the larger and more stiffened inferior part, pars
tensa (PT). Despite its greater flexibility, the PF is significantly thicker than the
PT, 30-230 µm versus 40-120 µm [15, 16] in the central zone of the membranes.
The periphery of the PT is thickened and forms the annulus fibrosis (AF), which
is connected to a groove in the TB, the sulcus.

Both the PT and PF consist of three layers (see figure 1.7B). The epidermal
layer, on the lateral side of the membrane, extends into the skin of the ear
canal, while on the medial side the thin layer continues into the mucosal layer
of the tympanic cavity. Embedded in between is the lamina propria, containing
collagen fibres which give the membrane its mechanical stiffness properties. In
the PT there is a clear distinction between radial and circular fibres, while the
fibres in the PF seem to be oriented randomly.

Ossicular chain

The ossicular chain (see figure 1.8) physically bridges the gap between the TM
and the (oval window of the) inner ear and consists of three ossicles: the malleus,
the incus and the stapes, connected to each other - in this order - by articular

1Figure cropped from the original illustration of the Pantheon in ancient Rome by Italian

artist G. B. Piranesi
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Fig. 1.7: (A) Schematic drawing of a tympanic membrane (right ear), as

seen from the ear canal, with the following components: a Pars flaccida b

Pars tensa c Malleus manubrium d Umbo e Circular fibres f Radial fibres

g Annulus fibrosis h Sulcus and temporal bone (B) The three main layers

of the tympanic membrane: i Epidermal layer j Lamina propria k Mucous

layer (Right image edited from [17])

joints. Several ligaments attach to the ossicles, as well as two small muscles.
Together they restrict and dictate the movement of the ossicular chain.

Malleus

The malleus, or hammer (see figure 1.9), is the first and largest ossicle in the
auditory path of sound, directly behind the TM when looked upon from the ear
canal. It has a rather bulky head, superior to the neck. The latter constricts
the middle part of the malleus and makes an angle of about 60◦ to the attached
manubrium, or handle. One third of this elongated structure lies lateral to the
neck and forms the lateral process. The other two thirds prolong in inferio-
medial direction and end in the umbo (MU), making a slight curve in anterior
direction. A small pyramid-like protrusion emerges from the anterior side of
the neck, the anterior process, which is the attachment point for the anterior
ligament. The posterior side of the head is sculpted as an elongated saddle
surface, covered with cartilage. It joins with the opposing surface of the incus,
forming the incudo-malleal joint (IMJ).
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Fig. 1.8: 3-D model of a human middle and inner ear (left ear), consisting

of the following components: a Semi-circular canals b Annular ligament c

Stapedius muscle/tendon d Stapes e Posterior incudal ligament (medial)

f Posterior incudal ligament (lateral) g Incus h Superior incudal ligament
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Fig. 1.9: The different parts of a malleus (left ear) in an anterior (left

image) and lateral (right image) view: a Head b Articular surface c Neck

d Manubrium e Umbo f Lateral process g Anterior process

Incus

The articular facet of the incus (see figure 1.10), or anvil, lies at the anterior
side of the body. Albeit complementary to the articular surface of the malleus,
it is also saddle-shaped, in such a way that it intimately embraces the malleus.
Posteriorly the body reforms into a triangular wedge, slightly flattened in medio-
lateral direction. Its most posterior end rests in the fossa incudis, a small cavity
in the TB to which it is attached. Almost at an angle of 90◦ to the short process,
a long process emerges from the body, directed in inferior direction.

At the end of this ‘finger’ a very thin, slightly curved and bony pedicle (or stem)
points in medial direction. On top of that is the lenticular plate (or cap), a small
oval-shaped disk which articulates with the stapes. Its name originates from the
lens-like shape of the cap, which mainly consists of calcified cartilage.

The pedicle, together with the lenticular plate, is mostly referred to as the
lenticular process (LP). It was often described as being a separate ‘fourth’ ossi-
cle, although this hypothesis is strongly debated by many. That the assumption
of a ’fourth’ ossicle is doubtful, is supported by high-resolution histologic images
of the LP [18, 19], which reveal a bony continuity between the LP, the pedicle
and the lenticular plate, proving that we must consider it to be a single entity.
The postulate of the fourth ossicle is probably to be explained by the extreme
fragility of the pedicle, breaking of easily during surgery.
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Most recently Karmody et al. [19] drew attention to a small concavity at the
most inferior part of the long process, anterior to the pedicle. In our 3-D models
this feature was already noticed previously, but was never given any further
attention. Figure 1.10 shows the concavity with a small bony ‘tongue’. It is
supposed to be an attachment zone of the incudo-stapedial joint (ISJ) capsule,
according to Karmody.
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Fig. 1.10: The different parts of an incus (left ear) in a lateral (left image)

and posterior (right image) view: a Articular surface b Body c Long process

d Lenticular plate e Pedicle f Short process

Stapes

The smallest bone in the human body is the stapes (figure 1.11), shaped re-
markably similar to that of a stirrup, hence its English name. The head (SH)
lies in a lateral direction and has a convex glenoid cavity which forms a ball
and socket-like articulation with the concave lenticular plate of the incudal LP.
Two arches, or crura, emerge medially from the neck. The posterior crus is
slightly more curved and thicker along its length than the anterior one. They
join the footplate (SF) at the medial side of the stapes, which fits closely in the
oval window of the cochlea. When looking at the stapes from the lateral side,
the footplate has the outline of a shoe’s sole, with a concave inferior side and
convex superior side.
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Suspensory apparatus

Several semi-flexible ME structures support the ossicular chain; they connect
the ossicles to each other, and to the surrounding bone in the ME cavity. This
suspensory apparatus consists of ligaments, muscles and the TM, shown in figure
1.8 as yellowish (ligaments) or red parts (muscles). Their role is to (passively)
prevent the ossicles from being displaced over excessive distances, or (actively)
keep the ossicles in an optimal vibrating configuration.

The first and largest attachment to the ossicles is the tympanic membrane,
not acting as a restricting force but on the opposite, as a driving force for the
ossicles’ displacement. In human ME’s it is firmly attached to the manubrium
at the MU and the lateral process. In-between it is only loosely connected along
the length of the manubrium with the plica mallearis, which will be discussed
in-depth later in chapter 3.

The ossicles are held together by the IMJ and ISJ (not explicitly shown in figure
1.8), both diarthrodial joints permitting relatively free movement of the joint.
They play a key role in protecting the inner ear from the excessive displacements
of the TM, as will be demonstrated in chapters 4 and 5. The incudo-malleal
joint consists of thin fibrous structures, attached to the saddle-shaped articular
faces of the malleus and incus. It presumably contains synovial fluid [20], acting
as a lubricant which benefits the flexing behaviour of the joint, hence allowing
relative movement between the malleus and incus. The incudo-stapedial joint
is a capsule consisting of collagen and elastic fibres, which completely envelops
the incudal pedicle, the lenticular plate and the SH, but seldom extends to the
neck. Although it also contains synovial fluid, relative movement between the
incus and stapes is smaller compared to the incudo-malleal (IM) complex, as
the stapes’ freedom of movement is strongly limited by its connection to the
oval window. This connection is established by the stapedial annular ligament
(SAL), a very thin band of collagen fibres, running from the rim of the oval
window to the periphery of the SF, all along its circumference.

In addition to the TM and IMJ, the malleus is supported by three ligaments.
First, the lateral malleal ligament (LML) is stretched from the lateral side of
the neck to the bony margin of the TM. Second, the anterior malleal ligament
(AML) is short and strong and extends from the anterior wall of the tympanic
cavity to the anterior process of the malleus. Third, a superior malleal attach-
ment (SML) to the head holds the malleus suspended to the roof of the tympanic
cavity.
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The short process of the incus rests in the fossa incudis, connected by the
posterior incudal ligament (PIL). This ligament is sometimes considered to be
a single component [21], others describe it as a fish-tail, splitting up in a lateral
and medial part [22, 23, 20]. Figure 1.8 shows another ligament, attaching the
superior side of the incus head to the roof of the tympanic cavity. However, some
find it “an inconsistent one, varying both form and appearance” [24, 20], while
most authors do not even include this ligament in their anatomical descriptions
or finite element (FE) models.

Besides the passive ligaments, two small muscles are present in the tympanic
cavity, both shown in figure 1.8 as red parts. The tensor tympani muscle (TTM)
prolongs in the tensor tympani tendon (TTT), which attaches to the medial side
of the neck. The stapedius tendon is the fibrous continuation of the stapedius
muscle and is fixed to the SH. However, the position of the attachment is variable
and may well be on the LP, the capsular ligament or on the crus of the stapes.

Inner ear

Figure 1.12A shows a 3-D representation of the inner ear, or labyrinth, which
is completely surrounded by dense TB. At the centre of the labyrinth is the
vestibule, where the stapes is firmly attached to the oval window. From the
central vestibule two distinct parts can be distinguished, visually as well as
functionally.

The part, where the actual transformation of mechanical vibrations into electric
pulses takes place, is the cochlea. It has the appearance of a snail’s shell, and
makes two-and-one-half turns, circling around a central cone, the modiolus.

In a cross-section of the cochlea (figure 1.12B) it can be seen that the interior
space of the coiled tube is divided into three chambers, the scala tympani, the
scala media and the scala vestibuli. They are separated by the Reissner mem-
brane and basilar membrane (see figure 1.12C), the latter accommodates the
organ of Corti and the hair cells. At the apex of the helix, the scala vestibuli
continues into the scala tympani, they are thus filled with the same fluid called
perilymph, which is in contact with the SF in the oval window.

On the posterior side of the vestibule, the balancing system is located. It has
three semicircular canals, one for each direction in space. The same perilymph
as in the cochlea runs through these canals.
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Function of the ear

While reading the previous presentation on the ear’s anatomy, the critical mind
might wonder why the ear is made up of so many components, and whether
they are really all so indispensable to achieve good hearing. In the following
paragraph, we will try to clarify to the reader why the ear is built the way
it is. Most classic textbooks on hearing follow the auditory path of sound in
order to describe the functioning and anatomy of the consecutive components
of the ear. Unlike these publications, we prefer to start with explaining about
the crucial element, absolutely essential for the functioning of the ear, and then
gradually expand to the emerging components, until we have unravelled the
whole ear, as we know it. Although most people situate the study of the ear
in the medical field, yet it also involves several domains of physics. In order to
fully comprehend the subtle working of the ear, some knowledge of acoustics,
mechanics, elasticity, harmonic oscillations, electric circuits and chemistry is
required. The human ear is living proof that nature is more clever, efficient and
imaginative than an engineer will ever be. Not one part of the entire hearing
apparatus is redundant, each component has its own particular task to which it
is adapted in shape, mechanical behaviour and functionality.
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From a functional point of view, the heart of the hearing apparatus is the
cochlea. In short2, the perylimphic fluid in the scala is set into movement by
incoming vibrations, which stimulates the hair cells and triggers a complex series
of electric pulses sent to the brain. For now, we ignore the existence of the TM
or ME structures, and assume that the membranous oval window is in direct
contact with the outside of the head.

Fluid is an incompressible matter, and will not displace within a confined space,
unless given some freedom to slosh back and forth. The membrane of the round
window gives limited freedom to the perylimph at the other end of the scala as
it can bulge in or out of the cochlea, in antiphase with the oval window. How-
ever, this second window needs to be shielded from the incoming sound waves.
Otherwise, an equal stimulation of both windows by the pressure fluctuations
would result in a zero nett displacement of the fluid.

In air - light and compressible as it is - only small pressures are needed in order
to bring the molecules into vibration. Air has a small resistance to movement,
known as the impedance of the medium. On the other hand, the inside of the
cochlea consists of fluid, which is much denser and incompressible. So, it has
much higher impedance (1.5 ·105 N·s/m3) than air (415 N·s/m3). However,
when sound waves in air hit a surface with such high an impedance, most of
the acoustic energy is being reflected and propagates back into the ear canal. It
can be calculated that this way less than 1% of the energy is transmitted into
the inner ear [26].

Instead of directly stimulating the oval window, there is an alternative way
of getting the cochlear fluid into motion, albeit rather inefficiently. In bone-
conduction, sound waves striking the head are conducted through the skull, and
directly generate acoustic vibrations within the cochlea. But again, there is
a significant mismatch between the impedance air and bone, and most of the
sound pressure waves are reflected by the skull.

Acoustic energy is more efficiently transmitted from a low-impedance to a high-
impedance medium if there is a component, with an intermediate impedance,
in between. This is where the ME is called into existence, as it proves to be an
efficient impedance transformer between air and the cochlear fluid. Since the
size of the cochlear window is very small, the pressure exerted by air molecules
onto the oval window during collision is equivalently small. If the oval window
was extended with some sort of larger plate of, for instance 10× the area of

2We will not elaborate on the ultrastructure of the cochlea, as this is less relevant within

the scope of this research.



26 Chapter 1. General introduction

the oval window, the resulting pressure in the cochlear fluid would increase by
the same factor of 10 (pressure = force/area). However, a solid plate would
not be beneficial for hearing as it would have an equally high impedance, again
resulting in significant energy loss. Obviously, the function of this plate is taken
by the much lighter and flexible TM, having an area of approximately 35× that
of the oval window (in human). The acoustic energy can now more easily be
transferred into a vibration of the membrane, but still needs to be conducted to
the inner ear. As explained before, it is essential to shield the second window
from these vibrations, because otherwise the nett effect on the perylimph would
be zero. The most elementary structure for bridging this gap would be a bony
column (or columella), directly connecting the TM with the oval window, and
thus the cochlear fluid.

So far, we have come up with a simple hearing apparatus, efficiently conducting
sound towards the inner ear. Actually, nature did provide some species with
such a basic ME, consisting of a TM connected to a single ossicle or columella,
in concreto birds and reptiles.

As already mentioned, the ear is not only constantly subject to acoustic fluc-
tuations, but also to large static pressure changes. In a ME configuration of a
rigid columella, excessive displacements of the TM would be transferred to the
oval window without restriction or reduction. This inevitably results in disrup-
tion of the oval and/or round window, or in fracture of the columella. Ideally,
this should be counteracted by a semi-flexible columella, bending upon static
pressures and moving rigidly in an acoustic regime. As in the case of birds and
reptiles, the columella consists of two components: the actual columella, a bony
and slender rod which fits the oval window at one end, and a cartilaginous extra-
columella, connected to the TM, forming the other end of the bony columella.
The joint acts as a semi-flexible hinge between these two features and thereby
largely reduces the displacements from one ossicle to the other. This inner ear
protecting mechanism is also present in the human ME, although the ossicular
chain consists of three instead of two ossicles, in order to provide even greater
flexing and thus reduction of the TM displacement.

In some cases the ear is exposed to abrupt and large pressure changes. They
may be static, but they might also be of acoustic nature, for example because
of loud noise. However, the ear can only fully exploit the protective function of
ossicular chain in a (semi-)static regime. So these huge vibrations are conducted
relatively unchanged to the inner ear, causing permanent mayhem among the
auditory cells. Luckily, the ear is able to prevent this to some extent with a
second protective mechanism, the acoustic reflex of the stapedius muscle, which
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is connected to the SH. The moment the ear receives tones of high sound pressure
level (approximately 90 dB SPL), this muscle spontaneously contracts and pulls
the SH sideways, thereby stretching both the annular ligament and the incudo-
stapedial (IS) ligament. As a consequence, the ossicular chain stiffens, and the
impedance increases. This way, incoming sound waves are more reflected by the
TM and the oval window receives vibrations of a much lesser amplitude, hence
protecting the inner ear.

The second ME muscle, the tensor tympani, can not be triggered acoustically.
Although, contraction of the muscle (for whatever reason) pulls the attached
malleus, and thus the TM, in anterio-medial direction. This again implies a
stiffening of the ossicular chain, analogous to the action of the stapedius muscle.
But nevertheless, its precise function is yet unclear.

As we discussed, one way of increasing the efficiency of the ear, is lowering
the impedance of the inner ear by means of the ME. Another option is to
concentrate more acoustic energy on the ‘detector’. This is exactly what is done
by the auricle. Incoming sound waves are channelled through the ear canal to
the TM. It functions as a pressure multiplier, hence improving sound reception
by the middle and inner ear. However, the pressure gain depends strongly on
both the frequency and the position of the sound source, relative to the auricle.
Consequently, the auricle also serves a second task, that of sound localisation.
For an animal, this property greatly increases its chances of survival, since the
benefit of hearing is not only detecting the presence of potential predators, but
also localising the predator’s exact position. This way it can escape in the
opposite direction, unlike the deaf and thus sitting duck.

Supposing that all these mechanisms in the hearing apparatus work well, then
why are all animals equipped with two ears? Because nature does not concern
about beauty, there must be another explanation. Perhaps one ear serves as a
backup when the other one fails? The answer is simple, two ears provide more
information about the location of sound sources than one ear can. Sound waves
approaching the head from, say, the right side, will first strike the right ear,
propagate further around the head and then reach the left ear. This produces
interaural time differences between the two ears, as well as a change in amplitude
and spectral composition of the sound. The brain interprets these differences
and enables the listener to gather information about the source of the sound.

To summarise, the ME is indeed an indispensable part of the hearing organ.
First and foremost, it greatly reduces the impedance of the inner ear in order to
facilitate the transfer of acoustic energy. If there were only the cochlea, only 1%
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of the acoustic energy would be transmitted, whereas the existence of the ME
increases transmission to about 50%. Second, it conducts mechanical vibrations
from the TM to the oval window, and thus the inner ear. And last but not least,
it protects the inner ear from excessive displacements of the TM, as induced by
static pressures.
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1.3 Objectives of the research

It is a generally accepted idea that the ME acts as some sort of protection
mechanism, shielding the inner ear from the excessive displacements of the TM,
invoked by large but slowly varying static pressure changes. However, in liter-
ature, no unambiguous answer is given yet to the questions of ‘how’ and ‘how
much’ this mechanism acts, only the often-cited paper of Hüttenbrink in 1988
[27] provided some deeper insight into the matter.

The main goal of this research is to obtain 3-D quantitative data on the mechan-
ics of the ME while static pressure changes are applied onto the TM. For that,
we have set four objectives, which will be treated chronologically in chapters 2
to 5.

• When intact gerbil TB’s are scanned with traditional microtomography,
we are not able to resolve the small deformations of the ossicular chain. We
investigate whether resolution improves in reconstructed images of objects
scanned with region of interest microtomography, where the object exceeds
the imaging volume of the x-ray beam.

• Although the overall deformation of the TM as a result of trans-tympanic
pressure differences is known from literature, the exact behaviour of the
membrane at its boundaries is yet unknown. The stack of slices obtained
for the quantification of ossicular chain deformations (see next items) con-
tains information about the TM as well. This should allow us to create
reliable models of the TM of gerbil and human specimen at different static
pressures, with focus on the boundaries. We will investigate whether the
different boundaries of the TM deform in such a way that they can be de-
scribed with certain types of simplified mathematical boundary conditions
(BC’s) in FE analyses.

• The position and orientation of individual ossicles in gerbil TB’s will
change when they are subject to static pressure changes. After valida-
tion, we use hyperelastic warping to quantify these changes for all three
ossicles. We check whether both ossicular joints show flexing behaviour.
If it does, as we expect, it might become clear whether ossicle movement
is two- or three-dimensional.

• The same objectives are set for human TB’s. As both humans and gerbils
are mammals, we expect similar conclusions, although they might differ
in the details. This information will help future development of ME pros-
theses as it is not yet clear how the configuration of the ossicular chain
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changes in a static pressure regime and how this affects the placing of pros-
theses. Future development and validation of FE models can also benefit
from our results if static pressures are incorporated in the models.
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2.1 Introduction and history of tomography

Etymologically the word tomography originates from the Greek words tomos
and graphein, which mean to cut and to write. The interesting thing however is
that it is not at all a cutting technique in the strict sense of the word. On the
contrary, tomography is a non-destructive imaging technique which allows the
visualisation of an object’s internal structures without the need of permanently
destroying it. The object is virtually cut in very narrow cross-sections, called
virtual slices.

Non-destructive imaging of internal structures of the body started in the late
1800’s with the discovery of Röntgen radiation, named after its discoverer, Ger-
man physicist Wilhelm Conrad Röntgen (1845-1923).

In 1894 Röntgen began research in cathode physics, which was
at that time one of the most popular topics in physics. A
year later, on November 8, 1895, he darkened his laboratory
and enclosed a vacuum tube in black cardboard, in order to
observe the luminescence, caused by cathode rays, more clearly.
He was truly surprised when he noticed that a screen covered
with barium platino-cyanide crystals, a meter away from the

tube, started glowing. He knew that cathode rays themselves travel no more
than a few centimetres in air, so he concluded that the cause must be sought
for elsewhere. In the next couple of weeks he did several experiments and found
that the radiation was very strong since it could be detected at a large distance
from the tube. This newly discovered radiation was unknown and somewhat
mysterious, that’s why he called it x-strahlen or x-rays. It showed that radiation
was absorbed by materials, depending on the density of the material. It could
penetrate easily through materials such as glass and wood, but was obstructed
by dense materials such as metals. Two weeks later Röntgen made the famous
picture of his wife’s hand Anna Bertha using x-rays, and made the first shadow
image, or radiograph, ever. For his work in this field Röntgen received the Nobel
prize, in 1901.
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The discovery of x-rays provoked a revolution in diagnostic
medicine, since radiographic imaging allowed doctors to visu-
alise and investigate a patient’s internal organs and bones with-
out surgery. However, useful as it is, radiographs only provide
two-dimensional information of 3-D objects, the interpretation
of subtle details is difficult. This could partially be resolved by
obtaining radiographs from two or three different angles, giving
the doctor a clearer insight in the 3-D position of certain structures.

In a certain way tomography is an extension to this technique. Shadow pro-
jections are recorded by illuminating an object with x-rays at a multitude of
directions. Mathematically speaking, every point in a projection is the integral
of attenuation coefficients along the path of a ray, penetrating the object. The
information in these images is used to reconstruct the internal structure of the
virtually sliced object, perpendicular to the set of shadow images. The density
of a pixel is a measure of the attenuation coefficient of the tissue.

The enigma of how to reconstruct a function1from its projections was already
posed decades before tomography itself emerged as an application of radiog-
raphy. A solution to this mathematical problem was given by Johann Radon
with the publication of his work in 1917 [1]. But it took about half a century
to develop tomography as we know it today. In 1963 and 1964 Allan Cormack
[2, 3] published two papers in which he described the theoretical framework of
computed tomography.

In 1972, Godfrey N. Hounsfield invented the x-ray computed
tomography (CT) scanner [4], the EMI head scanner, based
on the theoretical work of Cormack. Hounsfield and Cormack
shared the 1979 Nobel prize for medicine and physiology for
their invention.

The reconstructed images he produced, were rather noisy and
only 80×80 pixels in size. Since the development of the modern

computer in the following decades the quality of the images improved rapidly
and the technique became enormously popular. Nowadays, commercially avail-
able x-ray tomographic scanners, and computers, are able to process hundreds
of transmission images, resulting in high-quality pictures, exceeding 1000×1000
pixels.

1In tomography this ‘function’ refers to the object to be scanned, as every object can be

represented by a 3-D function of attenuation coefficients.
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This tremendous progress cannot solely be attributed to a growing computa-
tional power. In the years after Hounsfields invention, the development of new
reconstruction techniques was of even greater importance. Early reconstruc-
tion algorithms applied by Hounsfield were based on algebraic techniques. Ra-
machandran and Lakshminarayan [5], and later Shepp and Logan [6] developed
convolution back projection techniques which produced more accurate images,
only taking a fraction of the calculation time.

In time, most of the effort of manufacturers is put into the development of med-
ical CT systems. Nowadays they come in many different shapes, each with their
own specifications and focus. Typical resolutions are about 1 mm, although for
some machines the resolution depends on the size of the object, which allows
resolutions in the sub-millimetre range. During the last decade, the construc-
tion of microfocus tomographic devices allow objects to be scanned with an
unprecedented resolution. The scanners used in our research have a resolution
of 8 µm or 35 µm, but in the most recent machines, the resolution even goes
down to 400 nm (low contrast 10% MTF resolution [7]).

The back projection algorithm demands that the entire object remains within
the x-ray beam for all observed angles. However, a drawback of microtomog-
raphy is the limited field of view, due to the finite dimensions of x-ray CCD
cameras. This reduces the spectrum of objects that can be scanned. Region
of interest (ROI) tomography deals with the scanning of oversized objects, by
zooming in on a small part of the object. In either case, the object exceeds the
detector’s field of view. As a consequence, the above condition is no longer ful-
filled; the input data become incomplete and reconstructed slices are corrupted.
Although theoretically this results in erroneous reconstructions, we show that,
if we are not interested in greyscale values but only in geometrical information,
conventional back projection algorithms still perform well for ROI tomography.
We demonstrate this with ROI scans performed on several phantom objects and
we show ROI images of the gerbil hearing organ. We found that the resolution
could be improved considerably and that small details, not visible in a conven-
tional full object scan, can be revealed by a ROI scan. One can use the benefits
of ROI-µCT in situations where physical constraints are such that large parts
of the object exceed the field of view (FOV), or in situations where a very high
magnification is required.
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2.2 Theory

As mentioned before, Röntgen observed that x-rays are absorbed by matter.
For an infinitesimal thin slab of material the amount of absorption dI

I depends
on three factors: the intensity of the incident rays I, the length of the path
through the material ds, and the linear attenuation coefficient of the material
µ. They are related in the following way:

dI

I
= −µds (2.1)

Integration of equation (2.1) results in the well-known law of Lambert-Beer,
which describes the absorption of x-rays in a material of thickness s and incident
radiation intensity I0:

I = I0e
−µs (2.2)

In this case, we assume the material is homogeneous, i.e. every point in the ob-
ject has the same attenuation coefficient. In most cases however, and definitely
in biological objects, materials are very inhomogeneous. The ME, for exam-
ple, consists of air, water-like fluids (blood, perilymph), soft tissue (tympanic
membrane, ligaments, muscles), cartilage (ossicles, gerbil bulla) and dense bone
(human TB). Equation 2.2 must be rewritten as follows:

I = I0e
−

∫
µ(s)ds (2.3)

During the tomographic process, we create lots of shadow images, projections
at different angles. In fact, these images are nothing more than the integrals
represented by equation 2.3, the integral of attenuation coefficients of the object
in a certain direction. Every volume element (voxel) the ray passes through,
has its own attenuation coefficient and contributes to the absorption of the ray.

Such projections are obtained at an angular interval of 180◦ or 360◦, depend-
ing on the desired image quality, the amount of available computer disk space
and restrictions on scanning time. The algorithm, which lies at the base of
the reconstruction process, is the filtered back projection algorithm. However,
the algorithm is dependent on the specific setup of the tomographic system.
Regarding the geometry of the x-ray beam, we may distinguish between three
systems:
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parallel beam In this case, rays pass in parallel paths through the object.
This can be achieved by moving a point-like, but non-diverging, source and
detector along the object in small steps. This kind of geometry requires
a ‘classic’ back projection algorithm, described later, and needs the least
computational power. This is why the first tomographic machines were
equipped with this sort of geometry, as computer power was limited and
reconstruction techniques were not as advanced as they are today. The
drawback is that it requires a more complex mechanical setup. If one
wants a fully 3-D reconstruction of an object no less than three stepping
motors are necessary, two for the X- and Z-direction, and a third one for
the angular increment.

fan beam A more simple setup consists of a diverging fan-like source, opposed
to a linear x-ray detector. With this setup, the number of stepping motors
can be reduced to two. The less moving parts, the better. However,
this kind of geometry requires an adapted version of the reconstruction
algorithm, and more computer power.

cone beam Modern machines for x-ray tomography have a x-ray beam, which
exposes the object completely. The beam has the geometry of a cone
(hence the name) with its top at the microfocus x-ray source. In this
case, only one stepping motor is required in order to obtain projections
at different angles. The detector is now a two-dimensional x-ray camera,
capturing complete shadow images at a time. This obviously reduces the
exposure time drastically and makes the system more reliable, due to the
small number of moving parts.

Before we move on to the explanation of the filtered back projection algorithm,
we need to tell something about the Radon transformation and the Fourier
inversion theorem.

2.2.1 Radon transformation

Equation 2.3 can be rewritten into:

Pθ(t) ≡
∫ ∞
−∞

µ(t, s)ds = − ln
(
I

I0

)
(2.4)

The line integral Pθ(t) is the integral along the straight path of one single x-
ray at a distance t from the origin, running through the object and casted
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onto a certain pixel of the detector. The right-hand part of this equation can
be obtained from the projection images, by detecting the incident radiation
intensity I0 and the intensity I of this pixel. For the moment, we consider
the object facing a parallel x-ray beam at an angle θ, as shown in figure 2.1.
As the virtual reconstruction of the entire object consists in this case of the
reconstruction of every single slice separately, we consider one single slice at
height z.

Fig. 2.1: A parallel bundle of x-rays casts a projection or shadow image

of a two-dimensional object onto the x-ray detector, at an angle θ.

Every point (x, y) on the track of the x-ray at an angle θ, and a distance t from
the Cartesian origin, is described by the following relation:

x cos θ + y sin θ = t (2.5)

The integration of the line integral Pθ(t) along the x-ray can be redefined as an
integral in Cartesian coordinates, restricting x and y to points along the ray.
this can be done by a delta function δ:
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Pθ(t) ≡
∫ ∞
−∞

∫ ∞
−∞

µ(x, y) δ(x cos θ + y sin θ − t) dx dy (2.6)

The aim of a reconstruction algorithm is to recover the function µ(x, y), which
is the 3-D map of attenuation coefficients, and thus different tissues, within the
volume of the object. This can be achieved if projections are obtained at a
sufficient number of directions.

2.2.2 Fourier inversion theorem

Even though the Fourier inversion theorem is not applied directly to reconstruct
the attenuation map µ(x, y) of an object, it gives the essential mathematical base
for the actual reconstruction algorithm, described in section 2.2.3. An intuitive
visual scheme is given in figure 2.2, a to e. The original projection at a certain
angle θ has been Fourier transformed into (b). This Fourier transformation can
be obtained at several angles (c) in order to gain a complete Fourier transforma-
tion map (d). When a two-dimensional inverse Fourier transformation is applied
onto this radial map, it results in the original image, being a single virtual slice
of the object (e).

Fig. 2.2: Graphic representation of the Fourier inversion theorem. (a)

A projection image of an object at an angle θ. (b) The Fourier trans-

formation of the projection. (c) Each Fourier transformation is plotted

in a polar coordinate system. (d) The completed radial representation of

Fourier transformations, which ultimately is inversely Fourier transformed

in order to become (e) the original object.
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We start by defining the two-dimensional Fourier transformation F (u, v) of the
original object function µ(x, y):

F (u, v) ≡
∫ ∞
−∞

∫ ∞
−∞

µ(x, y)e−i2π(ux+vy)dx dy (2.7)

In a similar way we define Sθ(w), the one-dimensional Fourier transformation
of the line integral Pθ(t) in the (t, s) coordinate system:

Sθ(w) ≡
∫ ∞
−∞

[∫ ∞
−∞

µ(t, s)ds
]
e−i2πwtdt (2.8)

The relation between the (t, s) coordinate system and the original (x, y) coor-
dinate system is simply a rotation over θ:

{
t = x cos θ + y sin θ
s = −x sin θ + y cos θ

(2.9)

hereby transforming equation 2.8 into:

Sθ(w) =
∫ ∞
−∞

∫ ∞
−∞

µ(x, y)e−i2πw(x cos θ+y sin θ)dx dy (2.10)

This is the two-dimensional Fourier transformation of the object µ(x, y) at spa-
tial frequencies (u = w cos θ, v = w sin θ). Comparing this result with equation
2.7, we finally come to the Fourier inversion theorem:

Sθ(w) = F (u, v) = F (w cos θ, w sin θ) (2.11)

This result must be interpreted as follows: if one takes n projections of an object
at different angles and Fourier transforms them each individually (Sθ(w)), he
is able to determine the values of the Fourier transformed object on radial lines
(F (u, v)), as shown in figure 2.2 (c) and (d). The original attenuation map can
then be recovered by taking the inverse Fourier transform of F (u, v):

µ(x, y) =
∫ ∞
−∞

∫ ∞
−∞

F (u, v)ei2π(ux+vy)du dv (2.12)

Reconstruction of the object can only be perfect if projections are recorded at
an infinite number of directions. In practice, however, only a finite number of
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projections are taken. The radial map, as shown in figure 2.2(d), is only sampled
with data along the same number of directions. In order to apply the inverse
Fourier transformation this map first needs to be resampled from the (w, θ) to
the (u, v) coordinate system. Because of the sparse sampling at high frequencies
(i.e. further away from the origin) in the (u, v), it is necessary to interpolate for
the missing data, which causes degradation of the reconstructed image.

2.2.3 Filtered back projection algorithm

The technique described above, using the Fourier inversion theorem, is rarely
used in its original formulation. In most applications involving a parallel beam
geometry, the Filtered back projection algorithm (FBPA) is used. It is derived
by rewriting the Fourier transformation, but results in far more accurate images.
The method can roughly be described in two main steps:

• The filtering part: projections are convoluted with a two-dimensional func-
tion, or weighted in the frequency domain.

• The back projection part: each filtered projection is ’smeared’ back onto
the object space, in it’s corresponding direction.

Consider the object to be scanned being one single point. The first step of
the tomographic process is to obtain projection profiles in all directions. It
is obvious that all projections show constant transmission of x-rays, except
for the one location where the point obstructs the passage of rays. On that
particular spot the profile shows a transmission drop. The exact position of the
drop is different for every projection since the point is illuminated from different
directions, see figure 2.3(a). One can now reverse the line of thought and suggest
that the information about the position of the point is embedded in each of
the projections. Indeed, this position can be calculated using straightforward
trigonometry. Another way of doing it, is by ’smearing’, or back projecting the
projections onto the image plane, as demonstrated in figure 2.3(b).

However, as is pictured in figure 2.3(c), the reconstruction of a single point is
blurred instead of showing a clear and sharp edge because of the superposition
of the back projections. To correct for these artefacts, all projections need to
be filtered prior to the back projection process, hence eliminating the blurry
edges. For a more rigorous mathematical description of the theory, we refer to
the standard work of Kak & Slaney [8].
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Fig. 2.3: Intuitive presentation of the back projection algorithm. (a)

Transmission images are obtained at several angles. (b) The projections

are back-projected in order to reconstruct the original object (c) which is

however blurred and needs some filtering.

2.2.4 Cone beam reconstruction

Historically, the FBPA, described in the preceding section, was the first and
most simple algorithm derived for a parallel beam geometry. The next genera-
tion machines apply fan beam geometry, which is, for obvious reasons, a much
faster scanning procedure. The acquisition of one ray in parallel geometry takes
approximately the same time as the acquisition of a complete slice in fan beam
geometry. Unfortunately,the reconstruction algorithm now needs to be rewrit-
ten for fan beam geometry. Two approaches can be distinguished. First, the
geometry itself can be incorporated in the formulas which results in a modified
version of the algorithm, a weighted FBPA. The second approach requires some
pre-processing of the data before the actual back projection. One can re-order
the fan beam projection data into equivalent parallel beam data, after which
the regular FBPA can be applied on these data (figure 2.4).

As mentioned in the introduction, the most convenient way of constructing a
microtomography machine is when the object is illuminated by an x-ray source
with cone beam geometry. The main advantage is again a vast reduction of
acquisition time when the entire object must be reconstructed. But as with
fan beam geometry, the FBPA needs to be adapted for the specific path of the
rays ([9, 8]). The reconstruction is based on filtering and back projection a
single plane in the x-ray cone. In other words, each elevated plane in the cone
(described by the angle β) is considered separately. The final 3-D reconstruction
is obtained by summing the contributions from all tilted fan beams [8] (figure
2.5).
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Fig. 2.4: The straightforward reconstruction of an object, illuminated by a

fan beam x-ray source, requires an adjusted reconstruction algorithm. After

re-ordering the data in parallel geometry, a conventional reconstruction

algorithm can nevertheless be used.

Fig. 2.5: The development of a cone beam tomographic setup causes

magnified projection images to be casted onto the detector plane. The

reconstruction algorithm is performed separately in every single plane at

an angle β from the mid-plane.
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2.2.5 Beam hardening

The input data for tomographic reconstruction are projection images. Each of
the pixels in the images can be described as a line integral of the attenuation
coefficient along the path of the corresponding x-ray, i.e. the summation of
attenuation coefficients of the object. Let us look more closely to the nature of
this attenuation coefficient and its origin.

Absorption of x-ray photons passing an object has a number of causes. But only
two are significant for x-ray tomography, where the energy of photons most
commonly ranges between 20 and 150keV. The first one is the photoelectric
absorption of photons by electrons on the lower shells of atoms. The photon
energy, exceeding the electron binding energy, is transferred to the electron
which becomes no longer bonded and drifts away from the atom. The second one
is Compton scattering. Photons interact with free electrons or electrons which
are loosely bound in the outer shells of atoms. The electron gains a fraction of
the photon energy and the photon itself deflects from its original path, having
lost some of its energy in the interaction with the electron. It is important to
notice that the probability that such absorption and/or scattering effects occur,
strongly depends on the energy of the photons. Although, Compton scattering
depends to a much lesser extent on the energy than photoelectric absorption
does. The attenuation of an x-ray beam consequently relies on its energy as
well; low-energy x-rays are attenuated more readily than high-energy x-rays.

When we recall equation 2.3, we must emphasize that this equation is only valid
for mono-energetic x-ray sources. In practice, however, the spectrum of an x-ray
source is polychromatic, which causes photons to be non-equally absorbed in
function of their respective energy. In this case the attenuation coefficient needs
to be integrated over the entire energy spectrum of the x-ray source:

I =
∫
I0(E) e−

∫
µ(s,E)dsdE (2.13)

Initially the x-ray beam consists of both soft (low energy) and hard (high energy)
photons. Due to the energy dependent attenuation constant µ(E), soft photons
will be absorbed more likely than hard photons. Soft photons will not be able
to penetrate deeply into the object, while hard photons are more likely to do
so. The mean energy of the x-ray beam shifts more to higher energies as it
propagates further through the object, so the x-ray beam becomes ‘hardened’.
The parts of the object facing the x-ray source seemingly absorb more x-rays
and consequently show higher attenuation values. Since the object is illuminated
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from different angles, this effect appears as a darkening of the boundary parts
and light colouring of the inner parts. In this research, the exact values of the
attenuation constants are not of utmost importance. We are mainly interested
in the precise geometry of an object instead of its density. These kind of beam
hardening artefacts are thus not a critical factor to account for in the scanning
process.

A second adverse effect of polychromatic x-ray sources are flares, unwanted
dark ‘flags’ at the boundaries of dense parts. Contrary to the beam hardening
effect described above, flares deform the precise geometry of an object. Though,
because of the absence of very dense material in biological subjects, such as the
ME, the occurrence of explicit flares is rather uncommon.

A third, and closely related, effect are streaks, a darkening of the region between
two parts of high density, as if this region lies in the shadow of the denser parts.
But again, these effects are few and not very common. Figure 2.6 shows a
dataset of the human ME, implanted with a titanium transducer. Here, streaks
and flares are apparent due to the high density of the material.

Fig. 2.6: µCT image of the human middle ear with an implanted titanium

transducer. Bone shows up on the right of the image in grey regions, while

the black circles represent a cross-section of the implant. Due to the high

density of the implant, streaks and flares are very apparent in the image.

Although artefacts, caused by the polychromatic x-ray source, are of a lesser
concern compared to noise or resolution, they must be avoided as much as
possible in order to guarantee correct geometrical representation of the objects.
The most common solution is placing an aluminium filter between the source
and the object. Soft x-rays are absorbed by this filter before they reach the
object, and only high energy photons illuminate the object uniformly. However,
this is not an ideal solution. The total intensity of the x-ray beam will reduce
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significantly, and exposure times need to be increased by a factor two or three.
A different approach is to apply pre- or post-reconstruction calibration to the
projections and virtual slices. In practice, a combination of these measures is
applied. The samples used for this study are mounted in a plexiglass sample
holder, so that the surrounding container absorbs most of the soft x-rays. For
the reconstruction procedure, little amount of software-based beam hardening
correction is applied as well.
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2.3 Region of interest tomography 2

2.3.1 Introduction

In microtomography, a conical beam of x-rays radiated from a microfocus x-
ray source is cast onto a detector. During a tomographic recording the object
holder is stepwise rotated over (at least) 180◦ around its central axis, while at
each angular position a shadow image of the object is captured. The closer the
object is placed to the point-like source, the larger its x-ray shadow image on
the detector becomes. From the set of shadow images a stack of virtual sections
through the object, perpendicular to the object rotation axis, is calculated with
a back projection algorithm (BPA). The greyscale value of each voxel within
the reconstructed image stack represents the local x-ray absorption coefficient
of the object at that point. Effects such as beam hardening - unequal absorption
for different x-ray energies -, size of the rotation steps and detector greyscale
resolution, limit the accuracy of the calculated absorption, while the number of
pixels on the image detector mainly limits spatial resolution.

At a given position between the point source and the detector, an imaging
volume can be defined as the cylinder with axis along the object rotation axis
that fits entirely within the cone of x-rays. Its shadow image hence fills the
entire detector surface. For the BPA to calculate correct spatial absorption, the
object needs to remain entirely within this imaging volume. Parts of the object
that exceed this volume sideways will not contribute to the recorded shadow
image at certain observation angles, but they do contribute at other angles.
Using the BPA on such a corrupted data set is bound to generate erroneous
section images. Therefore, larger objects need to be placed farther away from
the point source and closer to the detector, in order to fit entirely within the
imaging volume, even if only a smaller part within the object is of interest.
Placing the object closer to the detector results however in lower magnification,
and hence in lower spatial resolution. This situation is depicted in figure 2.7,
where the right object is placed near the detector.

In some particular cases, one can expect that the errors in the back projection
will be small, even when parts of the object fall outside of the imaging volume.
If the absorption in the parts that stick out is negligible compared to the ab-
sorption of parts within the imaging cylinder, the BPA may still deliver correct

2This section is based on: S. L. R. Gea, W. F. Decraemer and J. J. J. Dirckx, Region

of interest µCT of the middle ear: A practical approach, Journal of X-Ray Science and

Technology, 13:137147, 2005
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Fig. 2.7: Region of interest tomography is performed when the object

partially exceeds the imaging volume. This is achieved by placing the

object close to the x-ray source.

results. In practice this may be the case e.g. for objects where more solid struc-
tures are contained within thin walled surroundings, or when structures with
high absorption such as bone are located in structures with low absorption, such
as soft tissue. Also, if the object is embedded in surroundings of homogeneous
absorption, the total amount of transmitted x-rays will diminish in the same
way at all angular positions, and BPA results will still be nearly correct. The
contrast in the virtual slices however, will be affected because the relevant part
of the object can only use part of the detector’s dynamic range.

When we deliberately allow the object to partly rotate out of the imaging volume
we refer to it as ‘region of interest microtomography’ (ROI-µCT), and because
only the central region of an object is recorded it is a so-called ‘interior problem’.
This situation is depicted in figure 2.7, where the left object is now placed near
the x-ray source. Besides interior problems, two more cases appear where the
input data for the BPA are corrupted. First, ‘exterior’ problems arise when the
central region of the object is shielded from the x-ray beam and only the outside
region of the object is recorded. And secondly, ‘limited angle’ problems, when
projection images can not be acquired over the complete 180◦ angular interval.

If the object is larger than the imaging volume, and the parts outside the imaging
cylinder have strong and inhomogeneous absorption, the BPA can not work
properly and it is to be expected that the reconstructed virtual slices will show
all kinds of artefacts.
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Several attempts have been made to adapt the BPA for ROI scanning, but with
limited success [10, 11, 12, 13, 14], others have tried to compensate for the miss-
ing data with multi-resolution tomography [15, 16, 17]. In the latter a second
scan at low magnification is made, in which the entire object is recorded, besides
the ROI scan itself. Both sets of projection images at high and low magnification
can be combined into one set of shadow images. However, because x-rays follow
different paths through the object at different magnifications, projection images
do not perfectly fit onto each other. This again results in erroneous input data
for the BPA. Another approach is to use a set of projections which are sampled
differently inside and outside the ROI, or to use data recombination schemes
for more efficient reconstruction of the virtual slices [18, 19, 10].

In this paper we study ROI scanning from a purely experimental point of view.
Only a few studies were done using an experimental approach. In the study of
Spyra et al. [20] a medical CT scanner is used to visualize the coronary arterial
tree of a human chest phantom. They concluded that ROI-scanning of the
cardiac region, together with the use of a local reconstruction algorithm, results
in images that have higher contrast and show finer details. Louis & Rieder [14]
approximated the missing information in ROI scans with an algorithm based on
singular value decomposition and used a medical CT scanner to check how the
algorithm performs for real objects. They found no visible differences between
pictures with complete or truncated data in the ROI.

Although the intensity values are not correct for an ROI scan, this does not
mean that the position of the absorbing structures in the reconstructed slices
will also be disturbed [21]. If this reveals true and if we are not interested in
exact absorption data but only in the geometry, it would make it possible to
use ROI scanning to obtain high spatial resolution in a small volume within a
larger object. One may expect that, as a cost, the reconstructed images will get
noisier, which will make a segmentation of small structures more difficult. But
we may hope that in practical situations a trade-off between magnification and
intensity noise can be found to obtain a sufficiently high geometric resolution.

In this paper we test the possibilities of ROI scanning for some phantom objects
to ascertain that geometry is correctly maintained in the reconstructed images,
and to determine whether spatial resolution improves or not. To demonstrate
the method in a practical example (related to our research field), we have mea-
sured the three dimensional shape of the tiny ME ossicles while they are enclosed
in the much larger TB that exceeds the imaging volume during the µCT scan.
For this study have used an existing reconstruction algorithm as was provided
by the manufacturer, and which is based on the work of Feldkamp et al. [9].
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2.3.2 Materials

Phantoms

We used several physical phantoms to study the resolution of the system for
ROI scanning (see figure 2.8). The phantoms consist of three small rods made
out of aluminium (∅=0.55 mm), PVC (∅=1.25 mm) and plexiglass (∅=0.61
mm), placed inside a cube (side = 20 mm) in which we drilled two large holes
(∅1=17.0 mm; ∅2 = 7.0 mm) and two tiny ones (∅3=0.3 mm; ∅4=0.5 mm).
Three different cubes were used, one made out of aluminium, one of PVC and
one of plexi. In table 2.1 can be seen that aluminium has a density coefficient
close to that of bone tissue, while plexiglass is close to soft biological tissue or
water. The density of PVC is somewhere in-between plexi and aluminium. The
rods were also scanned without surrounding cube, what we refer to as the bare
situation.

Table 2.1: Some common and biological materials are listed with their

mass density ρ, atomic number-to-mass ratio <Z/A> and mass attenuation

coefficient µ/ρ. Data obtained from the National Institute for Standards

and Technology [22].

Material ρ <Z/A> µ/ρ †

(g/cm3) (cm2/g)

Air 0.0012 0.499 0.778
Water 1.00 0.555 0.810
Muscle (skeletal) 1.05 0.550 0.821
Soft tissue 1.06 0.550 0.823
Plexiglass (PMMA) ∗ 1.19 0.539 0.571
PVC ∗ 1.41 0.512 4.578
Bone (cortical) 1.92 0.515 4.001
Aluminium ∗ 2.70 0.482 3.440
∗ Materials used for this study
† For x-ray photon energy 20keV

Biological sample

As a practical example of ROI tomography, a TB - the part of the skull con-
taining the entire hearing apparatus - of a Mongolian gerbil was scanned. The
TB was prelevated from the animal and without further preparative surgery
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Fig. 2.8: Different phantom configurations were scanned with ROI tomog-

raphy. The dashed line represents the imaging volume at a certain magnifi-

cation factor (MF). (a) Three rods standing free, aluminium (black), PVC

(dark grey) and plexiglass (light grey), MF 15× (b) The same configuration

at MF 60× (c) The rods are embedded in an asymmetrical drilled cube.

Besides two large holes, two very faint holes were drilled in the lower corner

of the cube, MF 15×. (d) The same configuration at MF 60×.

mounted on the scanner’s specimen holder. The overall size of the TB was
about 1 cm3 which fitted the imaging volume at low magnification (25×, see
figure 2.9) but exceeded it at higher magnifications.

2.3.3 Methods

The microtomograph

The x-ray scanner used for this study is a Skyscan 1072 desktop µCT system
[7], pictured in figure 2.10. It is equipped with a microfocus x-ray source from
Hamamatsu (80 kV, 100 µA, spot size 8 µm) and cone beam geometry. It has a 12
bit cooled CCD camera (Hamamatsu, 1024×1024 pixels) which is coupled to the
x-ray detector (scintillator plate) through a bundle of optical fibres. The object
rotation stage can be moved between the source and the detector to change
the image magnification. The size of the detector restricts object diameters to
maximally 2 cm. An aluminium filter can be placed in front of the camera in
order to reduce beam hardening artefacts due to the polychromatic properties
of the x-ray source. The whole system is operated by an external dual processor
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Fig. 2.9: The size of the imaging volume (here represented as a square)

at different magnification factors compared to the size of a gerbil temporal

bone. The situation at lowest magnification factor (25×) corresponds with

a classic tomographic scan, the entire object is enclosed inside the imaging

volume. The situations at 50× and 100× on the other hand correspond

with ROI scans. The scaling value (in µm per pixel) is mentioned between

brackets.
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(2×1.6 GHz) workstation. The algorithm used in the reconstruction program is
a 3-D FBPA according to Feldkamp et al. [9]. The algorithm is used as it was
provided by the manufacturer, in an unaltered version.

Fig. 2.10: The skyscan 1072 microtomograph is used for the scanning of

small objects such as the gerbil bulla or the phantom objects. It consists

of the following components: (a) Computer with the appropriate software

(b) Software controlled door (c) Movable rotation stage (d) Visual inspec-

tion camera and light bulb (e) The object (f) Lead x-ray protection shield

(g) Aluminium filter (h) Microfocus x-ray source (i) Detector (j) Accurate

positioning stage

Calibration

For the determination of small ossicle movement later in the research, or the
determination of scanning resolution in this chapter, it is of utmost importance
that the pixel sizes are properly known at the different magnifications applied
in the scans. The magnification factor can be set to any desired value by the
user, with the accompanying scanner software which returns the according pixel
size. However, during the research it showed that these values thus obtained
do not correspond with reality and even differ about 10% (see figure 2.11). For
that we determined the calibration curve in order to calculate the correct pixel
size at any particular magnification. A small aluminium calibration object (see
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figure 2.11) was manufactured with three different diameters (1 mm, 3.95 mm
and 7.00 mm) at different heights, with a precision of 0.01 mm.

Fig. 2.11: The calibration object consists of three aluminium cylinders

with diameters of 1 mm, 3.95 mm and 7.00 mm and a precision of 0.01

mm. At every magnification factor the one cylinder was scanned which

maximally covered the imaging volume.

To minimize the error on the results, at every magnification the largest possible
diameter was taken which still entirely fitted the imaging volume. This way
images are taken at 15 magnifications, ranging from 14.14× to 70.04×. Although
the calibration formula can be used for any specified magnification, reliable
pixel sizes can only to be calculated in this range. Personal communications
with Skyscan learned that magnification factors returned by the software were
no realistic values, but are merely indicative. But as long as one obtains the
correct calibration curve, this does not really matter. A second order polynomial
curve was fitted to the data and resulted into the following relation between the
magnification factor MF and the geometric pixel size:

Pixel size(µm) = 0.9721 + 249.32/MF + 25.454/MF 2 (2.14)

Resolution calculation

The quality of imaging systems is mainly determined by the resolution of the
images. As there are several ways to define resolution, it is important to know
which one is used in this context. The ability to discern between two adjacent
objects with high contrast is defined by the high contrast small-detail resolution,
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Fig. 2.12: The calibration curve relating the inverse magnification factor

to the pixel size. The error on the data could not be plotted as it is in the

range of 0.3%.

or spatial resolution. Next to it, contrast resolution describes the ability to
discriminate between two adjacent objects with low contrast.

Spatial resolution can be quantified by determining the ‘point spread function’
(PSF), the image of an infinitesimally small elementary signal. Resolution could
then be defined as the full width at half maximum (FWHM) of the PSF. Another
method is to measure the ‘line spread function’ (LSF), which is the response of
an infinitesimally thin wire. As this is simply an extension of the point source
case, the FWHM of the profile is again a measure for the spatial resolution.
However, in practice it is rather difficult to manufacture such small points or
wires, as they must be smaller or thinner than one pixel. A more convenient
way is to measure the ‘edge spread function’ (ESF), which is the image of an
ideal step function. This is easily manufactured, as it only acquires the imaging
of an object with sharp edges, such as a cube or a rod. The LSF is then the
derivative of the ESF.

Instead of using the FWHM of the PSF or LSF, manufacturers often use the
‘modulation transfer function’ (MTF) in order to calculate image resolution,
defined as the magnitude of the Fourier-transformed LSF. The inverse spatial
frequency where the MTF falls to 10% of its maximal value describes how much
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of the contrast at a specific resolution is maintained by the imaging process.
This approach has the advantage that it combines both spatial and contrast
resolution into a single measure, unlike the PSF or LSF, which only represent
a measure for the spatial resolution.

It is thus sufficient to only determine the ESF of an object with sharp edges, to
be able to calculate the LSF, the MTF and consequently the image resolution.
A technical report of the American Society for Testing and Materials (ASTM)
provides a standard test method for measurement of CT system performance
[23]. The report recommends the use of cylindrical rods in order to have sharp
edges in the images. The phantom rods were scanned at different magnification
factors (15× and 60×), for each type of the surrounding cube material. We
determined the resolution by evaluating the precise shape of the edges of rods in
the reconstructed images. This precise procedure was also extensively described
by Van De Casteele et al. [24] and is shortly resumed hereafter.

1. First, a Canny filter [25] is applied onto the image. It first performs a
Gaussian smoothing on the image, then calculates local gradients of this
smoothed image. This allows detection of edges in an image which results
in a contour map that is robust against noise but is still sensitive for weak
edges.

2. Through the edges a circle is fitted, since we know that the rods have a
cylindrical shape. The centre of this circle is the best estimation for the
centre of mass (CM) of the rod section.

3. The distribution of pixel values as a function of the distance to the CM
is determined and results in the ESF, from which the data can be fitted
with the following 4-variable expression:

{
E(x) = c1 + b

2 ·
(

1 + erf
(

(x−x0)

a
√

2

))
b = c2 − c1

(2.15)

4. From this expression, the exact values of a, b, c1 and x0 are obtained.
Knowing those parameters we can calculate the modulation transfer func-
tion (MTF):

M(u) =
∣∣∣b · e−2π2a2u2

· e−i2πux0

∣∣∣ (2.16)

5. The inverse of the width of the MTF at 10%, multiplied by the pixel size
is then used as the resolution of the images.
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The previous method for calculating the resolution of rod-like objects can not be
used for the gerbil TB images. To specify the quality of the images we calculate
the contrast value and signal-to-noise ratio (SNR) in the virtual slices. The
contrast was defined as the ratio between the object intensity So, calculated as
the average grey value in a selected region within the object, and the background
intensity SB , the average value in a selected region within the background. The
expression for the SNR is based on the work of Kaufman et al. [26]; the method
requires that regions are selected with uniform density.

SNR = 0.655 · ST
SDB

(2.17)

Contrast =
SO
SB

(2.18)

ST represents the average grey value of the complete region, and SDB the
standard deviation of the background signal. Besides the contrast and SNR,
the edge width is determined as well. It is defined as the width of the peak
(at 10% of its maximal value) obtained as the derivative of the intensity profile
along an edge.

3-D models

All 3-D models pictured in this section were created with in-house developed
software (Modeller & Mesh3D; by S. Maas, Antwerp, Belgium [27]). With
that software first a semi-automatic segmentation of the relevant structures in
the virtual sections is performed using simple thresholding. These thresholded
images are then used for the construction of a 3-D model using a marching cubes
algorithm [28].

2.3.4 Results

Phantoms

The results of the microtomographic phantom scans can be seen in figure 2.13. It
depicts virtual slices of different phantom configurations at two magnifications.
In the middle row, the central part at 15× is scaled-up to fit the ROI scan at
60×. After a visual inspection it is clear that the edges of the rods become more
sharply defined where the geometry itself remains unaffected, and without the
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appearance of pronounced artefacts such as streaks. The only unwanted effect
is a raised background level thus a decrease in contrast. However, all rods that
are visible at 15×, can still be distinguished at 60×. Except for the plexi rod,
which can’t be clearly distinguished at either 15× or 60×.

The above sectional images are cropped to smaller regions that include one single
rod. Figure 2.14 shows the resolution for each of these regions; the experimental
errors on these values are calculated as the standard deviation on resolutions in 3
section images at different heights. Note that no results are given for the ‘plexi-
in-PVC’- or ‘plexi in alu’-configurations. In those cases the contrast between
the plexi bar and surrounding material was too low to determine reliable edges.
The graph reveals an overall improvement in resolution for larger magnification:
a given phantom configuration at 60× has almost 4 times better resolution than
at 15×. This is what we expect for a normal scan, but it still holds for ROI
scanning. The smallest resolution improvement is with a factor 1.2, in that case
(hole in PVC) the precise shape of the contour was difficult to detect reliably due
to a poor definition of the (noisy) edge. The maximal resolution improvement
was achieved for the ‘plexi rod in a plexi cube’ (6.3 times). This value is close to
the results of the bare rods where no disturbing material surrounded the rods
(PVC rod, improvement: 3.2 times - plexi rod, improvement: 8.7 times).

When we concentrate on the effect of the surrounding material (see figure 2.15)
we see that, in most situations (16 out of 18), resolution becomes worse when
the cube material is more dense than the rod material. This is in the line of
what we can expect; the more the surrounding structures absorb, the smaller
the dynamic range becomes in the region of interest, which results in a worse
reconstruction.

Furthermore, these results contradict with the assumption that objects need to
be symmetrical in order to avoid reconstruction artefacts when ROI tomography
is performed. When the rods were enclosed within the cubes, the phantoms
became highly asymmetrical (figure 2.8), but even then resolutions were found
to be comparable to those of the bare rods.

Gerbil temporal bone

Measurements of a gerbil TB were obtained for different magnification factors
as well. The extent to which the object exceeds the imaging volume is shown
in figure 2.9: at a magnification factor of 25× the object remains entirely inside
the imaging volume while at higher magnifications (50× and 100×) the object
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Fig. 2.14: Resolution calculations of phantom objects at 15× (top line)

and 60× (bottom line) result in the above figure. The configurations itself

are mentioned on the horizontal axis; e.g: ‘a PVC rod embedded in a cube

of plexiglass’ is referred to as ‘PVC in plexi’.
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Fig. 2.15: In this graph the resolution calculations are sorted by material

type. It can be seen that configurations with dense cube material mostly

result in images with worse resolution. The plexiglass rod could not be

distinguished in a PVC or aluminium cube because of poor local contrast.

exceeds more and more the imaging volume. To illustrate directly how the
resolution evolved with magnification for the ROI scans, we show the same part
of the manubrium - the thin, long part of the malleus which is attached to the
TM - as it was measured with different magnifications (see figure 2.16).

In table 2.2 the contrast, signal-to-noise-ratio (SNR) and the edge-width, as
well as the background and object signal in the cropped images are compared
for different magnification factors. From these values we conclude that, with
increasing magnification factor, the contrast and SNR decrease due to the raise
of background level. This implies that object features with low grey level values
become less easy to discern. However, one can clearly see (figure 2.16, insets)
that smaller details can be well distinguished and that edges become sharper.
This is illustrated in figure 2.16; intensity profiles along cross-sections across
the manubrium are shown for different magnifications. From table 2.2 it can
be seen that the edge-width decreases from 72.4 µm at 25× to 23.5 µm at 100
×. The edge-width is expected to decrease with magnification for conventional
tomography, now we find that this remains valid for ROI tomography.

As a next example of the usefulness of ROI tomography we show how fine details
in an anatomical structure can be revealed in virtual sections. At the ISJ (figure
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Fig. 2.16: Virtual sections of a gerbil temporal bone were cropped to the region

around the manubrium (inset), the thin long part of the malleus. The edges become

sharper when the magnification is increased. This can be seen in the slopes of the

intensity profiles taken from a cut-through of the manubrium. The small line on the

manubrium indicates where the intensity profile was taken.
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Contrast SNR Edge-width SO SB

25x 4.91 3.58 72.4 µm 114.4 23.3
50x 3.82 2.47 35.2 µm 108.6 28.4
100x 3.07 2.38 23.5 µm 107.1 34.9

Table 2.2: Image quality parameters of virtual slices from a gerbil tem-

poral bone, measured with ROI tomography

2.17, top row images) it is known that there is a small gap (±70 µm) between
the two ossicles. This separation is almost invisible in the normal scan at low
magnification, while in the ROI images with high magnification we see clear
boundary delimitation between incus and stapes. Visualisation of such small
details is important for the making of precise 3-D models.

As a final asset of ROI tomography we show that automatic segmentation of
section images, as a first step in 3-D reconstruction, can greatly benefit from ROI
scanning. We have illustrated this with 3-D models of the ISJ. Again, it can be
seen (figure 2.17, bottom row images) that the 3-D model at low magnification
doesn’t show a clear separation between the incus and stapes while at high
magnification the gap between incus and stapes is clearly visible.

2.3.5 Conclusion

Using a commercial microtomographic system (Skyscan 1072) we scanned sev-
eral phantom objects to investigate ROI tomography combined with a conven-
tional back projection algorithm, in an attempt to image smaller details. It was
shown that geometrical information was unaffected and that resolution, in most
combinations of rod and cube material, could be improved drastically.

In our introduction we discussed a couple of situations where we expected that
ROI tomography would still give acceptable 3-D information even while grey
levels no longer should reflect the local x-ray absorption: when there is enough
spherical symmetry in the scanned object and/or when the amount of material
outside the FOV is small or consists of low absorbing material (e.g. soft bio-
logical tissue). These hypotheses are confirmed by this study, but it was shown
that the conditions for valid ROI scanning are not very strict. Even with large
parts of the object exceeding the imaging volume, resolution with ROI scanning
improves compared to conventional (non-ROI) tomography. A phantom made
out of relative dense materials results in slightly worse resolution compared to
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Fig. 2.17: Virtual sections (top) and 3-D models (bottom) of the incudo-

stapedial joint. Small details, as the gap between the ossicles, can be

resolved when the magnification is increased.
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those made out of lower density materials, this is the fact at both low and high
magnification. We found that ROI tomography can be successful for objects
without (cylindrical) symmetry what allows for a broad range of applications.

It was also shown that ROI tomography can be of great help for scanning real
biological samples that contain finely detailed structures (e.g. gerbil TB). Al-
though reconstructed images show a decrease in contrast and have lower SNR,
image resolution nevertheless highly improved. When 3-D models are generated
from ROI measurements, small features can be visualised, and models based on
ROI scans can be very precise up to the finest details.
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2.4 Imaging techniques in middle ear research

2.4.1 Overview of alternative imaging techniques

Previously, a great spectrum of imaging techniques has been applied in ME
research. We restrict our discussion to a number of studies related to 3-D
modelling.

Radiographic imaging

The most basic application of x-ray imaging is the use of direct single-shot ra-
diographic images, taken from a certain viewpoint. The paper of Hüttenbrink
[29] is one of the few studies visualizing ME structures by means of direct ra-
diographic images. On page 24, figure 13 of the mentioned paper, a highly
magnified view of the human IS complex and incudal long process is shown.
The image clearly shows the x-ray transparent space between the LP and SH,
but lacks sufficient contrast to demonstrate the continuity of the thin and frag-
ile pedicle of the incus. Funnell et al. [30] showed a similar direct radiographic
image of an isolated human ME homograft, taken with a Skyscan 1072 tomo-
graphic scanner. The contrast was relatively high, and they concluded that the
pedicle was indeed a bony and continuous part. Direct radiography has the
advantage that images are relatively easy obtained and that the object does
not need special preparation. High magnifications can be achieved by mount-
ing the object close to the x-ray source. However, unless the ME is exposed
to the x-ray beam and detector, the absorption of x-rays by the surrounding
TB might result in poor contrast. Moreover, accurate 3-D interpretation of the
ME structures is impossible with single 2-D x-ray images. Figure 2.18 shows
two examples of radiographs from our own study, from a gerbil TB (left) and
a human ossicular chain (right). Both images are actually a single frame from
a series of projections, taken during the scanning process with a Skyscan 1072
scanner. Discerning various components in the gerbil image (left) is rather dif-
ficult, because the surrounding TB absorbs too much radiation and results in
a lowered contrast. This is much more easily done for the right image where
the ossicular chain is now completely isolated. One can even notice the thin
Haversian canals in the incus and malleus on an image of the isolated chain.
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Fig. 2.18: Two examples of x-ray shadow projections or direct radio-

graphic images. [A] Projection image of an intact gerbil ME and TB, the

voxelsize is 6.5 µm. Although it is difficult to achieve high contrast due

to the surrounding TB, yet some middle ear components can still be dis-

cerned in the image: (a) Malleus head (b) Semicircular canal (c) Stapes

(d) Cochlea (e) Manubrium (f) Tympanic membrane (g) Sulcus [B] X-ray

recording of an isolated but intact human ossicular chain, the voxelsize is

11 µm. (h) Stapes (i) Incus (j) Malleus

X-ray microtomography

X-ray imaging is mostly performed by computed tomography. Although the
human TB has dimensions of several centimetres, one is obliged to turn to
microtomography when the goal is to visualize and make dedicated models of
middle and inner ear components, due to their small dimensions. Because of the
relatively long scanning times, the use of x-ray microtomography is restricted
to visualization of ME structures at rest, or at least in a stationary position.

Decraemer et al. [31] used the Skyscan 1072 tomographic scanner to make real-
istic 3-D models of the human ossicular chain, based on slices with a isotropic
voxelsize of 21 µm. Large parts of the TB were trimmed away, so that the entire
TB fitted inside the imaging volume of the cone beam. Segmentation of the
relevant structures was performed in SurfDriver. They stated that imaging the
ossicular chain with this scanner was at the limit what the µCT scanner was
able to resolve. The 3-D models were aligned with the coordinates of observa-
tion points on the ossicles from a previous ossicular vibration experiment. This
permits clearer interpretation of the 3-D motion of the entire ossicular chain,
instead of individual points. An animated sequence of images, representing the
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configuration of the ossicular chain at several time steps during the oscillations,
is shown in Decraemer & Khanna [32]. So to some extent they extended tomo-
graphic imaging to acoustic experiments as well.

Vogel [33, 34] did similar modelling of intact human middle and inner ear struc-
tures. Their x-ray unit had a 10 µm microfocus x-ray source with cone beam
geometry, a tube voltage of 150kV and a current of 200 mA, which is much
higher than the Skyscan machines. This high power setup resulted in clear 3-D
models of the semicircular channels, the cochlea, ossicular chain, and the TM.
They could even make segmentations of the stapedial annular ligament and the
stapedius tendon.

The construction of anatomically correct 3-D models is a necessary condition
to perform reliable FE simulations [35, 36, 37]. Hagr et al. [36] also used
the Skyscan 1072 µCT machine to generate a highly detailed 3-D model of the
human stapes - the smallest bone in the human body - and its SF at a resolution
of 8 µm. They were able to distinguish the SF from the oval window, inspite the
extremely small intermediate distance, and observed that it closely resembled
a footprint. Kelly & Prendergast [35] used µCT for the scanning of an intact
human ossicular chain. No further details were given about the type of scanner,
nor about the scanning resolution. The anatomically accurate 3-D model of
the ossicular chain was integrated in a FE model of the external ear canal and
eardrum. The latter was previously obtained with nuclear magnetic resonance
microscopy. They observed that, at low frequencies, the instantaneous axis of
rotation changed across the frequency range. This lead to the conclusion that
the function of the ossicles is not to provide a mechanical leverage, since the
lever ratio rarely exceeded a value of 1 across the frequency range.

Tomography and microtomography are not solely applied for the imaging of
high-density tissue such as ME ossicles and TB. Sim & Puria [38] performed
soft tissue morphometry in human TB’s with the same µCT technique. They had
the ME exposed, in order to minimize x-ray attenuation and to reduce specimen
size. They achieved a resolution of 10.5 µm with a vivaCT 40 µCT scanner. The
current was set to 145 µA, the photon energy level to 55keV. By increasing the
scanning time to 9-12 hours, soft tissue visibility was considerably improved.
They managed to visualise several ligaments, including the connective tissue of
the IM complex. In our experiments on ME mechanics, scanning time was kept
as low as possible, about half an hour, in order to avoid post-mortem artefacts.
Soft tissue is hardly distinguishable in our images, due to low SNR and high
source voltage (80 kV). Nevertheless, the TM and some of the soft tissue were
visible after all. Figure 2.19 compares the results obtained by Sim & Puria
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(bottom panel B) with data of our own human TB experiments (top panel A).
In panel A the TM is clearly visible as a thin grey line, which embraces the
manubrium at the upper right part of the image. The SML is only hardly
noticeable on the right. The images of Sim & Puria in panel B show higher
contrast and soft tissue is clearly discernible in the right image. The same data
were used to construct a FE model of the stapedial annular ligament, which was
presented on the 2009 ARO conference [39].

Tympanic
membrane

Ear
canal

Malleus

Incus

Semi-circular
canals

Manubrium

SML

B

A

Fig. 2.19: (A) µCT image of the human TB at zero pressure (left), and

a cropped region of the middle ear region (right). The dataset has an

isotropic voxelsize of 35 µm, the scanning time was about half an hour. (B)

µCT images of an intact ear (left) and the region of the incudo-malleal joint

(right) obtained by Sim & Puria. Scans took 9-12 hours, the voxelsize was

12.5 µm (left) and 10.5 µm (right). (Bottom images obtained from [38])

More than a decade ago, similar studies (even though with a different goal)
were performed by Lemmerling et al. [40, 41]. With conventional CT machines,
they could discriminate the suspensory ligaments of the ossicles, the stapes
superstructure and ISJ. No modelling of any of the components was performed
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though. Their goal was to identify abnormalities of the ligaments and tendons
and clinically confirm diseased ME’s, based on the tomographic slices. The
fact that they referred to the CT slices (one-millimetre thick) as being of high
resolution, demonstrates the quick and tremendous developments in the field
of tomography since that time. Whereas at the time of our study, state-of-
the art commercial tomography machines achieved a resolution of about 8 µm,
now, only a couple of years later, resolutions are achieved in the sub-micrometer
range.

Synchrotron tomography

Conventional x-ray computed tomography is based on the difference in x-ray
absorption by different materials. It is rather challenging however, to differenti-
ate between different tissues if their x-ray absorption properties are quite alike.
Because of their low concentration of calcium, soft tissues are hardly discerned
from the background [38].

This can be overcome with phase-contrast CT, a variant of classic tomography
which takes into account the phase changes between coherent plane waves before
and after transmission through the object. Maps are generated of the local
refractive index distribution instead of its absorption coefficient. This way, soft
tissue, previously unseen because of low absorption, can now be visualized.

X-ray sources for µCT generate incoherent x-ray beams with a broad spectrum.
So the use of coherent radiation in phase-contrast tomography demands special-
ized equipment. Vogel [33, 34] used synchrotron radiation from the HASYLAB
laboratory in Hamburg (Germany) to perform geometric modelling of the hu-
man inner ear. This setup has some advantages over x-ray µCT; it produces
very intense and collimated beams with tunable energy (5-50 keV) which yields
higher image resolution in the sub-micrometer range. Vogel managed to visu-
alize and generate 3-D models of the modiolus and lamina spiralis ossea, both
components of the cochlea.

Some drawbacks of the this technique are that it is only accessible at a few placed
worldwide, and the storage and processing of such amount of data (several ter-
abytes) demands huge computer resources at this level of detail. Moreover, the
energy of the beam is that intense that it damages the most delicate structures
such as the hair cells.
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Magnetic resonance imaging

Magnetic resonance imaging (MRI) is the technique that comes closest to to-
mography in the sense that it generates virtual slices of the object in a non-
destructive way. It is based on the absorption and re-emission of radiowaves of
a specimen placed in a strong magnetic field. It yields excellent contrast of soft
tissues while bony structures are not well visualized. Recent developments re-
duced the resolution of MRI machines to the microscopic level, hence its name
magnetic resonance microscopy (MRM). As x-ray tomography shows exactly
the opposite, both techniques are thus complementary, except that the cost of
a MRI/MRM machine is a multiple of a µCT machine.

In his thesis, Van Wijhe [42] made 3-D FE models of the ME of human TB with
MRM; the images were obtained from the lab of O. W. Henson. Although the
details of the scanning process were not mentioned in his work, it is believed that
he inserted some contrast agent into the air-filled spaces. This brings out ‘air’
as a strong signal, while the signal of bony structures remains weak. This is also
seen in his second thesis concerning the ME of the moustached bat [43] where
airy spaces show up as white zones (strong signal) and bone remains black. He
mentions that the scanning process took several hours in order to obtain an
in-plane resolution of 100 µm. Henson et al. [44] imaged the isolated and fixed
cochlea of the moustached bat, but with an even higher isotropic resolution of
25 µm.

Funnell et al. [45] used MRM images to perform FE modelling of the ME, with
a resolution of 45 µm. Additional data was obtained from histologic sections
and moiré data of the eardrum. Also Elkhouri et al. [37] combined different
imaging techniques for the modelling of the gerbil ME. The TM was modelled
based on moiré data, the ossicular chain with MRM data (voxelsize 45 µm), and
the stapedial annular ligament with µCT data (voxelsize 5.5 µm) because of its
extremely small thickness. Supplemental data were obtained from histological
sections to determine the precise shape and attachment points of the ligaments.
The MRM images of Funnell and Elkhouri were obtained from the lab of O. W.
Henson.

Optical sectioning

A non-destructive and high-resolution alternative for histological sectioning is
orthogonal-plane fluorescence optical sectioning (OPFOS). This technique has
gained much interest since it was introduced by Voie et al. in 1993 [46]. In
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this technique, an object is first made optically transparent and stained with
a fluorescent dye. A thin sheet of laser light is casted onto the object, which
illuminates only these parts of the object lying in the plane of the laser light.
A camera captures the images of the object from an orthogonal point of view.
By translating the object to and from the camera, recordings can be made at
several depths of the object. This technique equally results in a set of slices,
and consequently permits the construction of 3-D models of the object.

Voie [47] used the OPFOS technique to image the extremely thin and fragile
structures of the cochlea, with an in-plane resolution of 16 µm. Recently, Buy-
taert et al. [48] visualized the same structures with an improved setup, achieving
a resolution of 2 µm, hence the name ‘High Resolution OPFOS’ . Figure 2.20
shows some images of a gerbil inner ear and the IS complex, obtained by Buy-
taert et al. At this level of detail they managed to bring out beautifully the
different membranes and ultrastructure of the modiolus in the inner ear, as well
as several canals in the SF and LP.

A

B

C

Fig. 2.20: Several images obtained by Buytaert et al. [48] with high

resolution OPFOS. The in-plane resolution is 2 µm. [A] Gerbil cochlea. [B]

Stapes and incudo-stapedial complex. [C] 3-D rendering of the same stapes

and incudo-stapedial complex. (Images obtained from [48])

Although this is a non-destructive technique, the chemical composition of the
object is extensively changed. Preparation of the object takes several days, as
it needs to be completely decalcified, dehydrated and stained with fluorescent
dye. Because the dye penetrates in all tissues of the object, the technique allows
simultaneous visualization of soft tissues and bony structures at a microscopic
level.
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Histologic slicing

Besides virtual sectioning techniques such as CT, MRI or (HR)OPFOS, there
is histologic sectioning [49, 50], the physical variant of ‘tomography’. 3-D in-
formation is obtained by physically cutting the objects into very thin slices and
recorded a series of images by a camera. High magnification can be achieved
by strong lenses while in-plane resolution also depends on the number of pixels
in the camera. Despite the high resolution (∼ 1µm) this technique has several
disadvantages. The object needs to be completely embedded in a fixation ma-
terial, preferably stained with a dye to highlight different tissues, and obviously
it is destroyed. The actual slicing of the object is a very time consuming and
meticulous process. Also the segmentation of the images is a labour-intensive
process which may be hampered by distorted (wrinkling, stretching, tearing),
missing or misaligned slices. Consequently, histologic slices are mostly used in
separate images to visualise only a small area of interest of an object, with much
detail.

Histology has been used to create 3-D models of the ME for visualization and
teaching purposes. Warrick & Funnell [51] have shared anatomical 3-D models
of the human ME on the internet, based on histologic and MRI sections. And
Wang et al. [52, 53] have developed a freely downloadable 3-D virtual model
of the complete human ear, TB and even the skull. Another model shows the
stapes and IS complex, including the capsular ligament, stapedius tensor and
blood vessels in the incudal LP. The user can interactively adjust the viewing
properties of each of the parts. All models were created from the segmentation
of 20 µm histologic slices. Figure 2.21A shows three screenshots of the different
models. The bottom row B shows similar images from a gerbil TB and ME for
comparison, created from our own data.

During the eighties and begin nineties the creation of 3-D models of the ME
for FE purposes was often based on histologic slices [54, 55, 56]. This was how-
ever more a necessity than it was for practical reasons, due to the absence of
appropriate alternatives. Microtomography and MRM became only commer-
cially available in the nineties and now mostly replaced histology as modelling
techniques.

Moiré topography

The geometry and/or deformation at static pressure changes of the tympanic
membrane is often measured with moiré topography, in human [57, 58], gerbil
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Fig. 2.21: [A] Screenshots taken from freely distributed software for visu-

alisation and teaching purposes. 3-D models are shown of the human skull

(left), the ME (middle) and the stapes and IS complex (right). All models

are created from histologic slices. [B] 3-D model of the gerbil TB used in

our study, shown for comparison. (a) Pressure tube (b) Temporal bone (c)

Ear canal (d) Semicircular canals (e) Blood vessel (f) Cochlea (g) Modiolus

(h) Sulcus (i) Pars flaccida (j) Malleus (k) Incus (l) Stapes (m) Pars tensa

(Top images obtained from [52, 53])
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[59, 60, 37, 61, 62] and cat [63, 64]. A light source casts shadows of a line
grating onto a surface, which is observed through a second grating and results
in a pattern of moiré fringes. From these fringes the height can be calculated and
converted into a 3-D height map. It is thus a non-contact full-field technique.
However, because the recording of images is a rather slow process, only static
or quasi static phenomena can be examined. In order to illuminate the TM and
simultaneously get a clear view of the tympanic membrane, one must remove
large parts of the TB. Sometimes the ear canal is trimmed down from the
outside [57], sometimes the TB is opened and several ME structures removed
[62]. Although a moiré topogram yields 3-D information of one side of the
object, it is not considered as a fully 3-D imaging technique. For visualizing the
ossicular chain, this technique is thus not the best choice.

2.4.2 µCT vs. alternative imaging techniques

As was just demonstrated, in time a variety of imaging techniques were applied
or developed to study the (middle) ear. Most of them were used in the context of
acoustic experiments, but seldom aimed at the description of ME behaviour in
a static pressure regime. The latter requires an imaging technique which meets
a number of demands. ME ossicles are the smallest bones in the body, and
their particular motion is very small, in the order of tens of micrometers. An
appropriate imaging technique must be able to discern these small configuration
changes of the ossicles and visualise them in a 3-D way. Preferably, the ear is
left intact in order to reduce dessication of the ME components, and to keep
them in their original configuration. And finally, the time needed to complete
the measurements must be reasonable, in order to avoid post-mortem artefacts.
The pro’s and contra’s of a number of imaging techniques are summarized in
table 2.3.

The following parameters are considered in the table: the resolution, the po-
tential of creating 3-D models, the time needed to obtain a complete measuring
cycle, whether the sample needs to be destroyed or not, the visualisation of
bone and soft tissue, the need for specific preparation of the specimen and the
effort needed to obtain quantitative results from the raw data (e.g. segmenta-
tion). The values for the resolution of µCT are obtained for resp. the Skyscan
1072 and Skyscan 1076 tomography machines, both used in this research. The
most up-to-date scanners even reach a resolution in the sub-micrometre range.
The measuring time is considered as ’long’ when real-time phenomena can no
longer be recorded. A technique is ‘destructive’ if the TB remains intact dur-
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ing the measurement, although dissection from the cadaver is needed in most
cases. Some parameters are indicated with ‘yes/no’, because the answer is not
unequivocally. With OPFOS for example, the TB itself remains intact, but its
chemical composition is changed extensively. And although results from moiré
topography are three-dimensional it does not generate complete 3-D models
of the ossicles. Moreover, it often demands the disclosure of the ME cavity,
although the ossicles itself remain intact. Moiré topography does meet this
requirement of high resolution for imaging middle ear mechanics, with a resolu-
tion of about ten micrometres. However, often the object must be coated (white
powder, Chinese ink, reflecting beads,· · · ) in order to reflect a sufficient amount
of light to the camera. It is clear that traditional CT and MRI scanners are of
no option as they obviously do not provide satisfying resolution, in the order
of a millimetre. As for histology, although contrast and resolution of histologic
images can be astonishing, it only suits well for visualisation purposes since the
specimen needs to be destroyed.

Ultimately, only µCT and MRM meet the objectives of this research. They
combine (fairly) good resolution with a 3-D representation of the data and the
possibility to keep the subject intact. However, MRM has the major disadvan-
tage that it only shows soft tissue, such as muscles and ligaments, but gives no
contrast for bony materials. This is convenient for the construction of anatom-
ically correct FE models of the ME, including its soft components. But it does
not meet the demands for our research, since the ossicles all consist of bone or
cartilaginous material. The measuring time is another concern for MRM. Very
good resolution (∼ 10µm) can be achieved, but the time required to complete
the scanning process becomes unreasonably long.

As for µCT, the scanning time is still an issue, but decent results can be obtained
within half an hour. Also, in order to obtain quantitative results from the
datasets, 3-D models must be constructed by (semi-)manual segmentation of
the data, which is a very labour-intensive process. Nevertheless, the equipment
most suitable for imaging the ME is µCT. It combines high isotropic resolution
(8µm for the Skyscan 1072, 35µm for the Skyscan 1076 tomograph) with good
contrast of the ossicles, while the datasets provide 3-D information about the
orientation of the ossicles. Because both desktop µCT scanners were located
near our laboratory, access and availability was not an issue here.
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2.5 3-D modelling

The determination of the ossicular motion starts with the construction of anatom-
ically correct 3-D models of the ossicles. They serve as input models in the
warping process. It is most important that these models represent the original
object precisely, in order to determine small displacements. If models are prone
to segmentation faults, it will influence the warping procedure and possibly con-
verge into a local instead of a global minimum. In that case, models will not
align optimally with the virtual slices and lead to erroneous ossicle motion.

2.5.1 Segmentation

The construction of models is done by segmentation of virtual slices. In each
image the region representing a cross-section of e.g. the malleus, is marked as
part of the future model. Depending on the object, we use a different software
package.

Ossicles

All segmentations of the ossicles are performed in Amira [65], which provides a
number of tools to facilitate the segmentation.

In early stage of our study, a simple thresholding algorithm was used in order
to obtain roughly defined contours, which could be manually corrected slice by
slice. The initial threshold value was chosen by experience and visual inspection
of the outcome. The effect of different threshold values is demonstrated in fig-
ure 2.22. In practice, no ideal value could be set in order to obtain a satisfying
result that balanced between the incorporation of noise and parts of the object.
Low values resulted in a low amount of isolated speckles, which was beneficial.
However, crucial parts of the object with low greyscale values, e.g. thin struc-
tures of the manubrium, were missed in the segmentation. On the other hand,
a high threshold value resulted in large amounts of noise and unwanted parts
of the image, selected for segmentation. Of course, the erroneous parts could
manually be adjusted one by one, but the time it would take, exceeded the time
for a manual segmentation starting from scratch. For this reason, after a few
first attempts, segmentation by thresholding was abandoned as a tool.

Numerous automatic segmentation algorithms are known, but most of them
only apply well in very specific cases. In this research, large parts of the images
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Fig. 2.22: (a) A manual threshold-based segmentation requires visual

inspection of the histogram in order to select the correct threshold value.

(b) This results in a segmentation which is all but perfect. (c) A threshold

value, which tends more to black, omits most of the noise, but excludes

important parts, such as the thin parts of the manubrium. (d) When the

threshold value is shifted more to the white, thin parts are included, as

well as lots of small ‘islands’, due to noise. The inclusion of light coloured

parts also implies that the malleus can no longer be discriminated from the

incus, as the contact surface between the two bones becomes part of the

model.
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are compromised with a considerable amount of noise, or lack high contrast.
Fully-automatic segmentation techniques generally result in sloppy contours and
hence ill-defined 3-D models. Correct models are only achieved by manual
segmentation or a combination of automatic and manual segmentation.

Instead of simple thresholding, a more intelligent ‘grow’-tool was used, which
not only takes the absolute greyscale into account, but also the gradient map.
Once an initial starting point is selected by the user, a region grows around this
point, until the edge of the object is reached, or until the user stops the growing
process. The result of the ‘grow’-tool is demonstrated in figure 2.23. Clearly, the
resulting segmentation is not perfect, even though several parameters controlling
the growing process can be adjusted by the user. The user can manually correct
small imperfections, relying on his knowledge of the anatomical shape of the
ossicles and on visual inspection.

The segmentation process usually starts with the slices in the original xy-
orientation. The user can immediately see and judge the effect of his actions
in one slice, but can hardly interpret the effect of it in the perpendicular direc-
tions. So, although contours may appear to be nearly perfect during the initial
segmentation process, most of the time they aren’t in the other directions. A
second and even a third segmentation sweep through the data is necessary to
obtain good results in the yz- and xz-orientation as well. Of course, this costs
a significantly increased amount of time to complete the segmentation process.
However, the time needed to correct the contours in xz- and yz-direction, is less
than an actual segmentation from scratch, which was the case in xy-direction.
Figure 2.23 shows one image before segmentation, after applying the ‘grow’-tool,
and after manual correction. The construction of an actual 3-D surface model
of the selected regions is performed by the ‘marching cubes’ algorithm , which
we describe in more detail in appendix B.

The marching cubes algorithm is able to produce models with voxel-size resolu-
tion, which results in a huge stack of nodes and polygons. As will be explained
later on, each of these polygons will be a facet of a tetrahedron when the FE
model is generated. The smaller the polygons, the smaller the FE mesh and the
more computer power is needed. It is essential that the number of polygons is
reduced (or ‘decimated’), prior to the generation of the tetrahedral model (see
figure 2.24, a to b). Besides a decimation, also a 3-D smoothing of the model
is used, in order to reduce any remaining irregularities, such as sharp edges or
bumps (see figure 2.24, b to c).
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Fig. 2.23: The task of accurate segmentation of datasets in Amira is demonstrated

in the following image sequence: (a) Thorough knowledge of the anatomical structure

of the object is required in order to (de)select (in)correct regions. (b) The grow-tool

provides a good first approximation of the final contour. (c) Some regions (indicated

with arrows in the previous frame) still need some manual adjustment, (d) as well as

the (result of the) segmentations in two perpendicular orientations. Initially, most

contours look very imperfect as can be seen in the rightmost panels.
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Fig. 2.24: The original number of polygons in an ossicle model, generated with

the marching cubes algorithm, greatly exceeds what computer resources are able to

handle, and need some editing in order to reduce the complexity. (a) This typical

model of a gerbil incus is composed of over 200k polygons. A detail (LP) of the model

is shown on the bottom. In spite of the accurate manual segmentation, it is clear

that these models look quite irregular. (b) When the number of polygons is reduced

to 10k (i.e. 5% of the original stack size) the model still looks a bit bumpy. (c) The

final models are slightly smoothened in order to flatten out small imperfections, but

only to an extent that it does not erase small anatomical details.
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Tympanic membrane

The segmentation of an image stack in Amira results in the construction of sev-
eral surfaces, representing the 3-D shapes of the ossicles and their surrounding
structures. These surfaces are closed, which is necessary for the construction of
3-D tetrahedral FE models. However, it is undesirable for the reconstruction
of a TM model. Different from the ossicles, this membrane does not move nor
rotate as a whole but only deforms under pressure. For this reason, the warping
algorithm is not applied on the TM. Instead, the deformation of its surface is
measured directly on segmented models of the TM, at different pressures. The
TM is so thin, it can be described, to good approximation, as a shell, instead
of a 3-D volume model.

Compared to the ossicles, cross-sections of the TM have more resemblance with a
one-dimensional line because of the limited thickness of the tympanum. Amira is
not very convenient for the segmentation of such thin and elongated structures.
For that reason, a different software package is used, called SurfDriver [66]. With
this package the contour of the tympanum can be manually traced and easily
adjusted, although it takes a long time to process the datasets of all pressure
levels, one by one. SurfDriver does not use the marching cubes algorithm to
generate the models. Instead, contours are build up by nodes and small line
segments, connecting these nodes. The nodes in a particular contour (or slice),
are being connected with the closest nodes in the preceding and following slices,
and so generating triangular polygons (see figure 2.25). The final model will
contain each of the nodes, defined while the contours are traced by the user.
This allows the user to decide for himself on the amount of detail. This technique
is a much more straightforward procedure than the marching cubes algorithm.
However, the drawback is that it’s less robust, since it may result in erroneous
surfaces when the objects become rather complex, which is the case with ME
ossicles. Luckily, the TM is a relative simple and smooth surface, so no problems
are encountered with the construction of these models.

Amira and Surfdriver use different coordinate systems. As for Amira, a node
in the origin has coordinates (0, 0, 0). SurfDriver takes the slice numbers into
account as well. For example, if the first slice in the image stack has number
300, the coordinates of the origin are (0,−300, 0). So in order to align, the
models of the TM need to be shifted 300 pixels in Y-direction.
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Fig. 2.25: The tympanic membrane is traced manually, slice by slice, by

placing several nodes onto the contour of the membrane. All nodes are

connected with neighbouring nodes, which results in a polygonal mesh of

the tympanic membrane.

Segmentation time

As already mentioned, the need for accurate and anatomical correct manual
segmentations makes it a very time-consuming job. Depending on the object,
it takes up to a week to finish the segmentation of one ossicle. Table 2.4 shows
a number of parameters for the dataset of gerbil G2 and the time it roughly
takes to complete the segmentation. The ossicles are segmented in the original
slices, which is in xy-direction, and further adjusted in the two perpendicular
xz- and yz-directions. Luckily, the warping process only needs one model, at
zero pressure. The TM however, is only segmented in the xy-direction, but
a new model must be constructed for every single pressure. The time for a
segmentation of a TM is approximately one day, as for an ossicle in one direction
it takes approximately two days. Ultimately, to construct every model needed,
it takes about one month.

2.5.2 Compensating misalignment

To determine the small ossicle displacements, it is extremely important that the
ossicles are described in exactly the same reference system. For this, subjects are
fixated rigidly into the tomographic scanner to avoid movement of the sample
between scans at successive pressure levels. The gerbil bulla is mounted in a
plexi container and secured onto the rotational stage of the 1072 tomographic
scanner. Before every scan starts, the stage returns to its initial position at zero
degrees to guarantee the same orientation of the bulla at every pressure level.
The human TB’s are scanned with the 1076 in-vivo scanner, in which the object
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Slices Pressures Directions Time Total time

Malleus 400 1 3 2 days 6 days
Incus 200 1 3 2 days 6 days
Stapes 200 1 3 2 days 6 days
Tympanum 500 9 1 1 day 9 days

Total 27 days

Table 2.4: The complete and accurate segmentation of middle ear struc-

tures (i.e. the ossicles and the tympanic membrane) is not done quickly.

The manual segmentation, slice by slice, is a tedious work, which takes

several days for each ossicle. In the table shown above, a rough estimate of

the segmentation effort is given, for each of the ossicles separately, as well

as the total time needed. The ossicles must be segmented for one single

pressure level, but in three different orientations, whereas the tympanic

membrane is only segmented in one orientation but needs modelling for

every pressure level. The experiments performed on gerbils are taken as a

reference, i.e. data of 9 different pressure levels needed to be processed.

stands still and the source and detector rotate around it. The TB is fixated in
the scanning bed with a piece of tape.

However, despite these careful precautions, both gerbil and human specimen
still show some movement at almost every pressure level, compared to zero,
albeit little. As an example, in figure 2.26(a) a difference image between zero
pressure and +100 daPa is shown for gerbil G1, in slice 350. It can be seen that
the figure is not entirely white, indicating that slices do not overlap perfectly.

When the warped models are used without correction, it is impossible to dis-
criminate real ossicle displacements from artefacts because of misalignment. So,
first thing to do before performing any calculations on the models, is to align (or
to register) the reference frames of all datasets with the first one at zero pressure.
The ossicles itself are obviously not suitable as a reference for the alignment,
since they all move when pressure is applied. Instead, we need a part of the
object, of which we know for sure it remains immobile under pressure, such
as the surrounding gerbil bulla or the human TB. For every pressure level, a
threshold-based model is created as large as the dataset allows us to, thereby
omitting the region where the ossicles are situated. All models are aligned with
the model at zero pressure level - the target model - by using an iterated closest
point algorithm (ICP) [67, 68], described in appendix C. This algorithm itera-
tively searches for the best rotation and translation parameters with which a
particular source model is transformed, in such a way it aligns optimally with
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the target. Once the optimal transformation parameters are known, the ossicle
models are all transformed in a similar way, using this information.

Fig. 2.26: Most of the datasets are somewhat misaligned compared to the

original dataset at zero pressure. This is demonstrated (a) by plotting the

difference between a slice at zero and non-zero pressure of G1. Perfectly

aligned data won’t show any dark regions in the images as the difference

would be zero, except for some random noise. (b) This difference becomes

visible when 3-D models of the middle ear structures are plotted simulta-

neously. Perfectly aligned models would result in an image as in (c), where

small irregularities onto the surfaces frequently intersect each other. Two

insets show this phenomenon more schematically.

The small initial misalignment is demonstrated in figure 2.26(b). It shows part
of the gerbil bulla (G1) and the sculus for two pressure levels (red being the zero
pressure). The surfaces are slightly irregular, due to the thresholding segmen-
tation process, and to the fact that no smoothing is applied. Before alignment,
the white model has a small offset - compared to the original one - but after ICP
(figure c) the models show much better overlap. This is seen by the fact that
the image shows more bumps, which implies that the surfaces intersect more
frequently than before. The process of constructing the large reference models,
aligning them and applying the alignation to the ossicles, usually takes a couple
of days, on a moderately fast PC.

2.5.3 Generation of tetrahedral models

The warping algorithm requires the construction of high-sampled FE models
in order to converge in a global solution. Amira provides an efficient tool for
the generation of tetrahedral meshes, based on the advancing front method.
This method progressively generates new tetrahedra on the condition that one
of its facets is situated at the surface (or ‘front’), enclosing the facets of the
already existing tetrahedra. The method takes the polygonal description of the
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model as the initial front, so every polygon on this surface brings forth one new
tetrahedron. As more and more tetrahedra are generated, the front advances
from the initial outer surface to the centre of the model, where the algorithm
terminates (see figure 2.27).

Fig. 2.27: The advancing front method is demonstrated in two dimensions.

The current front is plotted with a bold line, and is updated, after each

generation of tetrahedra, until the front vanishes when it reaches the centre.

The quality of a tetrahedral mesh is an important factor for the convergence of
the warping procedure. And, as the advancing front method is initially started
from the surface model, the quality of the latter is of great influence on the
final result. A high-resolution surface, consisting of small triangles, implies the
generation of tetrahedra with a small volume, and a huge increase in the number
of elements. On one hand, this is a good thing as the real shape of the object
is represented in good approximation. On the other hand, since the computer
memory is limited, the number of elements must be restricted as well. Amira
provides several tools for examining the quality of both the polygonal surface
model and the final tetrahedral mesh. Tetrahedra of bad quality sometimes
give rise to divergence when applied in FE calculations, such as the warping
algorithm. A number of cases are listed below and are shown in figure 2.28:

• One of the properties of tetrahedra is the aspect ratio, defined as the
ratio of radii of the circumsphere and the inscribed sphere. Ideally this
ratio lies below 50, or even better below 25. Tetrahedra with a large
aspect ratio look very spiky or rather flat. In any case, they look highly
asymmetrical, not resembling a ‘perfect’ tetrahedron with equal ribs and
thus inner angles. When ‘bad’ elements are found in a model, there are
two things one can do, manually translate one of the nodes, or flip edges
with one of the adjacent elements. See figure 2.28(d).

• The dihedral angle of an element is the smallest of all angles between
adjacent triangles, measured at their common edge. Elements with a
small dihedral angle, say below 10◦ or 5◦, also look spiky or flat, as it was
the case with elements having large aspect ratio, and must be avoided.
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Again, a vertex translation or edge flip might prove a good solution. See
figure 2.28(c).

• The advancing front method generates its first tetrahedra starting from
the initial surface, so the shape of these triangles determines the size and
shape of all subsequent tetrahedra. The aspect ratio, the ratio between
the radii of the circumcircle and incircle, is best to be kept under 20 or
even 10. A local remeshing or resegmentation can overcome this problem,
see figure 2.28(b), top. Another solution is flipping its edges with adjacent
triangles, see figure 2.28(b), bottom.

Fig. 2.28: (a) The aspect ratio of surface triangles directly affect the

quality of the generated tetrahedra. Triangles resembling the left one, with

a large aspect ratio, are to be avoided, while equilateral triangles (right)

are more beneficial. (b) A triangle with large aspect ratio can be remeshed

locally (top) or flip edges with an adjacent triangle (bottom). (c) The user

can manipulate tetrahedra with low dihedral angle θ or aspect ratio by

manually moving one of its vertices or (b) flip edges with adjacent elements.
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research. Recent Research and Developments in Optics, 3:271–296, 2003.

[59] J. J. J. Dirckx and W. F. Decraemer. Effect of middle ear components on eardrum

quasi-static deformation. Hearing Research, 157(1-2):124–137, 2001.

[60] J. J. J. Dirckx, W. F. Decraemer, M. von Unge, and C. Larsson. Volume displacement of

the gerbil eardrum pars flaccida as a function of middle ear pressure. Hearing Research,

118(1-2):35–46, 1998.

[61] C. Larsson, M. von Unge, J. J. J. Dirckx, W. F. Decraemer, and D. Bagger-Sjbck.

Displacement pattern of the normal pars flaccida in the gerbil. Otology & Neurotology,

22(4):558–566, 2001.

[62] M. von Unge, W. F. Decraemer, D. Bagger-Sjöbäck, and J. J. J. Dirckx. Displacement of
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3.1 Introduction

In the past we have developed different moiré techniques with the main applica-
tion being the measurement of TM shape and deformation under static pressure
loads (e.g., Dirckx and Decraemer [1, 2]). The moiré technique requires the ob-
ject 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 slightly different
angle. To obtain a free view of the entire external surface of the TM, the bony
ear canal has to be removed as close as possible to the AF, but the tapering of
the ear canal at its inferior end is so extreme that one cannot avoid having small
remaining pieces of bone overhanging the TM. If the medial surface of the TM
is exposed by opening the middle-ear cavity, the view of the TM and part of its
boundary is obstructed by the ME ossicles and, in some species (e.g. gerbil and
guinea pig), by the cochlea.

More recently we have also used x-ray µCT to measure the intricate 3-D geome-
try of experimental ears and for the 3-D description of ME kinematics (Decrae-
mer et al. [1, 2]). X-ray µCT is an imaging technique that produces a set of
virtual serial sections of an object. Contrary to physical sectioning techniques,
the sample is not destroyed and all section images are perfectly aligned. Con-
formation changes due to decalcification or cutting strain are avoided. Bone
absorbs x-rays well and is therefore defined with high contrast and very dark
grey levels; soft tissues such as the TM and ligaments have substantially smaller
contrast and a lighter grey-scale value and can - sometimes with the help of some
coating - also be outlined on the sections. The tomographic technique therefore
permits us not only to study the full 3-D shape of the TM from edge to edge,
but also the 3-D shape of its peripheral and central boundaries, namely the AF
and the manubrium. When the TM is subjected to a transtympanic pressure
difference, µCT permits us to study the details of the attachment of the TM to
its boundaries.

These functional aspects of the boundaries are especially significant when math-
ematical models (or FE models) of the ME are formulated in an attempt to
better understand the function of the ME qualitatively and quantitatively. The
validity and usefulness of such models depend greatly on the fact that the pa-
rameters used in the model are known from a priori observations and are not
based on mere assumptions, nor estimated on the basis of fitting the model to
indirect experimental results. µCT can provide information on the nature of the
BC’s for the TM that complements the measurements of membrane deformation
that we obtained earlier with the moiré technique.
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In this paper we have used x-ray µCT to measure the displacement and defor-
mation of the middle-ear components under static pressure loads in human and
gerbil ears. The gerbil ear is included in addition to the human ear because
the gerbil is often used in experimental and modelling studies of the ME. We
touch upon whole-TM deformations but concentrate on the description of the
functional aspects of the boundaries.
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3.2 Anatomy of the tympanic membrane with

focus on the boundaries

Structure and functional behaviour are strongly interdependent so we start with
a short overview of the anatomy of the TM, paying special attention to its
connections at its boundaries.

3.2.1 General aspects

The TM in mammals consists of a thin membrane with two distinct parts, the
PT and the smaller PF. The PF, the smaller most superior part of the TM, is
slightly thicker and more lax. The PT has a somewhat conical shape as if drawn
inward by the manubrium, which is coupled to the superior part of the PT. Nice
illustrations of the human TM features can be found in classical textbooks (e.g.
Anson and Donald [3] or Gulya and Schuknecht [4]) and for gerbil in our figure
3.1a in the next section. A more schematic drawing of the TM and its layers
can be found in figure 1.7 of chapter 1.

The PT is a layered membrane, with a very specific internal organization fea-
turing a thick outer epidermal layer, a thin inner mucosal layer and a more
substantial intermediate layer, the lamina propria (e.g.: Lim [5, 6], Shimada
and Lim [7], von Unge [8]). The lamina propria is composed of an outer sub-
epidermal layer of connective tissue, a double layer of densely packed fibres, and
another connective-tissue layer on the mucosal side (see figure 1.7). In the fibre
layer, bundles of collagen fibrils are distributed in a highly organized way in
radial (the outer layer) and circular (the inner layer) directions. Near the PF
some elastic fibres are also present.

The radial fibres generally run more or less straight from the manubrium to
the AF. These fibres become more closely packed as they converge on the
manubrium. The circular fibres mainly originate from the manubrium, describe
an arc inferiorly around the MU and re-join the manubrium on the other side.
Most of them are attached to the manubrium fairly close to the superior end,
near the short process. The circular-fibre layer is thinner than the radial layer,
and near the MU it is very thin or even absent.

In the mid-area between the manubrium and the periphery the thickness of
the PT is very small and it increases very slowly both towards the annulus
and towards the manubrium. PT thickness in human has been found to be
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very variable from individual to individual: using a precise confocal microscope
method Kuypers et al. [9] found, for three TM’s studied, mean thickness values
of 120, 50 and 40 µm. For gerbil, on the contrary, the thickness in the thinnest
central zone was found to be about 7 µm, and this was remarkably similar
for 11 different animals, although this might be influenced by the fact that all
samples were from animals belonging to the same strain, (Kuypers et al. [10]).
Although interspecies differences in size and shape of the PF are large, the PF
always has essentially the same epithelial and mucosal lining as the PT (Lim
[11]). The lamina propria is generally thicker than in the PT and is dominated
by loose connective tissue with randomly arranged collagen fibres (in contrast
to the structured arrangement in the PT) and elastic fibres, and an intricate
external and internal vascular plexus of blood capillaries, arteries, veins and
nerve networks (Lim [12, 11, 6]).

In gerbil the PF surface has small, irregular thickness variations. In the centre
a mean thickness of ∼23 µm was found; at a distance of between 100 and 200 µm
from the edge, the thickness increases steeply to a value of ∼82 µm (Kuypers et
al. [10]). Measurements on human PF thickness differ a lot from one specimen
to the other, as for the PT; Ruah et al. [13] mention thickness values ranging
between 80 and 600 µm, Kuypers et al. [9] report measurements between 50
and 140 µm. Close to its peripheral edge the PT thickness increases steeply (to
a value of about 5.5 times that of the thinnest part in gerbil, 1.2 to 2.5 times
in human) and the TM gradually merges into the AF. Most radial fibres pass
directly into the AF; some of them cross each other just before entering the AF
(Shimada and Lim [7]).

In the zone of the AF where it attaches to the bony tympanic ring, smooth
muscle cells with radial orientation have been found in various species including
both human and gerbil (Henson et al. [14]). These muscle cells may have a role
in maintaining tension in the TM (Yang & Henson [15]) but in TB preparations
- as we used in our present study - any such tension was no longer present.

3.2.2 Pars tensa boundaries

Peripheral boundary

Among different species the PT outer boundary varies from almost circular
(e.g. human and guinea pig) to more or less elongate elliptical (e.g. cat and
gerbil). Peripherally the PT is bordered by the AF which is firmly anchored in
the sulcus tympanicus, a groove in the bone of the tympanic ring. This ring
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of bone is incomplete at its upper part, ending at the anterior and posterior
tympanic spines. From these spines the anterior and posterior tympanic striae
(also named ‘mallear’ or ‘tympano-mallear folds’, or ‘terminal arches’) connect
to the processus brevis of the malleus, the superior end of the manubrium. For
example, for gerbil these structures can be seen in figures 3.1a-b. (We shall
explain later how these figures were created.)

Kuijpers [16] and Uno [17] show in the rat and guinea pig that the AF does not
connect directly with the tympanic bone but via an interface of specialized con-
nective tissue wherein the fibre bundles are dispersed into finer bundles before
making contact with the bone of the sulcus tympanicus.

Manubrial boundary of the pars tensa

A thickening very similar to that observed at the peripheral edge is observed at
the internal boundary with the manubrium (Kuypers et al [18, 9]). For guinea
pig Uno [17] reports that at the interface between the TM and the manubrium
the radial fibre bundles split into fine collagen bundles which then make contact
with the edge of the flat top surface of the manubrium bone that is flush with the
TM surface and can be observed through the ear canal. Based on the similarity
in the way the manubrium is implanted in the TM in guinea pig and gerbil, we
expect that this is most probably also true in gerbil.

The human manubrium has an elliptical cross-section which is entirely different
from the T-beam structure in gerbil and other rodents. The attachment to
the TM is also very different. Close to its inferior tip the manubrium has an
elliptical cross-section with its long axis parallel to the overlying TM, while more
superiorly the long axis of the cross-section is perpendicular to the TM. Near
the tip the extremely thick fibrous lamina propria splits up equally to embrace
the manubrium most intimately. The fibres in the layer wrap around both the
medial and lateral faces of the manubrium and blend with the perichondrial
layer overlying the cartilage surrounding the bony core of the manubrium.

Halfway up the manubrium the TM sits lateral to the manubrium and the num-
ber of fibres in the lamina propria has become smaller. A significant portion of
these fibres, compressed in an extremely thin layer, blend medially with the very
thin perichondrium of the manubrium. In the literature (Politzer [19], Graham
et al. [20], Gulya and Schuknecht [4]) the connection between the manubrium
and TM is described as a thin ‘stalk’ with a fibrous core, the plica mallearis
(PM), covered by the mucosa of the ME. At its upper end, the manubrium is
again firmly and closely connected to the PT.
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3.2.3 Pars flaccida boundaries

Human

In human the small, more or less triangular PF is a flush continuation of the
ear canal wall and from the ear canal no distinct superior border can be seen.
Superiorly the PF detaches gradually from the petrous bone of the ear canal
wall and inferiorly the border is formed by the anterior and posterior tympanic
striae described above.

Gerbil

For gerbil, the anatomical details of the boundary to which the PF is attached
are not well documented in the literature. The 3-D models that we will use
later to study deformation of the TM at these boundaries provide information
for describing the edge anatomy.

Figure 3.1a shows a 3-D image of a (right) gerbil TM as it is held within its bony
support as seen from the ME. In figure 3.1b the TM was left out in order to
highlight the supporting structures. The figures demonstrate the circular shape
of the gerbil PF. Figures 3.1a and 3.1g-i illustrate clearly that the PF plane is
reclined backwards by about 30◦ with respect to the annulus plane, forming a
crease (fold) between the PT and the PF at the level of the PB of the malleus.
Figure 3.1c shows how the PF is attached to a thin bony ledge anteriorly and
posteriorly and figure 3.1g-i illustrate that this is also the case at the superior
edge. The ledge starts at the anterior spine (more a broad inward bulge) and
ends at the much finer posterior spine. Inferiorly the PF is also attached to the
top end of the manubrium (figure 3.1d). The anterior stria, fills the fan shaped
gap between the upper edge of the PT, the lower circular edge of the PF and
the anterior end of the manubrium top. At the posterior end of the manubrium
top, the posterior terminal stria connects to the posterior spine. The striae are
thin membranes without any specific internal fibre organization (von Unge [21]).
Lim [11] mentions that some fibres from within the PF continue into the striae.
The crease between PF and PT follows the upper edge of the terminal striae
and reinforces the membranous part of the PF boundary, causing the functional
peripheral border - where the displacement of the PF is zero (or nearly zero as
we will see here) when over-pressure or under-pressure is applied to the PF - to
be almost perfect circular (Dirckx et al. [22]).
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3.3 Materials and methods

To measure the deformation of the TM under applied static pressure, with spe-
cial interest in what happens at the boundaries, we choose to use µCT scanning
as it has the advantage that the measurement covers the entire membrane and
is fully 3-D. In human the TM is sufficiently thick to be visible on the µCT
section images. For gerbils the problem was circumvented by applying a small
amount of water in the ear canal and letting it cover the TM. The water layer
worked as a cast of the TM and showed up on the µCT images.

3.3.1 Static pressures

To apply a static pressure over the TM we used a device that was developed in-
house and that provides pressures that remain stable (within a few Pascal) over
a long period of time using a feed-back circuit (Dirckx et al. [22]). The pressure
can be adjusted over a range of ±500 daPa in steps of 1 daPa. Pressures were
applied through the ear canal, hence positive pressures in this paper refer to
excess pressure in the ear canal; the ME cavity remained at ambient pressure.

3.3.2 µCT scanning

Human TB’s were harvested as cores about 7 cm long and 3 to 4 cm wide. The
bone is thick and has very dense parts. Because of the relative large size of the
sample, the Skyscan 1076 in-vivo µCT-scanner was used. Gerbil TB’s have ex-
tremely thin bony walls and have an overall size of about 1 cm3. These samples
were measured with the Skyscan 1072 that provided better spatial resolution.
We verified in a preliminary test that it was sufficient to wait a few minutes
after the pressure was applied to let the creep practically die out and then start
the µCT scan.

3.3.3 Scanners and scan parameter settings

The Skyscan 1072 is equipped with a fixed source-detector setup (see figure 2.10
in chapter 2) and the sample is mounted between the source and detector on
a rotational stage (see figure 4.1 in chapter 4). By moving this stage forward
or backward the magnification can be chosen. At the lowest magnification level
(14.14×) the maximal field of view is ∼2 cm, which is about what is required
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for a conventional scan of the gerbil TB. We have shown that ROI tomography
can be used to zoom in on parts of the specimen while allowing other parts of
the object to move out of the x-ray beam during the scan recording (Gea et al.
[23]). We showed that in this way the spatial resolution could be considerably
improved and small details, not visible in a regular full object scan, can be
revealed by a ROI scan, while geometrical information remains unaffected. A
magnification of 45 x could be used, resulting in a geometrical resolution of
6.53 µm per pixel. The scanning parameters were chosen to reduce the scanning
time (∼30 min) while retaining good quality of the reconstruction images. The
x-ray source was set at maximal power output: 80 kV, 100 µA, while 138 images
with averaging over two frames were recorded over an angular interval of 180◦

(angular step 1.3◦). The plexiglas container in which the TB’s were mounted
had the beneficial side-effect that beam-hardening effects were greatly reduced
so that the standard aluminium beam-hardening filter could be omitted and the
exposure time could be reduced to 2 s per acquisition, considerably reducing the
total recording time per applied pressure to about half an hour.

In contrast to the 1072, the Skyscan 1076 in-vivo µCT scanner has a classical
CT setup, i.e. a fixed sample bed with the source and diametrically opposite
detector rotating about the sample (see figure 5.1 in chapter 5). Two sample
beds with diameters of 38 mm and 65 mm are available to hold samples of
different sizes. For this study the smaller bed was used. Beam hardening effects
and image noise were reduced with a 1 mm aluminium filter and by averaging
over 10 images. The power output was set to maximum (100 kV, 100 µA) and
a rotation step of 0.6◦ with a total angular rotation of 180◦ was chosen. The
image magnification for this scanner is fixed, with a pixel size of about 9 µm.
A pixel size of 18 or 35 µm can be selected by binning 2×2 or 4×4 pixels; this
‘averaging option’ reduces the scanning time by a factor of approximately 2 to
4, as well as reducing scanning deficiencies such as ring artefacts. It is mainly
for the former reason that the sample was scanned with a pixel size of 35 µm,
leading to an exposure time of 474 ms per frame and a total scanning time of
30 minutes for each pressure step.

3.3.4 Human temporal bones

Measurements were performed on two human TB’s that were obtained from
the Universitätsklinikum Hamburg-Eppendorf and collected on the basis of the
Hamburg Autopsy Law from February 9th, 2000. The donors died of non-ear
related causes; TB1: right ear, age 72, male; TB2: right ear, age 34, female.
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Tympanograms recorded immediately after dissection of the TB showed no ab-
normalities. The TB’s were wrapped in a cloth moistened with saline and kept
in a plastic bag to prevent dehydration. During transport from Hamburg to
Antwerp the samples were kept at a temperature of a few degrees Celsius in
a cooler. In Antwerp the TB were slightly trimmed down to fit the 38 mm
wide scanning bed of the in-vivo µCT scanner. Care was taken not to dis-
rupt the cochlear and vestibular systems. For the scan the TB’s were wrapped
in Parafilm to avoid desiccation and firmly secured in the scanner bed with
adhesive tape, which is shown in figure 5.1 of chapter 5. The entire process of
dissecting, transportation, preparation and scanning was completed within 24 h
(TB1) and 48 h (TB2) post-mortem.

To apply the pressure to the ear the flexible tube from the pressure device
was passed through an ear plug firmly glued into the ear canal (EC). As no
effort was done to seal the ME cavity - human TB’s have always leaks to the
ME - the ME was at ambient pressure during the entire experiment. Before
the scanning sequence was started the pressure was within about a minute
swept twice between -500 and +500 daPa as a pre-conditioning stage. TB1 was
scanned seven times following the pressure cycle: 0, -100, +100, -200, +200,
-500 and +500 daPa. TB2 was scanned at a few more pressure steps (11 in
total): 0, -50, +50, -100, +100, -200, +200, -300, +300, -500 and +500 daPa.

3.3.5 Gerbil temporal bones

Two adult female Mongolian gerbils (Meriones unguiculatus) were sacrificed us-
ing carbon oxide gas; they were decapitated and their TB’s (with intact cochlea
and vestibular system) were carefully removed (G1 left ear, G2 right ear). We
checked that the ears had pristine TM’s. During preparation the TB’s were con-
tinuously moistened by working in the mist of an ultrasonic humidifier (Bonaire
BT-204) directed via a plastic tube (a few centimetres in diameter) onto the
specimen. A small perforation was made in the bulla to avoid pressure build-up
in the ME. A plexiglas tube (outer diameter 6 mm, inner diameter 3.5 mm)
was glued hermetically over the entrance of the EC. Care was taken that glue
did not enter the EC. The plexiglas tube was used to connect via a flexible
plastic tube to the pressure device and to hold the specimen in a thin-walled
plastic container that was mounted on the rotation stage of the µCT scanner
such that the plastic tube did not obstruct the rotation motion (see figure 4.1
in chapter 4). A small drop of water was put in the EC and allowed to run
onto the TM in order to visualize the position of the otherwise too-thin TM in
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the x-ray images. The gerbil bullar bone was sufficiently thin that during the
preconditioning pressure sweep we could follow the displacements of the malleus
tip on a highly magnified shadow x-ray image. This way we could also check
whether all connections were well sealed. Both ears were scanned with the same
pressure sequence of 0, -20, +20, -50, +50, -100, +100, -200, +200 daPa. The
first scan started half an hour post-mortem; the last one ended 5 hours later.

3.3.6 Segmentation, 3-D Modelling, Data Representation

Data in our experiments were collected as stacks of serial sections obtained from
the reconstruction of the µCT images. The section images were segmented to
construct 3-D models of the ME structures (TM, PM, ossicles). The sectional
images were also used directly to look e.g. at displacements of structures in
cross-sections. During segmentation structures are identified with contours in
consecutive sections and specialized software is finally used to produce the 3-D
model of the structure that is analysed. In a previous paper we have reviewed
some segmentation algorithms and the software packages that implement those
(Decraemer et al. [24]).

For the present paper we have used the packages SurfDiver and Amira for the
segmentation and model building. To obtain cross-sections in directions dif-
ferent from the coordinate planes in the section data stack, re-slicing was per-
formed using Amira (e.g. the cross-sections of the TM with differently oriented
planes shown in figures 3.4a-e and 3.5a-e were obtained this way). For the data
presentation Matlab, Amira and Mesh3D (Maas [25]) were used.
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3.4 Results

3.4.1 Human

Anatomy of the manubrium-tympanic membrane attachment (plica
mallearis)

In the anatomical introduction we discussed how in human the manubrium is
rod like and attached underneath the TM by the PM, while in gerbil (and many
other laboratory animals) the manubrium has a T-beam-like structure which is
attached along its flat top part to the TM.

Current information on the attachment of the human manubrium to the TM is
essentially based on histological sections (Politzer [19], Graham [20], Gulya and
Schuknecht [4]). Depending on the source, three to four sections are shown e.g.
at the MU, at the PB and at a few intermediate locations, but a complete view
is not shown.

With the information in the stack of section images from a whole ME µCT
scan we were able to construct a 3-D model of the entire manubrium, the PM
and the overlying external surface of the TM to show precisely the anatomical
relation of the TM to the manubrium in our specimens. In figure 3.2 we have
made a compilation of different views and aspects of this 3-D model based on
the scan data for TB1 at -500 daPa. At first it seems that it would have been
preferable to have used the data set at zero pressure, but unfortunately the
segmentation in that set especially at the PB was not clear-cut. With regard to
the discrepancy in width between our PM model and the histological description
from the literature -which we will describe later- we will see that the use of the
most negative pressure data set was finally not a bad choice. Section images for
TB2 showed that its PM had a width comparable to that for TB1, indicating
that the one model made is illustrative for the two human TB’s studied.

Figure 3.2A (left column) has an anterior and posterior view of a 3-D model com-
posed of the malleus, the PM making the connection between the manubrium
and the TM, and the onset of the TM anteriorly and posteriorly; the remaining
part of the TM was not shown for clarity. Figure 3.2B (middle column) shows
that the external surface of the TM is quite flat and that looking through the
ear canal one cannot see where the manubrium is attached below. (The three
thin lines on the external TM surface are fictitious sections with parallel planes,
to give a better idea of the surface curvature.)
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Fig. 3.2: Panel A displays anterior and posterior views of the medial aspect of

a 3-D model of TB1 (right ear) comprising the malleus, the PM making the con-

nection between the manubrium and the TM, and the onset of the TM anteriorly

and posteriorly; the remaining part of the TM was left out for clarity. Panel B

displays anterior and posterior views of the lateral aspect of the model, shows that

the external surface of the TM is quite flat, with hardly a trace indicating where

the manubrium is attached below. In panel C the malleus and PM model were en-

larged and separated from each other (both shown transparently), to better illustrate

anatomical details of both structures and their zone of contact. Width and thickness

of the PM can be judged from cross-sections with planes perpendicular to the long

axis of the manubrium, taken at locations labelled a to f (shown also on the right of

panel C). Please refer to the text for more details.
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In figure 3.2C (right column) the malleus and PM are shown at a larger magni-
fication and were separated from each other to better show the anatomy of both
structures individually and of their zone of contact. To illustrate clearly some
characteristics of the PM, especially its width and thickness, cross-sections with
planes perpendicular to the long axis of the manubrium, taken at locations la-
belled a to f (as shown in the smaller drawing at the bottom of panel C) are also
shown. The sections of the manubrium and of the lateral (solid line) and medial
side (dashed line) of the PM are drawn on the respective models. The PM has a
groove that embraces the manubrium all the way from the MU to the PB. The
delineation of the upper anterior and posterior edge of the PM of our model
are open to interpretation as it is hard to decide on a µCT section (or even on
a stained histological slide) where the PM ends and where the epithelium and
fibrous layer that encircles the manubrium starts. During segmentation of the
PM we stopped where it became too thin to be discriminated, which resulted in
the PM model shown that embraces the manubrium over one third to half of its
circumference. Below the groove the PM stalk narrows slightly down (mainly
at section c of panel C) to widen again all along its length to contact with the
overlying TM.

The shape of the cross-section of the manubrium changes along the manubrium
length as described in the anatomical overview above. The distance between
the external surface of the TM and the manubrium was smallest in the MU
region (section f: ∼150 µm) and increased when moving closer to the PB (e:
∼270 µm; d: ∼330 µm; c: ∼680 µm; b: ∼815 µm ) while right at the lateral
process it has decreased again (a: ∼440 µm). The width of the PM was smallest
at mid manubrium (section c: ∼680 µm; d: ∼540 µm). It was almost equal to
the width of the manubrium (i.e. the short axis of the elliptical cross-section)
in section c, and was slightly smaller than this in section d.

The distance between the TM and the manubrium is in agreement with histo-
logical findings, but in our model the PM is considerably wider than what was
seen on histological sections, where in the mid-zone (corresponding to our sec-
tion c-d) it showed up as a ‘thread’ about 1/5th of the width of the underlying
manubrium (Politzer [19], Graham et al. [20], Gulya and Schuknecht [4]). As
mentioned earlier, our model was made using the -500 daPa data set that should
have captured the PM in a stretched and thinned configuration. This discrep-
ancy in width could be caused by (i) shrinking effects during the histological
preparation, or (ii) moisture that had collected in the constriction and showed
up on the µCT images with a contrast similar to that of the tissue of the PM;
probably both effects could have played a role in making the histological width
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smaller and the µCT width larger. The observations of the TM deformation at
the central boundary and the conclusions that we base upon it will be discussed
in the light of this discrepancy.

Malleus tip displacement

3-D models of the malleus were made for all different pressure data sets. Dis-
placement for a given landmark could then easily be calculated as the magnitude
of the 3-D displacement vector for this point. Displacement values of the malleus
tip are shown in figure 3.3 (open squares (�): TB1, open circles (◦): TB2). For
comparison we also show with plus symbols (+) data from the literature by
Hüttenbrink [26] based on radiographic images of the ossicles under pressure
loads from 0 to ±400 daPa, and with cross symbols (×) data by Dirckx and De-
craemer [27] obtained with moiré topography over a range of ±160 daPa. The
TM layer covering the manubrium at its tip is thin and the connection to the TM
is very tight - Gulya and Schuknecht [4] emphasize this tight connection: “At
the umbo the lamina propria splits to envelop the malleus, making it difficult
to separate the malleus from the tympanic membrane without perforation”- so
that at this place the TM covering the malleus tip follows the underlying bone
closely. (That this is indeed so will be shown below in figure 3.6 of the section
Plica Mallearis.) All curves display a large asymmetry for positive and negative
pressures with a levelling off of the pressure-displacement curve at high pres-
sures. Our measurements for TB2 are quantitatively in good agreement with the
measurements of Hüttenbrink and Dirckx et al. with plateau values of -370 µm
and 190 µm, while TB 1 shows a three times larger MU displacement (plateau
values: -908 µm and 514 µm). Although the reason for this large difference is
unclear, the ratio between the outward and inward MU movement is 1.8 for
TB 1 and 1.9 for TB 2, which is almost identical to the value of 1.9 found by
Hüttenbrink and Dirckx et al.

The points of agreement in the displacement versus pressure curves with litera-
ture validate the present measurement technique; the fact that substantial MU
displacements were measured is further a strong indication that the specimens
had not dried out during the experiments.

Deformation of the annulus fibrosis

To observe the deformation of the AF, cross-sections perpendicular to the annu-
lus plane and orthogonal to the annulus boundary were obtained after re-slicing
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Fig. 3.3: Displacement of the malleus tip is shown for two right human

temporal bones: TB1 (�) and TB2 (◦). For TB2 good agreement is found

with data from Hüttenbrink [26] based on radiographic images of the os-

sicles under pressure loads from 0 to ±400 daPa (+) and with data from

Dirckx and Decraemer [27] obtained with moiré topography over a range

of ±160 daPa (×). For TB1 the displacement was considerably larger.



3.4. Results 117

the 3-D image stacks resulting from the µCT scans. Sections for zero and for
maximal positive and minimal negative applied pressures were made by precise
manual segmentation. The location and orientation of the sections are indicated
on the 3-D models in the upper left corner of figures 3.4 and 3.5. The defor-
mation of the AF and the adjacent part of the TM can be seen in figure 3.4a-e
and figure 3.5a-e. Annotations indicate the rest position (0 daPa) and the posi-
tions for minimal (-500 daPa) and maximal (+500 daPa) pressure position. The
dashed lines represent the mid-line of the TM at the edges just before it merges
with the AF. These were extrapolated to let the lines for different pressures
intersect. In most cases the three lines intersect at a single point, or nearly so
(figure 3.5a-b). The point is situated at the base of the triangular thickening
zone of the TM where it blends into the AF.

Let us remark also that on the cross-sections a to e we can observe the rather
thick epithelium layer (∼0.25 mm) on the bony ear-canal wall (lateral), while
the mucous layer on the bone of the ME is not shown as it is so thin that it
could not be segmented as a separate layer.

Boundary conditions

In mathematical studies of deformations of membranes, plates or shells, various
BC’s are commonly formulated. A first condition to be met at a fixed edge is
zero displacement at the boundary. A second condition can specify whether the
edge is simply supported (or hinged) or fully clamped, i.e. whether the slope
of the structure at the boundary changes when the plate is deformed or not.
The simply supported condition is equivalent to assuming that the rotational
degrees of freedom are not constrained at the boundary, while the fully clamped
condition implies that the rotational degrees of freedom are constrained to be
zero at the boundary.

We showed in figures 3.4 and 3.5 that the mid-line of the PT performs a rotation
about a point at the edge between PT and AF; with this simplification of only
considering the mid-line, the PT would have a simply supported boundary, not
at the bony edge with the sulcus, but at the transition between PT and AF.
From figures 3.4 and 3.5 it is clear, however, that in reality the PT undergoes a
bending deformation in the entire wedge region where it thickens considerably
and merges with the AF. Such a deformation is different from what we expect
for a thin plate under either simply supported or fully clamped conditions. We
see that the mathematical classes used for the boundary description of plates
can only in a gross approximation describe the fine details of the deformation
of the TM at its peripheral border.
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Fig. 3.4: Cross-sections perpendicular to the annulus plane and orthogonal

to the annulus boundary for -500 (blue), 0 (green) and +500 daPa (red)

show the deformation at the peripheral boundary for TB1 (right ear). The

location and orientation of the sections are indicated in red on the 3-D

models in the upper left corner. The dashed lines represent the mid-line of

the TM at the edges just before it merges with the AF. When extrapolated,

the lines for different pressures intersect at a single point. The point is

situated at the base of the triangular thickening zone of the TM where it

blends into the AF.
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Fig. 3.5: Figure for TB2 (right ear), with lay-out similar to figure 3.4.

Except for images a and d, the extrapolated lines for different pressures

again intersect at a single point, or nearly so.
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Deformation of the plica mallearis

We studied the deformation of the PM as a function of pressure in a plane cross-
sectioning the manubrium along its length in a direction perpendicular to the
annulus. The intersection of this plane with the TM and malleus can be seen
in the upper left panel of figure 3.6 while the cross-sections of the TM and the
malleus are shown for 0 daPa, +500 daPa and -500 daPa in the other quadrants
of the figure. Results for TB1 are shown.

Fig. 3.6: Deformation of the PM of TB1 (right ear) as a function of

pressure in a plane sectioning the manubrium along its length in a direction

perpendicular to the annulus. The upper left panel shows the intersection

of this plane with the TM and malleus. Cross-sections of the TM and

the malleus are shown for 0 daPa, +500 daPa and -500 daPa in the other

3 quadrants. For positive pressures the MU is pushed inward and the

malleus cross-section rotates clockwise about the MU in the figure plane,

for negative pressures the rotation is counter-clockwise.

Because the chosen section plane is fixed in space for every pressure, one can
notice slightly different contours of the malleus. The middle-ear ossicles indeed
do not describe a pure rotational movement around a fixed axis perpendicular
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to the image plane, but a more complex 3-D movement, hence the contour of the
malleus in a fixed cross-section plane (chosen at zero pressure) changes slightly
as the malleus is displaced. For positive pressures the MU is pushed inward
and the malleus cross-section rotates clockwise about the MU in the plane of
figure 3.6, for negative pressures the rotation is counter-clockwise. We note
also that the distance between the manubrium and the external surface of the
TM changes with pressure. At positive pressures the TM pushes against the
manubrium and comes in close contact with it all along its length, which causes
a strong outward bump of the TM at the PB. At negative pressures the distance
widens and becomes largest at the PB and the bump reverses. The connection
between the malleus and the PT is seen to be the most firm at the MU, resulting
in a motion of the malleus that resembles that of a cross-country shoe flexibly
connected to a ski at its tip.

For TB1 the distances between the manubrium and the lateral side of the TM
were annotated in figure 3.6 at three locations along the manubrium. The
distance at the MU (point A) hardly decreases when EC pressure is increased
from 0 to +500 daPa (from 137 to 112 µm, a change of -25 µm); for a pressure
decrease from 0 to -500 daPa the distance increases to a greater extent (from
137 to 182 µm, a change of +45 µm). The PB (point C) on the other hand moves
away from the TM over a distance of 187 µm (579 µm -392 µm) at the negative
pressure and approaches by -106 µm (286 µm -392µm) at positive EC pressure.
The point halfway along the manubrium (point B) shows similar behaviour:
there was an increase of the distance by +133 µm at the negative pressure and
a decrease by -226 µm at the positive pressure. TB2 was not useful for this kind
of calculation since part of the TM at the site of the malleus handle was covered
with fluid at zero pressure (probably caused by a post-mortem effect), so we
could not make a precise segmentation of the lateral surface of the TM.

Inspection of an additional µCT dataset from a human TB with an implanted
middle-ear prosthesis (Otologics, METTM) contacting the body of the incus to
an electro-magnetic driver - which should not have altered the PM behaviour -
showed also a decrease in distance between the manubrium and the lateral side
of the TM at the positive EC pressures: at the MU 0 µm, at mid manubrium
-13 µm and at the PB -119 µm; at the negative pressure the distance widened
by +132 µm at the MU, +203 µm at mid manubrium and + 346 µm at the PB.
The result for the positive pressures indicates that the connection between the
manubrium and the TM was not as tight as for TB1, indicating inter-individual
differences of this aspect.
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Pars flaccida

We were not successful in making 3-D models of the human pars flaccida. It
looked as if one of the superficial layers had separated from the underlying
surface during the relatively long exposure to the static pressure. This made
segmentation and subsequent analysis impossible. In the discussion we will show
that we can fill in this gap quite nicely using some of our older moiré results.

3.4.2 Gerbil

General observations

As mentioned earlier, a small amount of water was dropped into the EC to form
a thin liquid making the external TM surface visible on the µCT sections. As a
drawback the AF and the epidermal layer on the EC wall, showing up with the
same grey level as the thin water layer in the EC, could not be distinguished
from the water during segmentation. Consequently in the 3-D models that were
made for gerbil we could only introduce the medial surface of the TM and the
AF edge. For the TM this is not really a drawback as the TM is extremely
thin in gerbil, but it makes it impossible to follow the deformation of the AF
as we could do in human. Let us emphasize, in view of the discussion of the
deformation at the edge that will be given below, that the peripheral bone was
very distinct and could be precisely segmented.

Two datasets (for animals G1, left ear and G2, right ear) were available with
complete pressure cycle recordings at 0, ±20, ±50, ±100 and ±200 daPa. Figure
3.7 shows the models at zero pressure (middle row), minimal pressure (top row)
and maximal pressure (bottom row). The larger part to the left is the PT
modelled all the way to the annulus. As mentioned above, only the medial
surface of the TM was segmented and thus shown. We see how the PT is pushed
laterally for negative EC pressure and medially for positive pressure, changing
the depth and the curvature of the cone. The figures for G1 and G2 also clearly
show the anatomy of the tympanic ring, which as a thin band structure at the
end of the external EC provides the peripheral support for the TM.

The smaller circular cuplike part at the right is the PF; for G2 its bony support
is also shown. It can be seen that the PF of G1 is already deformed even when
no external pressure is applied in the EC. Although this could be the result of
putting water into the ear canal, causing a small initial pressure (∼5 daPa),
this is contradicted by the result for animal G2 with a much smaller initial
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Fig. 3.7: 3-D models of the TM for gerbils G1 (left ear) and G2 (right

ear) at zero pressure (middle row), most negative pressure (top row) and

most positive pressure (bottom row) illustrate the resting and deformed

shape. The anatomy of the tympanic ring, which as a thin band structure

at the end of the external EC provides the peripheral support for the TM

is clearly seen. Only for G2 the bony ledge of the PF is shown. The figure

illustrates nicely how the PF deforms into a spherical cap.
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deformation. The same phenomena of an outward or inward bulged PF with no
pressure load applied was also seen by Dirckx et al. [28] who studied the PF
deformation as a function of pressure with a moiré interferometer in a gerbil
TB preparation with intact middle and inner ear. Some PF’s never became
perfectly flat at all, but suddenly flipped over when the pressure changed to
a small negative value. Here also, for both G1 and G2, the PF was sucked
outward as soon as the slightest negative ear-canal pressure step was applied.

Remark also in figure 3.7 how the crease between the PT and the PF continues
the circular bony boundary of the PF and that when the TM is pressurized,
only a slight deformation takes place in this zone.

Deformation of the pars tensa

3-D models of the manubrium, the TM and its bony circumferential support
were made for all pressure load configurations. Figure 3.8 shows, for G1 (at
the left) and G2 (at the right), profiles of the models for the TM and their
supporting bony rim taken in an anterior-posterior direction, perpendicular to
the manubrium (a to f), and one in an inferior-superior direction (g). On the
3-D models in the middle (view from the ME) the locations where the profiles
were taken are shown annotated with letters a to g. In each subpanel a to g,
are plotted profiles and inserts with enlargements of the profiles at the annulus
edge. For an overpressure of +200 daPa in the ear canal, the profiles crossing
the manubrium (panels a to d) show that the manubrium was nearly blocked
in comparison to the TM in its 0 daPa position while the free parts of the
TM changed their curvature from convex outward to concave outward. For an
under-pressure of -200 daPa in the ear canal, the manubrium moved considerably
laterally and the convex outward curvature of the TM became more pronounced.
This is in accordance with results from Dirckx and Decraemer [1].

Deformation of the pars tensa at the peripheral edge

The enlargements in figure 3.8 show that the TM’s of G1 and G2 are not de-
formed in a small region of about of 100 to 150 µm directly neighbouring the
bony edge (not so clear in G1e and G2f); this is true both in the sections per-
pendicular to the manubrium and in the section along the manubrium direction.
The edge between membrane and bone was well defined on the sections so we
are certain that the small ring where no deformation is seen is part of the TM
and not of the bone. At the inner edge of this ring the TM has a quite sudden
onset of the deformation (nearly hinge-like, conforming to the simply supported
BC) and further inward from this point there is also a gradual bending of the
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Fig. 3.8: Cross-sections of the TM models for G1 (left ear) and G2 (right ear) and

their bony rim in an anterior-posterior direction, perpendicular to the manubrium

(a to f) and in an inferior-superior direction (g). Enlargements of the profiles at the

annulus edge are also shown. For +200 daPa EC pressure (red), the profiles crossing

the manubrium (panels a to d) show that the manubrium moved little from its 0

daPa position (green) while the free parts of the TM changed their curvature from

convex outward to concave outward. For -200 daPa (blue) the manubrium had a

considerably lateral displacement and the convex outward curvature of the TM was

increased.
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membrane. The width of this ring coincides with a local thickening of the TM
that was reported by Kuypers et al [10] in her gerbil thickness study: “Near the
manubrium and the annulus, thickness increases steeply. At a small distance
from the annular edge, a pronounced local bulge was observed.”

Coming to the conclusion that we can assign a simply supported BC to the
TM not at the bony edge with the sulcus but rather at the inner edge of the
peripheral bulge in the TM shows again that it is not straightforward to decide
unequivocally about a mathematical class of BC’s on the base of a deformation
profile when the thickness of the membrane is so variable close to the edge.

Deformation of the tympanic membrane at the manubrium edge

The 3-D models of the manubrium, and the TM were also used to draw the four
cross-sections perpendicular to the manubrium top surface shown in figure 3.9
(labelled a to d on the malleus model at the top left) for the rest position and
for the extreme pressure loads -/+ 200 daPa. In gerbil the flat lateral surface of
the manubrium is embedded in the TM all along the length of the manubrium.
In figure 3.9 we see again that the malleus moved laterally when a negative
ear-canal pressure was applied but hardly any movement was observed for a
positive pressure. Under pressure load the TM hinged about the points where
it connects to the manubrium: the TM deformation relative to the manubrium
can be classified as simply supported.

Volume displacement of the pars tensa

The volume displacements of the PT were calculated based on the 3-D TM
displacement. Results are shown in figure 3.10. The displacements level off
for extreme pressures: we found +1.5 µl and -3.4 µl for G1 at +200 daPa and
-200 daPa respectively, and comparable values of +2.1µl and -3.1µl for G2. We
have also revisited measurements that we did years ago using a moiré-shift
interferometer (Dirckx and Decraemer [27]) on gerbil preparations similar to
those used for the real-time moiré measurements of PT displacement we did
with von Unge et al. [29]. Based on moiré measurements for two gerbils, PT
volume displacements were calculated for positive and negative ear EC pressures
and the results are plotted for comparison in figure 3.10. Curves for G1 and
G2 are comparable to those for the moiré measurements albeit that the present
volume displacement values are somewhat larger.



3.4. Results 127

Fig. 3.9: Four cross-sections perpendicular to the manubrium top surface

are shown (labeled a to d on the malleus model at the top left) for the rest

position (green) and for pressure loads of +200 daPa (red) and -200 daPa

(blue). Remark how in gerbil the flat lateral surface of the manubrium

is embedded in the TM. Under pressure load the TM hinges about its

attachment to the manubrium and the TM deformation relative to the

manubrium can hence be classified as simply supported.
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Fig. 3.10: Volume displacements of the PT calculated using the 3-D TM

displacement, compared with moiré measurements. The displacement lev-

els off for extreme pressures: +1.5 µl and -3.4 µl for G1 at +200 daPa

and -200 daPa respectively, and comparable values of +2.1µl and -3.1µl for

G2. Old unpublished moiré-shift measurements were also used to calcu-

late PT volume displacements for both positive and negative pressure. For

comparison, such data for two gerbils are shown.
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The somewhat larger volume displacements of the PT found in this study, com-
pared to our older moiré studies, are probably due to the much longer exposure
to each pressure step than in the rapid moiré measurements (∼30 minutes per
pressure step compared to 10 seconds). In both cases the accumulated creep in
the soft viscoelastic PT is thought to be at the origin of the larger deformations.

Deformation of the pars flaccida

The structure and composition of the PF is very different from the PT. The
mechanical properties of the membrane are therefore different as well which
will also strongly influence boundary phenomena. At the top left of figure 3.11
we have shown where four radial cross-sections (a-a’ to d-d’) of the PF were
taken. Profiles in figure 3.11 are shown for the PF in its position for extreme
pressures of ±200 daPa and for the rest position. Notice that the points a, b,
c, d and a’ are at an edge with the bone, while points b’, c’ and d’ are points
on the crease between PT and PF. For the negative ear-canal pressure the PF
has a nearly symmetrical profile. For the positive pressure the profiles show an
indent indicating where the PF made contact with the malleus head. Dirckx et
al. [22, 28] did not find such a phenomenon, although the pressure range was
identical. At the bony ledge the PF displays a simply supported BC. At the
crease between the PF and the PT (b’, c’, d’) the boundary is not perfectly
fixed. The deflection at the boundary at points b’ and d’ shows nearly constant
slope at the edge, this is also true at point c’; but here the nearness of the bone
of the manubrium top blocks inward deflection of the membrane. A simply
supported of fully clamped BC in this zone is not appropriate.

Volume displacement of the pars flaccida

In this study we found PF volume displacements of -0.52 µl (G1) and -0.63 µl
(G2) at -200 daPa and +0.71 µl (G1) and +0.51 µl (G2) at +200 daPa. Dirckx
and Decraemer [28] found displacements levelling off at (-0.37 ± 0.15) µl and
(+0.29 ± 0.17) µl for under- and overpressure, respectively, an average result of
five gerbils. Our volume displacement values are somewhat on the large side,
what could be explained by the same argument as given higher for the PT
displacements. The PF bulged further inward at maximal positive ear-canal
pressure, causing the PF to come in contact with the malleus head.
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Fig. 3.11: Four radial cross-sections (a-a’ to d-d’) of the PF were taken

for extreme pressures of ±200 daPa and for the rest position. Points a, b,

c, d and a’ are at an edge with the bone, points b’, c’ and d’ are on the

crease between PT and PF. For the negative EC pressure the PF has a

nearly symmetrical profile, for the positive pressure the PF made contact

with the malleus head indenting the profile. At the crease the boundary is

not perfectly fixed.
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Displacement of the pars flaccida at its centre

The larger deformation found in the present experiments can also be seen when
displacements of a single point at the centre of the PF are compared. Averaging
over G1 and G2 we found values of -520 µm at negative and +450 µm at positive
pressure.

Dirckx et al. [22] found considerably smaller centre displacements of -340 µm
and +300µm respectively for extreme pressure loads. Dirckx found a mean PF
diameter of 1.54 mm, while we found a mean diameter of 1.40 mm. This slightly
smaller diameter should give a smaller centre displacement, not a larger one.
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3.5 Discussion

3.5.1 Tympanic-membrane deformation measurements with

x-ray µCT versus moiré interferometry

For moiré the TM had to be surgically exposed, while for µCT the TB was
left intact. µCT required about 30 minutes per scan, moiré measurements only
seconds. The major difference was the ability of the µCT technique to look inside
the specimen, while moiré could only measure the shapes of exposed surfaces.
The two methods had comparable spatial resolution. For gerbil PT (figure 3.10)
and PF (figure 3.11) the µCT displacements were on the large side compared to
our previous moiré measurements. The edge between PT and PF in the present
measurements was found to be less rigid. Both observations may be caused by
viscoelastic creep as explained above.

Let us remark also that for the moiré measurements the preparation had the
tensor tympani muscle cut, the ISJ disarticulated and the incus, stapes and
cochlea removed. The fact that this did not result in a large PT volume dis-
placement agrees with the observation of Dirckx and Decraemer [30] that in
gerbil the displacement of the manubrium and TM remained unchanged from
the intact ear even at this extensive stage of dissection (stage 3 in the cited
paper).

For human, the present MU displacements for TB2 were in good accord with
values in the literature; TB1 had significantly larger displacements (figure 3.3).
Creep cannot account for such a large difference; an exceptionally flaccid mem-
brane might be responsible for these results.

3.5.2 Human

Pars tensa

In Dirckx and Decraemer [27] cross-sections of the external surface of a pres-
surized human TM in directions along the manubrium and parallel to the
manubrium were shown. The cross-sections of the PT for different pressures
all converged to one point that was considered the functional edge. We could
then not relate it to the position of the sulcus underneath. The extra informa-
tion in the µCT data (figures 3.4 and 3.5) shows clearly what happens at the
annulus edge: the thick part of the AF inserted in the tympanic sulcus remains
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immobile and the deformations start at the thinner part where the AF gradually
becomes TM.

Pars flaccida

In this study the µCT scan did not give good enough data to permit analysis
of the human PF. Some of our older moiré results on TM displacement with
static pressure can be used to complement this study. In a cross-section in a
direction along the manubrium (Dirckx and Decraemer [27]) we see that when
the PF is pushed inward it reclines superiorly more and more against the bony
wall. When the PF is sucked outward it gradually comes loose from the wall so
that the apparent contact point moves up more superiorly. The functional edge
point changes with pressure and the membrane hinges ‘instantaneously’ about
this sliding contact point. This mechanism is not in agreement with any fixed
edge BC.

3.5.3 Gerbil

Pars tensa

Using projection phase-shift moiré Dirckx and Decraemer [30] measured the
shape of the medial surface of gerbil TM after widely opening the bulla. Pres-
sures of 0 and ± 200 daPa were applied in the EC. The small peripheral ring
with zero displacement present in our gerbil data was overlooked in the moiré
data as only a functional boundary was determined. This edge should coincide
with the peripheral ring in the present experiments (figure 3.8) and exhibited
a close to simply supported BC. In the moiré paper we showed that there was
a sudden change in displacement of the TM at the edge with the manubrium
indicating a simply supported BC, which is also in accord with the present
finding.

Pars flaccida

Real-time moiré was used in studies on the mechanical parameters of the PF
(Dirckx et al [22, 28]). Locating the positions of fringes of consecutive order
along a line in the images and connecting these points, we obtained rather
coarsely defined cross-sections of the PF surface. Measurements were taken at
the external surface and the functional edge was estimated but not the relation
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to the hidden bone underneath. PF deformation was modelled as a sphere cap
which implicitly assumed that the PF was simply supported as we also concluded
here.

3.5.4 Large static versus small acoustical displacements

Our study on TM BC’s used static pressure loads over a range that our ears
are daily subjected to. Acoustic pressures are much smaller and vary rapidly
in time. Can we draw conclusions about the BC’s for acoustical pressures?
The material stiffnesses of soft tissues generally increase with the amplitude of
the applied load (e.g., Decraemer et al. [31], Wang et al. [32]) but, since this
presumably applies to both the TM and the fibrocartilaginous ring, the relative
stiffnesses probably do not change as much and the effect of amplitude on the
BC’s may be small.

As for the effects of frequency, we found for human TM that the stiffness (real
part of the Young’s modulus) increased by 50% over the wide frequency range
of 0.01 to 100 Hz (Decraemer [33]). The dissipative part (imaginary part of
the Young’s modulus) remained relatively small and almost constant over this
frequency range. Assuming that we may extrapolate our results, the stiffness
over the entire hearing range for most species would not even double.

Hence viscoelastic effects are not expected to change the stiffness of the TM at
the boundaries drastically and hence possibly alter the choice of most appro-
priate BC. We have some experimental data to support this speculation. In an
earlier experiment (Decraemer et al. [34], Fay et al. [35]) we have measured vi-
bration of the cat TM at closely spaced points (40 micron) along a line crossing
the manubrium in the anterior to posterior direction. A pure-tone stimulus over
a wide frequency range (0.1 to 23 kHz) was used. Observation was through the
external ear canal and the observation direction was kept constant. Unfortu-
nately, due to the overhang of the ear canal wall the zone close to the annulus
was not accessible and we have no record of the vibration at the peripheral TM
boundary, but we do have measurements at the manubrial boundary. In figure
3.12A the displacement as a function of position along the line of observation
points crossing the manubrium was plotted for different phases during the cycle.
In figure 3.12B the displacements relative to the manubrium are plotted: from
the displacements at points in the pars anterior we subtracted the displacement
of the anterior manubrium edge and from the displacements at points in the
posterior we subtracted the displacement of the posterior edge. Displacements
were magnified by a scaling factor to make them visible on the mm scale of
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the 3-D plot of the manubrium; these factors, which are different for different
frequencies, are annotated on the plots. We show data at three frequencies. At
low frequencies (e.g. 585 Hz, figure 3.12A1) the TM is in its fundamental mode
and the vibration phases of the manubrium and points on the TM are the same.
At higher frequencies (7.6 kHz, figure 3.12A2 and 12.5 kHz, figure 3.12A3) the
mode of vibration has changed and the vibration pattern has broken up. In all
the B panels of figure 3.12 we see how the relative displacement of the TM at
the edges of the manubrium supports a simply supported condition within the
limits of the measurement uncertainty. This is exactly what we have concluded
in gerbil, based on our static-pressure experiment. That this is true up to the
highest frequency indicates that inertial effects do not seem to change the edge
behaviour.

3.5.5 Boundary conditions in mathematical models

We have studied the deformation at the boundaries of the TM in detail to learn
how the attachment of the TM to its boundaries behaves under static pressure
and how this behaviour can be described in mathematical terms. In principle a
mathematical model could be refined to such a high degree - e.g., specifying all
components and their interconnections to a level where fibres connecting the AF
to the tympanic sulcus are included - that the model replicates and describes
the real situation perfectly. In practice, however, the model is simplified at the
edge and some kind of BC is assigned.

Many mathematical middle-ear models have used simply supported, fully clamped
or a combination for the BC’s of the TM (Funnell et al. [36, 37, 38, 39], Rabbitt
& Holmes [40], Ladak & Funnell [41], Beer et al. [42], Fay et al. [43], Elkhouri
et al. [44], Eiber et al. [45], Ladak et al. [46], Qi et al. [47]). Changing in a
model from simply supported to fully clamped BC’s may cause differences in
response that depending on the characteristics of the model and the magnitude
of the applied load may be more or less important. For a flat circular structure
like the PF in gerbil the formulae for a flat circular plate given by Roark &
Young [48] (cases 10a and 10b in Table 24 with r0 = 0) predict increases of
the displacement at the centre by factors of around 4 when small (acoustic)
pressures are applied.

Other middle-ear models have included more explicit representations of the
connection between the TM and the bony annulus. Van Wijhe [49] modelled
the AF with reasonable Young’s moduli and concluded that it was effectively
rigid, thus justifying the use of clamped BC for the TM. Homma et al. [50] also
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Fig. 3.12: In figure A the displacement as a function of position along a

line crossing the lower manubrium was plotted for six phases during the

cycle (Decraemer et al. [34], Fay et al. [35]). In figure B the displacements

relative to the manubrium are plotted in a similar way: for the points in

the pars anterior the displacement of the anterior manubrium edge was

subtracted, for the points in the posterior the displacement of the posterior

edge. Displacements were scaled up by the annotated scaling factor to

visualize them in the mm-scale of the plot of the manubrium.
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explicitly modelled the AF but did not discuss its effect. Wada et al. [51] added
springs at the TM boundary without direct evidence that the corresponding
part of the TM really moves, and several other models have also used springs
(Williams et al. [52], Prendergast et al. [53], Koike & Wada [54]). Gan et
al. [55], Sun et al. [56] represented the coupling between the eardrum and
the tympanic annulus boundary by using elements that were approximately five
times softer than the remainder of the elements representing the PT. We see
that different ideas about how to describe the boundaries mathematically have
been adopted. One main problem was that no specific experimental data were
available describing TM behaviour at its edges. The present data are an attempt
to address this lack.
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3.6 Conclusions

In FE models of the TM it is common to use thin-shell elements and to apply
either simply supported or fully clamped mathematical BC’s. We found that
judged by the deformation at the edges with static pressures the choice is not so
straightforward and it is hard to decide a priori which of these conditions will
optimally describe the experimental results.

For gerbil the choice of a simply supported BC for the PF at the edge with the
bony ledge and for the PT at the edge with the manubrium is straightforward
on the basis of the displacement at the edge as measured with µCT. At the
crease between PF and PT and at the PT edge the situation is not so clear.
The thickness of the TM shows a small bulge close to the AF and deformation
only started at the inner side of this bulge.

In human the deformation of the AF is that of a thick wedge of material that
bends considerably at its tip, where the AF blends into the TM, but that is not
deformed at its thick end where it is held fixed in the tympanic sulcus. Choosing
a BC here is not easy, and a more detailed modelling of the structures here is
probably required. This holds also at the edge between TM and manubrium
where we also have a complicated boundary due to the interposition of the PM.
In human the PF makes more and more contact with the underlying bone as
the ear-canal pressure increases, and is pulled loose from this bone for negative
pressures, a situation which is not readily described by any simple BC. To
give firmer answers about how to model the deformation at the boundaries, the
thicker ring in gerbil and the exact shapes of the AF and tympanic sulcus should
be included in FE model in order to come to a decision about which model best
replicates the present experimental data. We defer this to a follow-up FE study
where we will model more generally all of our present results.
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4.1 Introduction

The function of the ME is twofold, first it is to match the impedance between
the air in the ear canal and the cochlear fluid in the inner ear, optimizing the
transmission of acoustic energy to the inner ear. Second, it provides a mecha-
nism to protect the inner ear from excessive pressures such as diving, sneezing,
atmospheric pressure changes or pressure build-up due to gas exchange processes
through the ME mucosa. The ME chain in mammalian species consists of three
ossicles which, in certain pressure regimes, behave as a flexible hinge. At the
same time small ligaments and muscles keep the ME chain in a configuration
such that it conserves the capability to process sound signals [1, 2]. The occur-
rence of non-zero ME static pressure alters the perception of sound, a person
will only notice a raised hearing threshold.

According to Lee & Rosowski [3] the acoustic velocity of both the PF and
PT deceased when the ME was subjected to static pressure, except for ME
under-pressures at frequencies higher than 2 kHz, where the effect was reversed.
Closely related to that, Murakami et al. [4] concluded that the stapes motion
in an acoustic regime was affected by the stiffness of both the TM and ME
chain, which in its turn is altered by its deformation and thus the applied static
pressure. Also Gan et al. [5] found a static pressure dependent ME transfer
function in human TB’s.

The IMJ and ISJ play a major role in the reduction of static displacements from
the malleus to the SF. However, despite the importance of the complex ossicle
chain deformations in ME mechanics in general and in hearing in particular,
not much effort was further made in the past to describe the movement of the
ossicles three-dimensionally at static pressures. Most of the research in this field
was performed on human cadavers.

Already in 1851 Weber [6] proposed the concept of a lever-like rotation of the
malleus and incus around an axis orientated from the AML to the PIL, the
so-called classical rotation axis. Helmholtz [7] confirmed this hypothesis but
pointed out that in human specimen the IMJ behaves as a semi-flexible joint
when acted upon with static pressures, whereas an acoustic stimulus results in a
functionally fixed joint. The latter results in an isodirectional motion transfer,
i.e. an outward displacement of the malleus induces an outward displacement of
the stapes. On the other hand, Tonndorf and Khanna [8] in human and Guinan
and Peake [9] in cats, reported flexible joint behaviour in the acoustic regime as
well, although the applied sound pressures were unphysiologically high due to
the insensitive techniques at the time.
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Cancura [1] used an electromagnetic probe to apply small forces (up to 10 mN)
onto the malleus and incus in human TB preparations. The malleus and incus
showed different displacements when equal forces acted on them, but this rel-
ative movement disappears with forces below 1 mN. Based on these results he
assumed the existence of a dynamic protective mechanism of about 120 dB. He
also concluded that both ossicles have no fixed rotation point but are rather in
a position to adapt to the oscillations of the TM.

This was confirmed by Marquet [2] in its description of the IMJ. The only
rotation axis present in the human ME originates from the AML and passes
the malleal ‘ball’, located at the IM articulation. The incus describes a 3-D
movement around this pivot point, similar to a ball-and-socket articulation. The
flexible properties of the IMJ provide a 3-D buffered effect, maintaining the LP
and stapes in a balanced vibrating position in relation to the oval window.

Hüttenbrink was the first who quantitatively described the movement of all three
ossicles at static pressures [10] in human cadavers. In his study microscopic and
radiographic techniques were used for one- and two-dimensional measurements
of the MU, LP and SH. The theory of an isodirectional motion between the
MU, the LP and SH was weakened, as he observed a predominant upward-
downward gliding motion of the ISJ when static pressures were applied. This
gliding motion was not yet described in great detail, but was already reported
by Helmholtz [7] and in acoustic experiments as well [8, 9] at very high sound
pressures. Among others, von Békésy [11] reported a tilting of the stapes and
SF, also at high sound pressures, which can be easily explained by this gliding
motion of the ISJ.

Experimental reports on the effect of static pressure on ME’s in animal mod-
els are few. Although in several papers no direct measurements of ossicular
displacements were described, they were indirectly related to these.

Dirckx and Decraemer [12] studied eardrum deformation by (quasi-)static pres-
sure changes at progressive stages of dissection of gerbil TB’s. They found that
the cochlea, stapes and the tensor tympani have no effect on static eardrum
deformation. In a paper of 2006, Dirckx et al. [13] studied the effects of slowly
varying pressures (±2.5 kPa) on the transfer function of the ME in rabbit ME’s.
Stapes displacement showed to be a highly nonlinear function of pressure, and
levelled of when pressures exceeded 1 kPa. Its minute motion (34 µm peak-to-
peak over a ±2.5 kPa pressure sweep) is a consequence of the complex joint
mechanics and ossicle displacements, but its movement is governed by frictional
and viscoelastic effects at lowest pressure change rates (<1 kPa/s). Also, post-
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mortem artefacts over a period of over an hour caused no significant changes in
MU and stapes motion.

An increasing number of studies deal with FE modelling of the ME and its
components, both in gerbil [14, 15], cat [16, 17] and human [18, 19, 20]. Most
of them aim at describing acoustical properties of the ME, at least in the low-
frequency regime.

The paper by Wang et. al [20] specifically reports on FE analysis of a human
ME model with changing static pressure ranging from -200daPa to 200daPa.
In that paper experimental results from Hüttenbrink [10] and Murakami [4]
were used for comparison in order to derive material properties which, in the
same paper, were used to predict ME behaviour for a dynamic stimulus. They
found that negative ME pressures induced higher stress in the TM compared
to positive MEP, while the stress in ligaments and tendons exactly showed an
opposite response.

Elkhouri et al. [14] developed a FE model of the gerbil ME in order to simulate
its mechanics at low frequency pressure changes (1 kHz, 1 Pa). They did incor-
porate the PIL, AML, SAL and the TM as attaching structures to the ossicles,
but omitted the ME muscles. The latter is based on the findings of Dirckx et al.
[12] who found that ossicular motion is not controlled by the two passive ME
muscles, at low pressures. Elkhouri found a predominant piston-like stapes mo-
tion (maximum 35 nm), and an umbo/stapes displacement ratio of about 3.5.
The ossicles were assumed to behave like rigid structures, and the IMJ and ISJ
were not modelled as they are both rigid at low frequencies, the LP was the only
part which was modelled as being flexible. Consequently, the transition from a
rotational incus motion to the piston-like motion of the stapes was attributed
to this flexible pedicle. Recent work by Ladak et al. [21] did incorporate static
pressures (±2.2 kPa) and tried to model static eardrum deformation of the cat;
its FE model only included the TM and an immobile manubrium. It showed
that in FE simulations, a linear stress-strain relationship is only valid for low
pressure levels and geometric nonlinear effects must be considered in modelling
the TM or any other ME structure with a large static pressure load.

In the present study we investigated how the ossicular chain in gerbil TB deforms
and changes its 3-D configuration when acted upon by large static pressures.
The measurements are based on x-ray tomography which allowed us to leave the
complete ME cavity intact. All our results of the position and displacements
of the ossicles and their rotation axes are 3-D. As this is the first complete
3-D study of the ME ossicular displacement at static pressure, only limited
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comparison with the data from literature, such as the displacement of specific
sites on the ossicles (MU, SH, ...) was possible.

In order to better understand our results, we will in a second step build a refined
FE ME model that incorporates all soft tissues that connect the ossicles to the
ME cavity (TM, ligaments, tendons) and that represents correctly the IM and IS
joints. Such model should not only simulated well static displacements but also
acoustic vibrations in combination with static displacement and e.g. provide a
mathematical framework to better understand tympanometric data.
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4.2 Methods

4.2.1 Specimen preparation

Gerbils become increasingly popular species in ME research. The reason is they
are inexpensive, easy to accommodate and dissection of the TB from a gerbil
cadaver is fairly straightforward, which makes it easy to perform measurements
on fresh and intact material.

Several specimens were used in preliminary experiments in order to select appro-
priate scanning parameters of the tomographic device (e.g. experimental setup,
exposure time, angular interval, . . .), for testing of the pressure device (stability,
leaks, . . .) and to analyse the performance of the hyperelastic warping method
(see section 4.2.4). These results will be omitted from the results section as they
are beyond the scope of this paper.

We present results of experiments performed on two adult female Mongolian
gerbils (Meriones Unguiculatus), labelled G1 and G2. Only one of two ears of
the animals was used; the left ear of G1 and the right ear of G2. The animals
were anaesthetised with CO, after which the TB’s were prelevated within half an
hour. Each bulla was perforated in order to make a small ventilation hole (φ=0.5
mm), in this way pressure build-up in the ME is avoided. An exposed gerbil TB
would show greatly reduced displacement of the TM within minutes when not
kept in a completely humid atmosphere. However, the effect is quickly reversible
when the TB is again humified [22]. A Bionair water vaporizer spread a humid
mist over the preparation table, so during the dissection and preparation process
the ears were kept in a 100% humid environment.

Experimental setup

The external ear was removed and a plexiglas tube (outer diameter = 6 mm,
inner diameter = 3 mm) was glued onto the ear canal entrance using small
drops of cyanoacrilate glue (Loctite 401). Special care was taken not to spoil
glue onto the TM or other surrounding structures. The outer end of the tube was
connected to a pressure device to apply pressure in the ear canal. Consequently,
all mentioned pressures are considered from an ear canal point of view, i.e.
pressures are e.g. indicated as negative when the pressure in the ear canal is
lower than that in the ME.

The tube with the attached TB was firmly mounted in a closed plexiglass cylin-
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der which could be accurately positioned on the sample holder of the x-ray µCT
scanner. Similar to what was done in the bulla, a small hole was made in the
cylinder to avoid pressure build-up due to temperature and pressure fluctua-
tions. During the entire experiment a piece of wet tissue was placed at the
bottom of this cylinder, again to prevent the sample from desiccation. Figure
4.1 shows an image of the sample holder, with its different elements labelled.

a

b

c

d

e

f

Fig. 4.1: The sample holder used for the scanning of gerbil TB’s was man-

ufactured in-house, and consists of the following components: a Pressure

tube b Top cover with a small ventilation hole c Gerbil TB d Plexiglas

cylinder e Accurate two-directional positioning stage f Mounting screws

To apply a static pressure over the TM we used a device that was developed
in-house and that provides pressures that remain stable (within a few Pascal)
over a long period of time using a feed-back circuit (Dirckx et al. [23]). The
pressure can be adjusted over a range of 500 daPa in steps of 1 daPa. Nine
static pressures were applied in the following order: 0, -20, +20, -50, +50, -100,
+100, -200 and +200 daPa.

Preconditioning

When pressure is applied, the ossicles do not immediately reach a stable state.
They tend to move first quickly, then more slowly towards their final position.
This phenomenon is due to the visco-elasticity of the suspension structures, and
is called ‘creep’. In preliminary tests, we examined the presence of creep in two
gerbil TB’s directly after dissection, in a sequence as shown in figure 4.2. Several
positive and negative static pressures were applied to the TB’s, each during a
time span of one minute. After applying a new pressure, highly magnified x-ray
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images were taken with a 15 second interval. Because the gerbil bullar bone is
sufficiently thin, the precise movement of the malleus tip could be followed this
way. The figure shows the displacements of the malleus tip during the complete
pressure cycle, for specimen 1 (top) and 2 (bottom). Dashed lines indicate the
start of a new pressure step, each lasting one minute.

As was described above, the ossicles move quickly during the first second(s), then
movement levels off to a constant value. In some cases convergence happened
almost immediately (mainly for specimen 2), in other cases no stable plateau
was reached after a minute (e.g. specimen 2 at -200 daPa). It was sufficient to
wait a few minutes after the pressure was applied to let the creep practically
die out. Figure 4.2 also reveals a hysteresis effect; the malleus does not return
to its initial position when pressure is brought back to zero. This can be seen
during the 6th and even more during 11th minute, in both specimen.

Prior to all future measurements, the suspension structures will be ‘precondi-
tioned’ by cycling the pressure up and down the entire range (±200daPa) twice,
over a period of one minute. This allows visco-elastic components of the ME to
converge to a stable stress-strain relationship and reduce the amount of creep
and hysteresis [24, 22, 25]. During this preconditioning pressure sweep we can
follow the displacement of the malleus tip on a highly magnified shadow x-ray
image, this way we can check whether all connections are well sealed.

4.2.2 3-D metrology using x-ray µCT scanning

To measure the geometry and changes in position of the ME ossicles, scans of
the intact specimen were recorded using a commercially available x-ray µCT
scanner (Skyscan 1072). This machine is especially useful for scanning small
objects (diameter up to 2 cm), with high precision. The object is mounted on a
sample stage and stepwise rotated during the recording process, it can be moved
between the source and detector which are in a fixed position. The object is
exposed to a conically shaped x-ray beam with adjustable power (0-8 W) and
is entirely shielded with a lead cover.

The magnification factor can be set to any desired value, within the physical
limitations of the apparatus, by moving the object to or away from the detector.
At a given position between the point source and the detector, an imaging
volume can be defined as the cylinder with axis along the object rotation axis,
that its entirely within the cone of x-rays. Its shadow image hence fills the
entire detector surface. In the paper of Gea et al. [26] it was shown that
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Fig. 4.2: Preliminary experiments with two specimen revealed the pres-

ence of visco-elastic effects in the ME suspension structures. The graph

shows the displacement of the malleus tip, while a certain pressure cycle

is applied onto the tympanic membrane. Static pressures are indicated at

the bottom and are kept constant during one minute. During the 6th and

11th minute, pressure is again set to zero. Please refer to the text for more

details.
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low-contrast resolution of the reconstructed slices improves considerably when
objects are scanned at high magnification, even when parts of the object exceed
the imaging volume. This is called ROI tomography and allows us to maximally
increase the MF, while all three ossicles as well as the TM were still within the
imaging volume. A small number of preliminary radiographs convinced us that
the ossicles were within this imaging volume at all angles. This way an isotropic
geometric voxelsize was achieved of 6.5 µm. The 10% low contrast resolution is
about 20 µm (see section 4.4.2 for an argumentation of this value).

In preliminary measurements a trade-off was made between good quality of the
reconstructed images and the total scanning time. The latter is a crucial factor
in order to reduce post-mortem artefacts as much as possible. The exposure
time was reduced to 2 s per frame, averaged over 2 frames without aluminium
filter, while the x-ray source was set to a maximal power output (80 kV and
100 µA). A total of 138 images were obtained with angular steps of 1.35◦ over
an interval of 180◦ . The total acquisition time for a single pressure step was
about half an hour.

4.2.3 3-D Modelling

The creation of dedicated FE models starts with the construction of accurate
3-D surface models of the ossicles by semi-automatic segmentation of the µCT
images, slice by slice. The contours were determined in Amira (Template Graph-
ics Software, Inc.), first using a region-growing tool, next with manual correction
during a second pass through the images. This segmentation process was per-
formed and verified in images in the initial µCT slices. In areas where segmenta-
tion was difficult, images in perpendicular sections were also used. From these
segmentations, 3-D surface models were constructed using a marching-cubes
algorithm [27, 28]. A 3-D smoothing filter that conserved the total volume
removes most of the remaining small imperfections on the surface models.

In a next step these surface models are converted into volume models with an
advancing front algorithm provided by the Amira software package. Tetrahedral
elements are being created, starting from the 3-D surface model as the initial
front, and propagating towards the centre of the model. It thereby gradually
increases the number of tetrahedral elements until the internal volume of the
surface model is filled with tetrahedra.

Prior to the tetrahedral mesh generation, surface models were decimated to such
extend that we were able to perform the warping calculations with the resulting



156 Chapter 4. Gerbil middle ear mechanics

tetrahedral FE models, considering the available computer resources, without
loosing fine details of the models. This was mainly determined by trial and
error in preliminary calculations. The number of surface nodes was reduced to
3000 (malleus), 2000 (incus) and 5000 (stapes) nodes, roughly about 1% of the
original number of nodes. This resulted in FE models with about 20k (malleus),
19k (incus) and 16k (stapes) tetrahedral elements.

As a check for the overall stability of the TB sample during the long experiment,
parts of the bullar bone were also segmented and modelled. When models of the
bullae at different pressures were compared, they all showed small unexpected
displacements. This must be ascribed to small mechanical imperfections in
the positioning system of the tomograph. These artefacts were of the same
magnitude as the ossicle displacements due to static pressures itself. It was
thus necessary to align the datasets properly, prior to further processing. In
order to align all bulla models, rigid body rotation and shift were determined
with the use of an iterated closest point algorithm [29, 30]. A short overview of
the algorithm is given in appendix C. The same transformation was then applied
to the ossicle models as well, hence guaranteeing that all ossicles are described
in the same coordinate system of the bulla at zero pressure.

4.2.4 Hyperelastic warping

To determine with good precision the small deformations of the ossicular chain
when pressure is applied, we need a precise 3-D model of the ossicular geometry
at each pressure step. This requires the creation of accurate 3-D models of every
ossicle at every pressure step. Segmentation, ossicle per ossicle and pressure per
pressure, is a very time-consuming task. Moreover, it is difficult to manage an
objective segmentation, so models are always subject to personal interpretations
of the images.

To speed up and make segmentations independent of the operator we recurred
to a relatively new technique, hyperelastic warping (HEW) [31, 32], a compu-
tational algorithm that was developed by Rabbitt et al. [33]. It was used to
determine strain and stress fields in biological tissues from image data, such as
CT or MRI images, for the quantification of changes in mouse brain morphol-
ogy [34] and for the non-invasive determination of ligament strain [35]. Bowden,
Rabbitt and Weiss applied HEW to make a 3-D subject-specific geometric model
of a femur based on an existing FE template [31].

HEW needs two sets of data, in this case two stacks of tomographic images,
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a template (at zero pressure) and a target dataset (at a different pressure).
Only a single 3-D volume model (FE model) for each of the ossicles in the
template dataset is required. The algorithm is based on FE techniques and uses
the gradient maps of one dataset and the difference between two datasets as
a driving force in order to deform and align the template FE model with the
target dataset. This results in a one-to-one mapping from the points defining
the template geometry to the points defining the target geometry. So it reliefs
the burden of making dedicated FE models at different pressures as soon as the
template model is available. A major asset of HEW is that it is based on the
laws of continuum mechanics, resulting in physically admissible deformations.

Apart from setting a few parameters that guide the HEW procedure the method
is fully automatic. Once all 27 models are available, we have the full 3-D de-
scription of the ME geometry, ossicle displacements and hence the complete
ossicle chain deformation, at all nine pressures.

4.2.5 Coordinate system

It is not possible to choose a reference system that is equally well suited for each
of the three ossicles. Only the stapes has a built-in intrinsic orthogonal frame
with one axis (a) along the ‘piston’ direction (centre SF to centre SH) and the
other axes along the long (b) and short axis (c) of the SF, respectively. Choosing
this coordinate system we use nearly the same reference frame as Hüttenbrink
[10] which will facilitate comparison with his ossicular displacement results. We
choose a right-handed system for left ears and a left-handed system for the
right ears as illustrated in Fig. 4.3. For a left ear, axis a is more or less in a
lateral to medial direction, b more or less in a posterior-anterior direction and
c in a superior direction, parallel to the long process of the incus. The incus
long process is in this reference frame parallel with axis c and the LP is aligned
with a.

As we will see, the motion of the MU, the tip of the manubrium, consists of
a combination of all three components a, b and c. For convenience we will
describe its motion with the scalar D =

√
a2 + b2 + c2, representing the total

displacement component. The sign of D is always positive. To indicate whether
the MU motion is lateral or medial we will assign D a plus sign for positive
pressures and a minus sign for negative.



158 Chapter 4. Gerbil middle ear mechanics

Fig. 4.3: The coordinate system is chosen right-handed for left ears and

vice versa. The most important component is a, and points from the SH

to the SF, in medial direction. Component b has a more posterior-anterior

orientation, and c points in a superior direction, parallel to the incus long

process. Both b and c lie in-plane with the contact surface between the SH

and LP.

4.2.6 Screw axis

Any arbitrary 3-D motion of rigid bodies is a combination of rotation and trans-
lation. By properly choosing the location of the rotation axis the motion can be
simplified as a combination of a translation (or slide) along an axis and a rota-
tion around the same axis, which is then called the screw axis (SA) (see figure
4.4). A computational procedure to determine the SA for finite displacements
proposed by Angeles [36] was used in the present study.

r

Fig. 4.4: With screw axes, any 3-D motion of rigid bodies (in this case

a human malleus) can be uniquely described by a rotation around the SA

and a translation along the same SA.



4.3. Results 159

4.3 Results

Before presenting the warping results, we will discuss some control and try-out
measurements that aimed at the validation and the fine tuning of the warping
process for the specific application on the ossicular chain.

4.3.1 Hyperelastic warping

Until now the HEW technique was never used in ME research. There are a
number of potential difficulties due to the specific nature of the system and the
limitations of the tomographic recording process. Ideally, HEW is applied to
follow the displacement and deformation of a single object that occupies the
larger space of the data volume consisting of the stack of tomographic slices.
When further the contrast between the object and the surrounding space is high
the algorithm converges easily to a global solution. In our application, a data
block contains 3 different objects (malleus, incus and stapes) which must be
warped one by one and which occupy only a small part of the data volume,
together with bony parts of the TB that remains immobile when pressure is
applied onto the TM. Due to the reduced scanning time the contrast of the
recordings is limited. As most deformations of the ossicular chain are rather
small, the question is whether the warping algorithm is able to resolve these
deformations in a rather noisy context. It was also the lack of high contrast in
the images that forced us to perform manual segmentations, as fully automatic
segmentations resulted in erroneous models. Considering these arguments, it is
mandatory to first validate the warping technique for systems with such small
dimensions and even smaller displacements.

Visual inspection

The contours of a warped FE model should align perfectly at every slice, with
the image of the object in the target data at that particular pressure. After
the warping algorithm has converged and displays ‘normal termination’, a vi-
sual inspection of the results is advised, as it happens that a warping cycle
only converges into a local instead of a global solution (sometimes there is no
convergence at all). In that case smaller iteration steps must be taken, or the
penalty factor (which controls the convergence rate) must be lowered. Figure
4.5 illustrates the outcome of a converged warping cycle, for contours in 4 slices
of the malleus, at the MU (top), at the mid manubrium (middle) and at two



160 Chapter 4. Gerbil middle ear mechanics

regions of the malleus head (lower two rows). In column (a) the initial seg-
mentation is shown, in (b) the displaced malleus with the contours of column
(a), and in (c) the contours warped to the displaced malleus cross-sections from
column (b). We see that the warped contours match almost perfectly with the
displaced object (malleus).

Fig. 4.5: Four slices are shown of a gerbil malleus at the level of the MU

(top row), the manubrium (2nd row), the inferior part of the malleus head

(3th row) and at the superior (bottom row) part of the malleus head. The

contours of the malleus are plotted as well, in order to allow a visual check

of the warping quality. Column (a) shows the slices for the template data

stack (no pressure applied) with the contours of the initial segmentation of

the malleus. Column (b) shows the slices from the malleus displaced by a

-20 daPa EC pressure with the contours of the malleus from column (a).

In column (c) we see how the contours are warped to again embrace the

malleus cross-sections.
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Node density of the models

When creating FE models (volume models) from the surface models one ends up
with models containing typically a couple of hundred thousands nodes, far too
many to perform a warping analysis. It is necessary to decimate the number
of nodes to a reasonable amount to reduce the computing time and memory
requirements. One needs to be careful however not to simplify the models
to such extent that the final results are affected. As a check several versions
for the template model (0 daPa) were created with an increasing number of
tetrahedral elements. All were warped to the same target data set at -20 daPa
and with the same warping parameters. The total displacement of the malleus
tip was determined for the different node density models. MU displacement
as a function of the number of tetrahedral elements in the model was plotted
in figure 4.6. Except for the model with the smallest number of elements, all
models resulted in displacement values which fluctuate between 108 and around
114 µm. This indicates that the number of elements is not critical as long as
the models are not over-simplified. However, to be on the safe side for the
final calculations, we created all future models with the number of elements
close to the maximum allowed with the available computer power and memory
(Asus Intel quad-core, 4×2.4 GHz with 8 GB RAM DDR2 memory running
under Windows). At the time of writing an updated, more performant version
of the warping software was provided by S. Maas [37]. It now allows warpings
somewhat beyond 20k elements with the same computer power. One additional
warping was performed with a FE model consisting of 23k elements, in order
to check whether models with an increased number of elements further affect
the results. The result is plotted as the grey dot at the right side of figure 4.6.
It confirms that the displacement value had indeed converged for models with
more than 16k nodes.

Warping accuracy

Direct displacement measurements As a check of the warping results we
compared a displacement obtained with the warping procedure with a direct
measurements in the images at the MU. First the stacks at zero and -20 daPa
were rotated and re-sliced in an orientation parallel to the manubrium at the
manubrium tip. The slices cutting at the level of the MU are shown in figure 4.7
(see insert for slice location). As can be seen, the manubrium tip displacement
is sufficiently large to allow for a direct measurement in the images, yielding
112 µm, which is exactly what we found from the warping process. This direct
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Fig. 4.6: The displacement of the malleus umbo is plotted against the

number of tetrahedral elements in the FE models used for the same warping

step, 0 to -20 daPa. When the number of tetrahedra is too low (<2000

elements) the warping converges to a value that is not in line with the

higher density models. At the high end (>20k elements) the number of

nodes is limited by the available computer power. The grey dot represents

an additional warping with a model consisting of 23k elements, using an

updated version of the warping software.
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measurement of the MU displacement was determined visually within 0.5 pixel,
or an accuracy of 3 µm. At the same time this result points out the necessity to
use an automated technique to determine objectively and precisely the ossicular
displacements at locations where these are smaller than those in the present
example.

Fig. 4.7: Two tomographic images slicing the manubrium tip are super-

imposed; their location is shown in the insert and was chosen such that the

MU was included. The displacement of the umbo for pressures 0 and -20

daPa is directly measured on the isotropic images as 112 µm.

Looped warping The warping algorithm uses two sets of tomographic images
at different pressures (one template and one target) and a FE model, that
is made with the zero pressure dataset. Next, the model is warped until it
aligns with the pressurized dataset. The template model and all of its warped
counterparts are described by an identical polygon list, as there is a one-to-one
mapping of nodes from one model to another. The number of nodes in models
is thus equal but their coordinates change as the model nodes is deformed or
displaced when pressure is applied. This allows for easy comparison of the node
position in different configurations, and displacements can be readily calculated
as differences in nodal positions.

The FE model is obtained by interactive segmentation of the µCT-slices which
involves some operator subjectivity. To check for the influence of the initial
model segmentation on the warping results, we warped the model resulting
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from a warping from 0 to -20 daPa, back from -20 daPa to the zero pressure
dataset. Figure 4.8 shows the model after this reverse warping (called the looped
warping), together with the template model. The two models align almost
perfectly, as the mean nodal difference between the looped model and the initial
one is 0.45 µm, and if only the nodal coordinates at the MU are compared, the
difference is 0.84 µm. The fact that the initial template model is found back as
a result of a warping process similar to all other warping calculations indicates
that the warping results are not biased by systematic errors in the definition of
the initial template model. The mean nodal difference of 0.45 µm gives us also
a good estimate of the precision of warping results; warping results are by far
superior to direct readings on difference images, the latter being affected by a
reading error of about half a pixel (3 µm).

Fig. 4.8: Two 3-D models of the malleus are superimposed; the first one

(black) is the originally segmented model, the second one (grey) after a

reverse warping from -20 daPa back to zero pressure coincides nicely with

the initial model. The magnified wireframe model at the right represent

the nodes at the MU (horizontally mirrored). Identical nodes in the two

models of the malleus tip differ no more than 0.84 µm. Warping results will

not be biased by the initially chosen model.

Sub-resolution accuracy Due to manual segmentation errors, the initial 3-
D model (before smoothing) of an ossicle may locally diverge from the real
shape by approximately one to three (in cases where segmentation is not so
straightforward) pixels. Much of the irregularities are filtered out by a 3-D
smoothing step, such that the errors are largely reduced to about one pixel.
So one could argue that the accuracy of the warping algorithm is proportional
to this value. However, the driving force causing the deformation of the FE
model is not determined by individual pixels in the images, but is merely a
combined effect of all pixels simultaneously. One pixel turning from black to
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white in one of the datasets, will only cause negligible effect on the outcome of
the warping. But when larger parts of the ossicle shift by one pixel, this will
certainly affect the driving forces and thus the displacement of the model. This
way, the accuracy on overall ossicle displacement is better than the resolution
in the images, the latter is about 20 µm (see section 4.4.2). This was already
demonstrated in the previous paragraph. A looped warping causes only minor
differences between the original and looped model, despite the different local
forces (on pixel level) on the FE model between the initial and reversed warping
step.

The fact that the warping algorithm achieves a better accuracy than the in-plane
resolution is further demonstrated by a second small experiment. Two datasets,
again at zero pressure and -20 daPa, were resampled to half of their original size,
the geometric pixel size was now 13 µm. The malleus FE model was warped,
based on these new datasets, and the outcome was compared to that of the
original full-size warping. The models again showed an almost perfect alignment;
the mean nodal difference was 0.52 µm, with a maximal value of 1.09 µm. If
(!) the accuracy were proportional to the resolution, the differences between
the original warping and the warping results with reduced dataset would be
significantly larger. Obviously, one can not indefinitely continue reducing the
size of the datasets, because at some point essential information will be lost and
the accuracy of the warpings will reduce after all.

A last proof of the algorithm’s sub-resolution accuracy was the following ex-
periment. We artificially created a new target dataset by giving the template
dataset an offset of 1 pixel (6.54 µm) in Amira. After the warping procedure, the
model showed a translation of 6.53 µm, which was surprisingly accurate. The
same was done with a shift of 10 pixels (65.4 µm), which lead to a translation
of the model of 65.3 µm. Finally, the template dataset was given a rotation of
1◦ (and 5◦), and resampled onto the original pixel grid. Again, results were
very accurate and lead to a rotated model by 1.01◦ (and 5.01◦). However, these
extremely small errors can not be regarded as the true error of the warping re-
sults. Indeed, except for the small shift or rotation, the original template dataset
and its transformed counterpart are identical, including the image noise. The
convergence will thus be much higher compared to a warping with a different
dataset. But nevertheless, small displacements can be traced, albeit not with
an accuracy of 0.01 µm.
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Rigidity of the FE models

The goal of the warping algorithm is to achieve perfect alignment between the
source and target data. This is done by deforming the 3-D FE space until an
energy function, associated with the difference between the source and target,
converges to a global minimum.

The warping process is guided by several control parameters which can be ad-
justed by the user. The most relevant are the amount of image blurring, the
driving force for FE mesh deformation (penalty factor), the number of iteration
steps and the material parameters. However, a variety of preliminary warpings
with different sets of parameters usually lead to only two distinct cases: the
algorithm is unsuccessful and ends with an error message due to numerical in-
stabilities, or it successfully ends up in a warping with is visually almost perfect
alignment with the image data. When the 3-D models coming from the suc-
cessful warpings were all aligned with each other, the difference between nodes
was very small (< 1µm) indicating that the results were fairly insensitive to the
exact values of the parameters. Only in a few rare cases the contours did not
show a perfect alignment with the images. They could easily be eliminated after
a visual inspection of the results.

It is not necessary to provide the algorithm with the exact material parameters
of the ossicles either, when one is interested in deformations only. We found
indeed that different material parameters lead to the same outcome, as long as
the penalty factor was set to a proper value. Only when one is interested in
the exact value of stresses in the FE model, a good specification of the material
parameters is mandatory.

The rigidity of the models was examined at pressures ±200 daPa by looking
at the strains in the models. Table 4.1 shows the maximal strains in the FE
models of the three ossicles, in percent. In all cases the strains were very small,
with a maximal value of 0.008% for the malleus at the MU of specimen G1.

However, even when all tetrahedral elements in the FE mesh display very small
strain, the deformation of the FE model as a whole might still be significant.
In order to inspect this possibility we aligned the +200 daPa models of a given
ossicle resulting from HEW with the zero pressure model using for this alignment
only the parts that may be expected to be most rigid - for the malleus, the
malleus head; for the incus the body; for the stapes, the SF - and looked then at
relative displacements of individual nodes between models at different pressure
at parts that are prone to deformation. This was repeated for -200daPa.
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The two lower rows of table 4.1 show the maximal change in position (∆r)
between nodes on the initial model at zero pressure and an aligned 3-D model.
The largest difference (0.8 µm) occurred at nodes of MU at -200 daPa, while all
other values are well below 1 µm.

Considering the millimetre size of the ossicles, and the magnitude of their dis-
placements which will be shown in the following sections, the deformation of
the models is negligible. Hence, for further warping it was assumed that the
ossicles behaved as rigid bodies which simplified the calculations.

Similar conclusions are drawn from low-frequency experiments by Guinan &
Peake [9] in cat ME’s, Gundersen et al. [38] in human, and adopted by Elkhouri
et al. [14] in its low-frequency simulations of the gerbil ME.

G1 G1

p (daPa) Mal Inc Sta Mal Inc Sta

Max. strain (%)
-200 0.008 0.002 0.005 0.004 0.003 0.003
200 0.004 0.002 0.006 0.002 0.002 0.002

∆r (µm)
-200 0.82 0.03 0.07 0.80 0.08 0.12
200 0.31 0.05 0.08 0.28 0.12 0.12

Table 4.1: Maximal strains in the FE models for the three ossicles at +

and -200 daPa are shown for G1 and G2. After aligning the 3-D models of

the ossicles at +200 daPa and -200 daPa with their respective models at

zero pressure, the maximal nodal differences between corresponding models

are given in the two lowest rows. Models show very small strain and little

deformation and can thus be treated as rigid bodies.

4.3.2 Deformations of the middle ear chain

The FE models (templates) of the ossicles at zero pressure (template) were
warped to the image stacks of the pressurized ears (targets), assuming all ossicles
as rigid bodies and using identical warping parameters. The outcome of this
were 24 displaced models: three ossicle at eight pressures. These volume models
were converted back into 3-D surface models, as in the following sections only
the displacement of surface nodes is relevant for discussion. Next, the stapes
model at zero pressure was transformed from the experimental reference frame
into its intrinsic reference frame: the axis through the SH and SF was aligned
with the x-, the SF long axis with the y- and the short axis with the z-axis.
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Hence, displacements along x, y and z correspond with the movement of the
stapes along the axes a, b and c, as defined earlier. The same transformation
was then applied to all malleus and incus models and stapes models at non-zero
pressure to bring them all in the same reference frame.

Clear illustration of 3-D displacements in a 2-D representation is not straight-
forward. We will therefore describe the deformation of the ossicle chain in a
few different ways. We will show (I) 3-D plots showing the displacement of
the individual ossicles as a function of pressure (II) the displacement of some
interesting landmarks along the ossicular chain (MU, LP, SH and SF) (III) the
position and orientation of the SA, and its rotation angle and slide, calculated
for each of the warping steps, will be shown for ±200 daPa, and (IV) and the
motion of the malleus and stapes relative to the incus ossicles will be shown to
clarify what happens in the joints.

Individual ossicle displacement

Malleus To illustrate the displacement of the malleus we show in figure 4.9
the 3-D malleus models for G1 and G2 in their rest position (light grey) and
in their displaced positions for different pressures (-20, -50, -200 and +20, +50
and +200 daPa). A 1 mm scale bar is given for the size of the ossicles. For
the negative pressures the displacements were enlarged by a factor of two for
clarity of the drawing and the 500 µm scale bar can be used to read off the
displacements (it takes this factor of two already into account). The much
smaller displacements at positive pressures were enlarged by a factor of 30 for
G1 and 10 for G2, and displacement scale bars for 30 µm and 100 µm are drawn,
respectively. Two viewpoints are used, one that looks at a sideways view of the
manubrium and a second one with a head-on view of the manubrium. With
these two orthogonal views the 3-D displacement of the malleus displacements
can be precisely tracked. The magnitude D of the total displacement is indicated
with a grey shade that can be interpreted on the grey scale bar at the bottom
of the figure.

At first it strikes that the motion of the malleus mainly takes place in the plane
of the sideways view (top row in each of the four panels) and that this motion
is nearly a pure rotation about a point at the centre of the malleus head. In
the orthogonal plane (second row) we see that the malleus has hardly any other
displacement than this rotation: at the extreme pressures of +200 daPa and -200
daPa, the in-plane displacement of the MU amounts only to a few µm. When
we follow the rotation of the manubrium with increasing pressure we see that
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the rotation angle is function of the pressure but that it is compressed for large
pressures. Figure 4.9 shows that the results of specimen G1 and G2 are in good
quantitative agreement with each other for negative, while for positive pressures
there is only a qualitative agreement with the displacements being about three
times larger for G2 than G1. The numerical values of the displacement and
rotation angles will be discussed in the sections below.

The next figure (4.10) shows the movement of the malleus for the extreme
pressures with respect to the entire ossicular chain in its rest position; two
orthogonal views of the malleus are again shown, for G1 in the upper row and
for G2 in the lower row. We see that the plane in which the malleus rotation
takes place is inclined with respect to the plane perpendicular to the plane of the
crura (the a,c-plane in the intrinsic stapes frame) and that the MU displacement
is at an angle with the stapes piston direction.

Incus In Figure 4.11 the displacement of the incus of gerbil G1 is shown; in
the upper panel for negative pressures of -20, -50, -200 daPa, in the panel just
below for positive pressures of +20, +50 and +200 daPa. For each pressure two
orthogonal views are shown: in the upper row of each panel viewing is along
the positive b axis of the stapes’ intrinsic reference frame (we see the incus
projected on the a,c-plane), in the row below a view along the negative a axis
(incus projection on the a,b-plane) is used. The incus in its rest position is
shown as a wireframe in light grey and the displaced model has a grey shading
that is proportional to the displacement perpendicular to the image plane (b-
component for row one, a-component for row two). Data for G2 are shown in a
similar way in the two lowermost panels of Figure 4.11. Displacement and size
scale bars are annotated.

For the positive pressure the displacements components are all very small (<6
µm) but results for G1 and G2 are somewhat different. For G1 the incus was
at +20 daPa and + 50 daPa almost at the same position, rotated over a few
degrees (in the a,c-plane) that caused the LP to move a few µm in positive a-
direction. Simultaneously there was sideways shift of a few µm in the inferior
direction (direction of the negative c-axis). When pressure was increased to
+200 daPa, the incus did almost return to its rest position. For G2, there was
a similar small rotation in the a,c-plane that was about the same at +20, +50
and +200 daPa, but the shift in positive c-direction was a little larger than for
G1. For G2 there was an extra rotation of a few degrees in the b,c-plane, which
also did not change from +20 to +200 daPa.
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Fig. 4.10: Movement of the malleus in relation to the entire ossicular

chain at rest in a superior (first column) and anterior view (second column).

Models are indicated in light grey, white and dark grey, for -200 daPa, zero

pressure and +200 daPa, respectively. Grey shading of the displaced models

is proportional to the magnitude D of the local displacement vector. The

angular offset between the manubrium and LP is clear and the asymmetry

between manubrium displacements for positive and negative pressures is

obvious.

For the negative pressures we see that the incus had mainly a rotational dis-
placement in the a,c-plane (row 1) both for G1 and G2. In the b,c-plane (row 2)
there is hardly any displacement. One can conclude that in the negative pres-
sure regime, the motion of the incus is predominantly a rotation mainly taking
place in a plane through the LP and the long process, while the movement in
anterior-posterior direction is almost negligible.

Let us have a closer look at the data for -200 daPa for G1. At the inferior
side of this vertical zone, nodes displace in negative a-direction with a maximal
value of about -70 µm at the LP, while at the superior side of the zone nodes
move towards the oval window, maximally 30 µm for the most superior parts of
the incus body. As already mentioned, displacements along b are much smaller
than those along a or c, with a maximal value at the medial side of the body.
These nodes move towards the IM-joint over 17 µm (direction of +b), as well as
the LP (5 µm), while the inferior-lateral side moves slightly away from it over -5
µm. In general, the component c is slightly smaller than a. The medial side of
the incus body moves over about -55 µm along this axis, and the LP over about
-40 µm (all at minimal pressure of -200 daPa). Except for a very small part on
the lateral side of G1, all nodes on the incus move in negative c -direction. This
indicates that the rotation axis lies very close to the lateral side of the incus.
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Fig. 4.11: The displacement of the incus at negative pressures (-20, -50 and -200

daPa; upper panel for G1 and third panel for G2) and at positive pressures (+20,

+50 and +200 daPa; second panel for G1, bottom panel for G2). In each panel a

top row shows a view along +b and directly below a view along -a as annotated.

The incus at zero pressure is shown as wire frame, the displaced models have grey

shading proportional to the component along the viewing direction. See text for

further description.
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Stapes Illustration of the stapes motion is easy as we can use its built-in
intrinsic reference frame. In Figure 4.12 the stapes displacement is shown with
orthogonal views, along the +c (frontal view) and along -b (sideways view from
posterior side) for pressures of -20, -50 and -200 daPa (rows 1 and 2) and for
+20, +50 and +200 daPa (rows 3 and 4). The displacements were scaled-up by
a factor (15× for negative pressure, 30× for positive pressure) and appropriate
scale bars for size and displacement are shown. For each pressure the displaced
model with grey shading proportional to the out-of-plane component is shown
with respect to the rest model, drawn as a wire frame. Referring to the scale
bars we see that displacements for negative pressures are only about twice those
for positive pressures. For malleus and incus the ratio was much higher.

When the positive pressure of +20 daPa to +50 daPa was applied the stapes
of G1 and G2 was pushed into the oval window in the piston direction (+a)
over ∼5 µm (see next section for numerical values), remaining hereby almost
parallel to itself and undergoing also a medial shift of a few µm perpendicular
to the crura plane (in the +c direction). When pressure was further increased
to + 200 daPa the stapes of G1 was hardly pushed further inwards but got a
further sideways displacement of the SF in the +c direction combined with a
tilt of a few degrees about the long axis of the stapes causing the SH to move
back in the -c direction. Between + 50 and +200 daPa G2 underwent a further
displacement into the oval window, and a further sideways shift in the anterior
direction (+b), without tilt of the SF as observed in G1.

Displacement of landmarks

A few landmarks nodes were selected on each ossicle, and their displacements
were calculated as a function of applied pressure. To reduce effects of noise on a
single node, the displacements of 3 to 4 neighbouring nodes at the landmark site
were averaged. For the malleus we look at nodes on the MU, for the incus at
the centre of the surface of the plate of the LP where it makes contact with the
SH and on the centre of both the SH and the SF for the stapes. Displacement
components for all these points as a function of pressure are listed in Tables 4.2
(G1) and 4.3 (G2). For G2 the values are given in grey colours for -20 daPa:
for a reason that remained unclear after many efforts to see what could have
gone wrong, the µCT data set showed displacements that did not fit in with
the results for the other pressures, so we had to discard them. In the next
paragraphs we will use a shorthand notation when discussing the results, e.g.
with a1/a2, we will denote displacements along axis a for resp. G1 and G2.
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Fig. 4.12: The displacement of the stapes is shown in a similar way as was

done for the incus in Figure 4.11, with a wire frame for the rest position and

a shaded model for the displaced stapes and using two orthogonal viewing

directions as indicated in the annotations. The two upper panels are for

G1, the two lowermost panels for G2. For further explanation please refer

to the text.
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In figure 4.13 we plotted some of the most important results, the total displace-
ment D of the MU (top), and the piston component a of the LP (middle) and
of the SH and SF (bottom) as a function of pressure for both specimen G1
(black) and G2 (grey). The three plots directly reveal a large asymmetry in
these displacement for positive and negative pressures. Numerical values for
this asymmetry are calculated from tables 4.2 and 4.3 (second column). For
MU we get a total displacement of 23/71 µm in medial direction at +200 daPa
and -382/-378 µm in lateral direction at -200 daPa. The LP, SH and SF have
very small and almost constant piston component of their displacement for all
positive pressures (a is maximal 6 µm, which is also small in comparison to the
values for MU), while for -200 daPa a raises to maximal values of resp. -64/-67
µm, -14/-23 µm and -15/-22 µm. Recall that negative values mean displacements
away from the oval window.

Component a is nearly the same at the SH and the SF; the difference is smaller
than 2 µm at all pressures in figure 4.13(c), the solid and dotted lines for the
SH and SF follow each other closely for G1 and G2. In the c-direction the
SH undergoes a relatively large displacement (-9/-16 µm) at negative pressure
(tables, 8th column) whereas the SF moves over a much smaller distance of 0/4
µm (tables, 11th column). The combination of the displacement of the SF along
a and the SH along a and c corresponds to a rotation of the stapes about an axis
parallel with the SF long axis but located off-centre, at the inferior side of the
stapes as we have seen the images of figure 4.13. In the four rightmost columns
of the table 4.2 and 4.3, the ratio of the a components of the displacement of the
LP and SH to that of the SF is listed. For MU the value of D is used instead
of a. For -200 daPa the displacement of the MU is strongly reduced, with a
factor 26/17, before it reaches the SF, which is only slightly pulled out of the
oval window even at this large underpressure. For +200 daPa the ratio drops
to 5/13, however with the SF-displacement being very small, the absolute value
of this ratio is not precisely defined.

Screw axis

Screw axes were calculated for every ossicle and every pressure step 0 to- 20; 0 to
-50; 0 to -100; 0 to -200 daPa and 0 to +20; 0 to +50; 0 to +100; 0 to +200 daPa.
With the assumption that the ossicles could be considered as rigid during the
warping process, the determination of their rotation axes was easy as it could be
precisely calculated from only three, widely spaced, non co-linear nodes. These
SA’s specify rotation and slide to bring the models from their rest position in a
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Fig. 4.13: Total displacement component D of the MU (top), inward

displacement component a of the LP (middle) and stapes (bottom) for both

specimen G1 (black) and G2 (grey) as a function of ear canal pressure.
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given pressurized position. These are some kind of ‘average’ SA’s calculated in
a given pressure interval. An alternative and even more meaningful ‘immediate’
SA could have been calculated in each incremental pressure interval, 0-20; 20-50;
50-100 and 100-200 daPa. When this was not done it is because the experimental
pressure intervals are not small enough - in principle they should be infinitesimal
- to enable a calculation of an immediate SA as a function of pressure. And
the experimental error on an SA calculated in a small realistic pressure interval
becomes also unacceptably large as differences in model position become small
comparable to the experimental uncertainty (a few µm). All SA results (rotation
angles and sliding along the SA) are compiled in figure 4.15.

In the first representation of the results showing the 3-D ossicular displacements
we have seen that the malleus and incus have a tendency to a rotational dis-
placement, which is confirmed here as their slide along the SA is small at all
pressures (< 7 µm). For the stapes, the displacement results are most clearly
described in terms of translations (e.g. the piston component) and rotations
(e.g. tilting of the SF about the long and short axes) in the intrinsic system.
We will therefore focus our discussion of the SA on results of the malleus and
incus to locate their rotation axis in space and to specify the amount of rotation.
Later we will dedicate a separate discussion to the differences in displacement
between the malleus and incus.

In figure 4.14 the SA’s for the malleus (red) and incus (blue) of G1 (top panel)
and G2 (bottom panel) are shown for all pressure intervals 0-20; 0-50; 0-100;
0-200 daPa; the length and thickness of the SA were scaled with the square root
of the respective rotation angle to compress the range. The rotation angles of
the SA’s increased with increasing pressure (hence the SA’s be recognized on the
figure, their lengths increase also with pressure) indicating that the displacement
was a monotonous increasing function of pressure.

For the malleus of G1 at negative pressure (first row) the SA’s have nearly the
same direction and orientation. They are nicely aligned with the line from the
AML to the PIL, or the classical rotation axis. This line crosses the saddle
shaped articulation between the malleus and incus. For the incus of G1 the
SA’s at negative pressures (except the first one in 0-20 daPa) go nearly through
the posterior incudal process and make an angle of a few degrees with the SA’s
of the malleus so that they pass at the superior-lateral side of the incus body
and miss the AML barely. The orientation of all SA’s for the incus is nearly
parallel to the SA’s of the malleus, with the exception of the first one in the
0-20 daPa interval which deviates visibly in direction and is located beneath
the superior end of the manubrium. The shift gives rise to an extra sideways
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displacement of the incus in the region where the other axes agglomerate.

For G2 (third row), the situation is similar but not exactly alike. The malleus
SA’s for negative pressure steps are all very well aligned. For the incus the
alignment is less perfect: all axes are nearly parallel except again for the one in
0-20 daPa which has an orientation and position that is somewhat different from
the others SA’s for the incus. The SA’s of malleus and incus do not coincide
so nicely in position and orientation with the classical rotation axis as this was
the case for G1, but they do all agglomerate in that neighbourhood.

For positive pressures figure 4.15 (left graph) shows that most SA rotation angles
amount only to a few tenths of a degree; the largest angles are for the SA of
the malleus of G2 at +200 daPa but exceed barely 1◦. It is therefore more
meaningful to conclude that, for positive pressures, there is hardly no rotation
for any of the ossicles. For positive pressures the slides in figure 4.15 (right
graph) are also very small for all SA’s, what is in agreement with the very small
displacements of the 3-D models in this pressure range seen higher.

As all SA’s for malleus as well as for incus did roughly have the same direction
for negative pressures it is meaningful to plot the rotation angles as function of
pressure (figure 4.15). Although we did not include the angles for the stapes
in the discussion, they were plotted along. The rotation angles for positive
pressures were also included, even if the SA’s did not align well, this not too
important as there was hardly any rotation. We see that results for G1 and
G2 agree in indicating that there is a considerable slippage between the malleus
and the incus: at a given pressure the SA angle of the incus is only half of that
of the malleus: in 0-200 daPa the rotation angles of G1 and G2 were 6.0◦/6.5◦,
for incus rotation angles were 3.8◦/3.7◦.

Joint kinematics

The displacements of the ossicles with respect to each other within the IMJ and
ISJ are important in understanding the reduction of the in-outward displace-
ment magnitude from the malleus to the SF, the ‘protection mechanism’ within
the ossicular chain. In this section motion of the malleus and stapes will be
shown relative to the incus by assuming an observer’s viewpoint in a reference
frame fixed to the incus: this way all deformation is expressed relative to the
incus at zero pressure. This was realized by determining the transformation
that aligns the incus model at a given pressure with the rest position of the
incus model and applying the same transformation parameters to the malleus
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Fig. 4.14: Position and orientation of the ossicles’ screw axes of specimen G1 (top

panel) and G2 (bottom panel) with respect to the rest position of the ossicular

chain (shown transparently). For negative pressures (first and third rows) SA’s

for malleus (red) and incus (blue) align with each other well, respectively. Their

direction coincided quite well with the classical rotation axis for G1 and somewhat

less good for G2. For positive pressures (second and fourth row) SA’s did not align

well, but rotation angles were negligible small. The rotation angles and slide along

the SA as a function of pressure are shown in figure 4.15.
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(black) and G2 (grey). Angles are positive by definition, as the rotational

direction is given by the orientation of the SA, following the right-hand

rule. However, in order to generate a figure similar to the ones in figure

4.13, angles are given a negative sign when they are induced by negative

pressures. At negative pressures a strong reduction in rotation angle indi-

cates a considerable slippage in the IMJ. [Right] Sliding components of the

ossicles along their respective SA. Equal markings and colouring are used

as in the left figure. All components are small (< 7µm), and evolve in a

rather random way.
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and stapes models. This procedure is repeated for all pressures, so at the end
all models are transformed into the reference frame fixed to the incus. Figure
4.16 illustrates this alignment procedure: figure 4.16(a) shows as an example
the incus and stapes in the rest position (grey) and in a pressurized position
(black). The transformation that will align the black incus of figure 4.16(b) with
the incus at rest (grey) is calculated and figure 4.16(c) shows the result of the
incus alignment. Figure 4.16(d) shows how the stapes is also transformed using
the same transformation, and in figure 4.16(e) we see the relative displacement
from the stapes with respect to the incus for the given pressure.

Fig. 4.16: (a) 3-D models of the incus and stapes in the original reference

frame at zero pressure (grey) and at a certain pressure (black). For reasons

of clarity the displacement of the latter is not real but exaggerated. (b)

Transformation T that aligns the incus with the zero-pressure model is

calculated in (c). The stapes is then transformed with the same T (d), in

order to show stapes movement relative to the incus at zero pressure (e).

Figure 4.17 shows the displacements of the 3-D models of the malleus relative
to the incus model for -200 daPa, the pressure causing maximal displacements;
for clarity of orientation the S in its rest position was also included in the figure.

Figure 4.18 is a similar plot for stapes relative to the incus. If the ossicular
joints were not mobile, this would cause e.g. the malleus and incus to move
as one rigid body, without any relative motion (or slippage) between the two
ossicles. Consequently the SA rotation angle and slide, would be zero as well.

Figure 4.19 shows the rotation angle about the SA’s for the malleus and stapes,
calculated for the displacement relative to the incus. From figures 4.17 and 4.19
it is clear that there is indeed a significant amount of articulation slippage be-
tween the malleus and the incus at negative pressure, as in the relative rotation
the SA angle of the malleus reached up to 3◦. For positive pressures the rotation
angles are almost constant and so small we can leave out further description.

In figure 4.20 we have also shown different aspects of the SA’s for the malleus
(red) and stapes (blue) displacements in the frame of the incus for -200 daPa.
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Fig. 4.17: Two perpendicular views show the displacements of the malleus

(light grey model), relative to the incus for -200 daPa, for G1 (left) and G2

(right). The images for +200 daPa were retained from display because the

relative movement of the malleus was too small to visualise. The ossicular

chain at rest (dark grey) is shown for comparison.

The SA of the malleus at -200 daPa is located inside the malleus head, nearly
parallel to the classical rotation axis. This is not surprising, as the SA’s of the
malleus and incus in the original reference frame (see previous section) were
also more or less parallel to each other and aligned along the same axis. The
two orthogonal views of the malleus and incus 3-D models in figure 4.17 show
that for G1 the rotation causes the manubrium of the malleus to rotate in a
pure out-of-plane way, while for G2 there is an extra in-plane motion of the
component also.

The stapes (figure 4.18) shows significant relative motion to the incus as well, its
rotation at negative pressure (4.5◦) even exceeds that of the malleus. For both
animals G1 and G2 the location and orientation of the SA’s are very similar
at negative pressure. They run through the incus long process (thus superior
to the stapes), and more or less parallel to the SF. The fact that the stapes
SA does not run through the joint itself implicates a relative movement of the
SH in a medial direction which induces a widening of the space between the
SH and LP. This is demonstrated in detail in the next section. Stapes relative
displacement at +200 daPa is one of small rotation around its vertical axis, thus
parallel to the a-component, as can be seen in figure 4.20.
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Fig. 4.18: Two perpendicular views show the displacements of the stapes

(dark grey), relative to the incus for -200 daPa, for G1 (top panel) and G2

(bottom panel). The incudo-stapedial complex at rest (light grey) is shown

for comparison. The stapes at positive pressure is not shown for the same

reason mentioned in figure 4.17.

Fig. 4.19: Rotation angles of the malleus (•) and stapes (�) for G1

(black) and G2 (grey), all expressed in the incus reference frame. Angles

are defined negative for negative pressures, similar to figure 4.15.
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Fig. 4.20: Screw axes related to the relative motion of the malleus (red) and stapes

(blue) with respect to a fixed incus reference frame, at -200 daPa (first and third

row) and +200 daPa (second and fourth row) for specimen G1 (top panel) and G2

(bottom panel).
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On the graphs in figure 4.19 with the numerical values of the relative rotation
angles as a function of pressure for both the malleus and stapes, the typical
asymmetrical for positive and negative pressures is again present. At positive
pressure the rotation angles reached already at +50 daPa a small plateau value.
In contrast, at negative pressure the increase tends to slow down below -50 daPa
but did not level off completely. For the malleus the angles at minimal pressure
(-200 daPa) accumulate to 3.1◦/3.2◦, and 0.2◦/1.0◦ at maximal positive pressure
(+200 daPa). The graph for the stapes shows a rotation of 4.3 /4.6 at -200 daPa
(this angle is also marked on figure 4.18), but only 0.5◦/0.6◦ at +200 daPa.

Inter-ossicular space change in the IS joint

The IS complex is a synovial joint and an extremely fragile part of the ossicular
chain: the incudal side consists of a very thin pedicle which forms a bridge
between the incudal long process and a disk-shaped lenticular plate [39]. Cross-
sections of the 3-D models of G1 and G2 show that the cross section of the
pedicle is oval shaped and has a size of 60 µm × 200 µm, while the connected
lenticular plate itself is nearly elliptical measures (axis lengths 230 µm and 500
µm, and has a thickness of 80 µm). Funnell [17] described the joint in cat, and
from experiments with cat and gerbil we know that it is quite similar in gerbil:
a fibrous capsule (which could not be seen on the µCT images) holds together
the lenticular plate and the SH which have a nearly flat contacting surfaces with
an extremely thin layer of synovial fluid in between them.

When the incus exerts a pull on the stapes at negative pressures, apart from
the articulation in the joint, the gap between the incus and the stapes is also
widening. The thickness of the synovial layer between the opposite surfaces in
the IS joint was determined as the distance from nodes at the stapes side to
the closest point on the incus side. Figure 4.21 shows the change in distance
between the articulating surface of the incus LP and stapes in the IS joint,
as a function of pressure. We see that there is a distinct widening of the space
between the ossicles at negative pressure. This is also directly visible on the two
inserts showing the IS joint at 0 and -200 daPa with a viewing angle opposite
to that of the left column in figure 4.18. The average thickness of the synovial
fluid layer between the incus and the stapes at rest (0 daPa) is about 10 µm
for both ears. But when the ear is subject to a pressure of -200 daPa the space
broadens to an average distance of 56 µm. At positive pressure the values of G1
and G2 do not match that good, as the gap remains almost equal for G1 (11
µm ) and reduces slightly to 2 µm for G2.
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Fig. 4.21: The incudo-stapedial distance shows a significant increase at

negative pressures, whereas for positive pressures the distance decreases

slightly (G1, black) or remains stable (G2, grey). In the inserts, 3-D models

of the IS joint region of G1 are given for zero pressure and -200 daPa, both

in the incus reference frame. For -200 daPa the initial position of the stapes

is shown in light grey.

Inter-ossicular space change in the IM joint

The IMJ is a much more complex joint as the contact surfaces of the incus and
malleus are sculptured with articular facets that have the form of two orthogonal
saddle surfaces. Similar to the IS joint it is a synovial joint held together by
an elastic capsule. This capsule consists of elastin and collagen fibres which are
attached to the malleus and incus bone. It forms a thin band that covers the
narrow gap between the malleus and incus where the articular surfaces meet
[2, 40].

Figure 4.22 shows the articulating surfaces of the malleus and incus models of
G1 (top panel) and G2 (bottom panel) as if the joint was opened and combines
views from the front and the side. We can discriminate on each articulating
surface four quadrant facets, labelled I to IV on the figure. Facets I and II on
the malleus side (upper left image, G1; upper right image, G2) form a concave
nook with a rib that in the direction out of the centre of the joint is slanted
backwards with respect to the figure plane. Facets III and IV form a similar
nook, more or less symmetrical to the horizontal mid-line between facets I and
IV and II and III. The angle between the upper and lower ribs is about 90◦.
The contact surface at the incus side has a complementary shape, it is like an
imprint of the malleus into the incus.

The breach between the malleus and incus at zero pressure has variable width
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Fig. 4.22: The articulating surfaces of the malleus and incus of G1 (G2)

are shown in resp. an anterior and a posterior view in the first (third)

row, while the second (fourth) row shows the same ossicles after rotation

backwards over 90◦ giving a superior view for the malleus and a medial view

for the incus. The figure shows the remarkable geometry of the articular

surfaces of malleus and incus, making angles of almost 90◦ with each other.
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and peculiar shape. This is shown in two different ways. Figure 4.23 illustrates
with a series of cross-sections through the IMJ at locations and directions shown
in the insert, the complicated relation between the malleus and the incus in the
joint. It is remarkable how nature designed a joint that mainly transmits a
rotation, by opposing the two ossicles in the joint with contact surfaces that are
grossly perpendicular to the rotation axis. The rotation can only be effectively
transmitted when the two ossicles are firmly pressed against each other, a task
that must be performed by the joint capsule. Some interstitial space and the
arrangement of the four facets in the joint can easily lead to some backlash in
the joint s.a the slippage seen between the malleus and the incus in the negative
pressure range. The IMJ can be thought of as a screw-screw bit connection,
where it is not straightforward to decide which side is the screw and which
side is the screw bit as both have a rib line which protrudes and a second one,
orthogonal to the first, that recedes.

In figure 4.24 a grey shaded distance map of the inter-ossicular space is shown
with a viewing direction that was used to look at the articular surface of the
incus in the top row of figure 18; remark that G1 is a left ear and G2 a right ear,
so their images are mirrored about the vertical. Figures 4.22 and 4.23 showed
that the geometry of the joint was very much alike for G1 and G2. The similarity
in width of the breach is less significant for G1/G2 as can be seen on the grey
shaded distance map in figure 4.24 (upper row, 1st and 3rd columns with heading
D). Grey scale are at the left side of the scale bar. Distances for G1 and G2 are
all small within a range of 0-40 µm, and apart from a larger thickness in zone
III (see incus images on figure 4.22) of both animals, the distance patterns for
G1 and G2 are quite dissimilar.

Relative motion of the malleus with respect to the incus alters the spacing
between the ossicles. This change in distance is shown in the 2nd and 42th

columns indicated with ∆D, dark grey representing a local closure and light grey
a widening of the surfaces. At positive pressure there is not much happening
for G1 as the change is below 3 µm in all zones of the surface. This is also true
for G2, except at sector III where we observe, at +50 to +200 daPa a widening
that amounts to 9 µm.

At negative pressures sectors II and IV of G1 and G2 show widening up to a
distance up to 11/17 µm. For G1 the distance decreases in sectors I and III to
maximally 18/4 µm, for G2 sector III shows some widening as well up to 7 µm
at -200 daPa.
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Fig. 4.23: Cross-sections of the incudo-malleal complex, taken at 10 po-

sitions (a to j) through the articulation. The breach between the malleus

(grey) and the incus (black) for G1 (top) and G2 (bottom) can be seen to

have a variable width and very peculiar shape.
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Fig. 4.24: The distance D and distance change ∆D between the malleus

and incus articular surface is presented for all nine pressures of specimen

G1 (1st and 2nd column) and G2 (3th and 4th column). The view is similar

to that of the articular surface of the incus in the top row of figure 4.22.
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4.4 Discussion

4.4.1 Hyperelastic warping

As already mentioned, the deformation of the FE mesh aligning the template
with the target dataset is driven by the 3-D gradient map and the greyscale
differences between two datasets. Consequently, deformation forces are only
significant in those areas where ‘inner regions’ of the ossicles show no overlap.

However, from direct observation of the tomographic images it is already clear
that configuration changes in the ossicle chain are small. In figure 4.5 we show
cross-sections of the malleus at different locations, more or less perpendicular to
the manubrium. Column (b) shows the images at -20 daPa superimposed with
the contours of the malleus at zero pressure. Major parts of the malleus body
(3th and 4th row) outline tend to overlap at different pressures, in this case zero
pressure and -20 daPa. Only at the sites of the manubrium (1st and 2nd row)
the displacement is clearly visible.

As a result of this, the 3-D deformation map will be weak. A visual inspection
of the warping results is therefore vital for each of the ossicles, pressures and
subjects in order to assure that a global convergence is achieved. However, the
warping algorithm 1 succeeded to converge quickly in nearly all cases. Only
in very few situations, did contours of a model not align perfectly with the
outline of the concerning ossicle at certain section planes. In those cases manual
assistance was needed, e.g. by adjusting the number of iteration steps.

One of the main benefits of the warping procedure, is that only one FE model
of the ossicles needs to be created. For all subsequent calculations of ossicle
movement this template model is taken as a reference, and is assumed to be the
best approximation of the true ossicle geometry. This is confirmed by the results
of a looped warping, because the reversed warping cycle (target to template)
results in a model which is very closely aligned with the initial model.

However, limitations in computer power and memory requirement puts con-
straints on the complexity of the 3-D FE models. With the number of tetrahe-
dral elements kept below 20k, average computation time was about 15 minutes.
Depending on the numerical convergence during each cycle, this time could
range from 5 minutes up to an hour or more. Good convergence was achieved

1The warping software Warp3D and post-processing software WarpLab were written by S.

Maas [37]
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in most of the cases when the number of elements in the FE model was var-
ied. Only models with the least number of elements (2000 or less) resulted in
displacement values of the MU which deviated from the mean.

Further it was shown that the assumption of rigid body movement of the ossicles
is valid as strains and relative nodal movements between models at different
pressure are minute. This facilitates the determination of the ossicles’ rotation
axes as its movement can be calculated from only three non-collinear nodes.

4.4.2 Accuracy

Obtaining a good estimate for the accuracy of the results is a non-trivial task
because it is influenced by a number of factors. We will therefore discuss some
of the parameters, which are believed to have the most effect on the accuracy.
However, the precise contribution of each of these parameters to the overall
accuracy of the results is unknown. In the last part (Overall accuracy) we will
deduce an estimation for the overall accuracy, on an empiric basis.

Resolution

First, 3-D (FE-)models are constructed by manual segmentation of tomographic
slices. The anatomical reliability of the models is mainly determined by the
isotropic pixel size and image contrast. These parameters are both represented
by the 10% MTF low contrast resolution, defined in section 2.3.3, and is as-
sociated with the magnification factor at which the samples are scanned. The
higher it is set, the more the edges of objects are spread out in the images, in
terms of number of pixels. However, the slope of the edge transfer function does
become steeper when expressed in real-world coordinates [26]. A high magni-
fication factor thus benefits the sharp definition of the edges, not in terms of
pixels but in µm. Consequently, all scans were performed at the highest possi-
ble magnification factor - 45× according to the manufacturer’s software - such
that the entire ossicular chain and the tympanic membrane remained inside the
imaging volume.

the resolution is not only determined by the magnification factor, but also de-
pends on the scanning parameters and the nature of the object itself. So it
should be determined in the actual images we obtained. Figure 4.25A shows
a typical tomographic slice of G1 through the malleus and incus, and a highly
magnified view of the malleus edge in image B. It shows that the edge is indeed
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not sharply defined, but shows some blurring over about three pixels, corre-
sponding with a width - and thus resolution - of approximately 20 µm.

A B

Mal

Inc

Fig. 4.25: A highly magnified view of the malleus head reveals a cer-

tain amount of blurring around the edges. The resolution of the image is

determined by the width of the edge.

Misalignment

Preliminary animations showed some inconsistencies in the results, in the sense
that the ossicular chain as a whole jumped back and forth over a small dis-
tance, between pressure steps. This was not an effect of pressure, because the
surrounding TB moved in an equal way, while it should remain at rest. This
systematic error was due to a misalignment of the sample, which is of great
importance on the accuracy of ossicle displacement. The procedure for com-
pensating for this misalignment was previously described in section 4.2.3. This
alignment procedure was repeated until the new transformation magnitude for
translation was less than 1 µm. For some datasets the accumulated transforma-
tion magnitude even exceeded a couple of tens of micrometers. After removing
all misalignments, ossicular chain deformations in the animations were much
more consistent than they were before, and showed only the net ossicular mo-
tion.
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Visco-elastic effects

We already mentioned the existence of visco-elastic effects when the middle ear is
subjected to static pressures. This was largely counteracted by preconditioning
the suspension structures and sweeping the pressure up and down the full scale.
Creep was avoided by applying a certain pressure onto the ear canal, and then
waiting a couple of minutes before starting the actual scanning process. This
way the middle ear ossicles converged slowly to a stable position. In the final
tomographic images all ossicles and the tympanic membrane showed a clear
delineation, indicating that they did not move further during the scan.

Figure 4.2 also showed considerable hysteresis effects in two preliminary exper-
iments, performed without any preconditioning cycle. After applying certain
pressures, a residual displacement remained apparent when the pressure was set
back to zero. The effect was significantly larger at negative pressures, because of
the larger effect of this pressure range on ossicle displacements. The next figure
4.26 shows clearly the effect of preconditioning on the actual experiment with
specimen G2. The tympanic membrane and the umbo were manually traced
in two slices, one before and a second one after the entire static pressure ex-
periment, a couple of hours later. It is clear that the tympanic membrane is
only minimally deformed compared to the initial shape. The manubrium re-
turned nearly perfectly to its initial position, except for a lateral shift of 13 µm.
Note that the last scan before the zero-pressure scan was performed at a posi-
tive ECP of +200 daPa. Due to this, the tympanic membrane remains slightly
bulged medially.

Hyperelastic warping

In section 4.3.1 we already discussed some issues concerning the accuracy of
the warping algorithm. We concluded that sub-resolution accuracy could be
achieved with this technique (< 20µm), and probably even sub-pixel (< 6.5µm).

However, this accounts only for those cases where good convergence is achieved
by the warping algorithm. In practice, this concerns large objects which cover
a large part of the image, which are relatively free from surroundings objects
and show good contrast. Both the malleus and incus meet these conditions,
and the algorithm indeed converges quickly. However, the stapes is a small and
thin object, surrounded by the oval window at its footplate. The deformation
forces sometimes ‘lock’ onto the wrong parts in the image, not belonging to the
stapes but to the oval window, or even the background signal surrounding the
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Fig. 4.26: Two slices, perpendicular to the umbo, were manually seg-

mented, the contours are shown simultaneously. The dashed line represents

the shape of the tympanic membrane before the first static pressure scan,

the full line the shape afterwards. The outline of the umbo at zero pressure

is shown in grey. The malleus only showed a small movement of 13 µm.

stapes. In those few cases manual correction was needed. The same accuracy
is then achieved for the stapes as for the other ossicles, except for specimen
G2, for which convergence was not optimal. The latter results should thus be
interpreted with care.

Inter- and intra-animal accuracy

Both gerbil specimen descent from the same genetic strain. Apart from small
differences, the anatomical appearance of the ossicles is almost identical, as
can be seen in figures 4.9 to 4.12. It is thus not surprising that the results
show fairly good agreement regarding the overall nature of the movement. The
displacements of the ossicles’ features in tables 4.2 and 4.3 and in figure 4.13
give an insight in the overall accuracy of the results. To estimate the accuracy,
the displacement values can be analysed in three ways: (i) between specimen
G1 and G2 (ii) between the ossicles (e.g. the LP and SH), and (iii) its evolution
with pressure.

The largest displacement components are observed for the MU, and show a
gradual change with varying pressure. The difference between G1 and G2 at
negative pressure is minimal at the end of the graph (4 µm), but tends to grow
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larger for smaller pressure (70 µm). In the positive pressure range, there are
significant differences; displacements for G2 are about threefold larger than for
G1. However, the malleus follows closely the movement of the tympanic mem-
brane, and when we look at the volume displacements of the PT in figure 3.10,
we observe a similar evolution. At small negative pressure the value for G1 is
smaller than for G2, at large pressure it is the opposite. And at positive pres-
sures G1 is significantly smaller than G2, just as we observed for the MU. The
differences in MU movement are thus not due to inaccuracy of the experiment,
but represents the difference between specimen.

A similar tendency is observed for the a-displacement of the LP. It is slightly
larger for G2 (3 µm) at positive pressure, somewhat larger at the smallest neg-
ative pressure (13 µm), and again good convergence for both specimen at large
negative pressure (3µm). For component b there is no clear tendency; sideways
displacement takes both negative and positive values for G1 and G2 at the same
pressure levels, with a maximal deviation of 7 µm at -200daPa. Component c
shows even larger variations. For G1 the displacement first increases to 6 µm
at smallest negative pressures, and then goes to negative values. G2 shows a
steeper descent, with a first value of -17 µm, up to -45 µm at -200 daPa. Dis-
placements c at negative pressure are thus significantly different, maximally 23
µm at -20 daPa. At positive pressure, the displacement values of both specimen
take opposite signs, the difference here is maximally 9 µm.

However, the SH partially follows the LP movement in this direction, and values
for G2 at negative pressure also tend to be higher than for G1, similar to the
LP. At positive pressure the sign of c is equal for the SH and LP as well, again
the SH follows the movement of the LP. The SH also follows the movement of
the LP along component a, but then again, only partially. These two landmarks
- measured simultaneously but warped and processed separately - share similar
motional behaviour. So despite the rather large differences for the LP (and
SH) between G1 and G2 in the direction of c, it presumably represents real
ossicle motion after all. It is thus difficult to derive a good estimation of the
accuracy, purely based on the comparison between the ossicles. Neither from the
variations between G1 and G2, as this does not only provides information about
the accuracy of the experiments, but on the differences between specimens as
well.

We now consider the values within individual columns of tables 4.2 and 4.3, and
look at the evolution of the displacements with pressure. In most cases, we may
assume that a fluctuating evolution of displacement components is unlikely to
represent the real displacement of the ossicles in a normal responding middle
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ear. The argument is that, to good approximation, ligaments can be described
as (non-linear) springs, and have a smooth response to an acting force. Dis-
placement graphs should show growing tendencies or reach a plateau, but (in
most cases) in a monotonous way.

Most ‘large’ displacement components, say more than 10 µm, indeed exhibit such
smooth behaviour with increasing pressure. An exception to this is component
c of the SH for G2 at negative pressure. Even at -20 daPa the SH shows a
relatively large displacement of -19 µm, which fluctuates up and down with
increasing pressure, while no such behaviour is observed for G1. Component c
of the LP for G1 at -20 daPa also shows uncommon behaviour, it jumps from 0
to +6 and back to -6 µm, which is highly unlikely. More non-smooth behaviour
is observed for small-valued displacements of the ossicles, mostly at positive
pressures. The LP of G2 shows a sudden increase to 6 µm in the direction of b,
then drops back to 1 µm at 100 daPa. Because the determination of rotation axes
for small angles is very sensitive to experimental errors, this inaccurate value is
the cause of the one rotation axis in figure 4.14 (top panel, first row) which is
not aligned with the remaining axes. Therefore, the SA and the rotation angle
should best be ignored. Component c of the G1 SF shows similar behaviour,
but from 7 µm back to 0 µm.

The majority of data agree with such monotonous tendency within a range of
approximately 3 µm, which can be regarded as the accuracy on the results. This
mostly settles for the differences between G1 and G2 as well. An uncertainty
of about 3 µm explains the rather scattered position of the rotation axes for G1
at positive pressure (see figure 4.14), because of the high relative error on the
displacement components and thus ossicle motion. The overall displacements of
the G2 ossicles’ landmarks at positive pressures are somewhat larger compared
for G1, which reflects in more agglomerated rotation axes. As was previously
mentioned, the only anomaly remaining in table 4.3, is the sideways movement
of 22 µm of the G2 SF at -20 daPa. This is physically impossible because the
SAL is only that thick.

4.4.3 Middle ear mechanics

The asymmetry in displacement behaviour between the negative and positive
pressure regime is also observed in previous papers dealing with low-frequency
or static pressure experiments: Hüttenbrink [10] reported an average ratio of
1.9:1 for the malleus and an even larger value for the incus (4.5:1) and stapes
(2.5:1) in human TB’s in a ±400 daPa static pressure range. Murakami et al.
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[4] came to the same conclusions, also in human TB’s, and similar results were
found by Wang et al. [20] as a result of a FE study, albeit in a smaller pressure
range, from -200 daPa to +200 daPa.

In gerbils these ratios are even much more outspoken. The exact values were
calculated from tables 1 and 2, taking into account the in- and out-displacements
of the different features, i.e. D for the malleus and a for the LP, SH and SF.
For specimen G1 this leads to a outward/inward displacement ratio for the MU
of 17:1 (382:23 µm), for the LP 32:1 (64:2 µm), and for both the SH and SF
2.3:1 (14:6 µm). For specimen G2 these values are 5.3:1 (378:71 µm) for the
MU, 17:1 (67:4 µm) for the LP and 4.6:1 (23:5 µm) for the SH and SF. However,
considering the estimated error of 3 µm, deduced from the previous section, a
fairly large deviation may occur on these ratios, but it gives an idea about the
magnitude of the ratio.

While the MU still undergoes significant displacement at +200daPa (23/71 µm),
the motion of the LP almost completely vanishes (2/4 µm) at the same pressure.
Its movement is strongly hindered by the stapes as it exercises a counteracting
force to the LP when the stapes is forced in a medial direction, thereby stretching
the SAL. On the other hand, the lateral displacement of the LP at -200 daPa
is much less restricted and accumulates to a value of -64/-67 µm. The reason
for this must be sought in the anatomy of the ISJ. The joint capsule appears to
be quite flexible at negative static pressure, the intermediate distance shows an
almost sixfold increase from 10 to 60 µm.

The transfer ratios given in tables 4.2 and 4.3, represent the reduction in dis-
placement along axis a (or D for the MU), and are next given as follows:
MU:LP:SH:SF. Again, the ratios show an asymmetric behaviour in the dif-
ferent pressure regimes. At -200daPa the reduction is 26:4.4:1:1 for G1 and
17:3.1:1.1:1 for G2. Even though stapes displacement is only 5 µm at positive
pressure (+200 daPa), displacement of the MU and LP decreases even more,
which results in a drop of the transfer ratios: 5:0.4:1.1:1 for G1 and 13:0.8:1:1 for
G2. The transfer ratios reported by Hüttenbrink [10] in human TB’s are con-
sidered relative to the SH, Although the effect was less outspoken as in gerbil,
he also found asymmetric values: 20:1.8:1 at negative (-400 daPa) and 26:1:1 at
positive (+400 daPa) ear canal pressure. Contrary to our results in gerbil, the
transfer ratio increases at positive pressure, which is mainly due to the malleus
movement; whereas its in-out displacement in gerbil reduces strongly from neg-
ative to positive pressure (see previous paragraph), this number in human ‘only’
halves.
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In its FE calculations of the IS joint in cat, Funnell et al. [17] modelled the
ISJ capsule ligament as well. He adopted the view from Davies [41] and Harty
[42], that the ME ligament consists mainly of elastin, rather than collagen as
found in most other joint capsules. An elastin based joint capsule has a lower
Young’s modulus than a collagen one. Considering the large increase of the
space between the incus LP and the SH (see figure 4.21), the joint capsule must
be substantially stretched which is only possible if it also mainly consists of
elastin as well.

The FE-model of Funnell did not incorporate the lubricating effect of synovial
fluid contained inside the joint, as the modelling would become technically com-
plicated. The author assumed the incus and stapes to be (partially) in direct
contact with each other and therefore the articulation of the joint is modelled
as a single block of articular cartilage. In this approximation shear forces are
greatly transferred from the incus to the stapes and as a result, the SH will
follow the movement of the LP very closely, only allowing little relative motion
between the two ossicles.

However, our results show significant relative displacement and rotation of the
stapes as compared to the incus, at least for negative pressures. At -200 daPa
the SH tends to follow the motion of the LP in a lateral direction (a-component),
but to a lesser extent, about 3 (G2) to 4 times (G1) less. The same occurs for
the displacement of the LP along c, the SH moves in an inferior direction, but
about three times less than the LP does. As displacements along b are small,
little effect is noticed in this direction.

Considering these arguments, for future FE models of the gerbil ME chain, it
is advisable to incorporate a flexible IS-joint when dealing with changing static
pressure. If not, models would simulate an IS-joint which is more rigid (for
example due to ankylosis), which may affect the results significantly, as was
already demonstrated by Hüttenbrink in the human IM-joint.

It is to be expected that the thin elongated pedicle plays an active role in
gerbil quasi-static mechanics. Similarly to what was shown by Elkhouri et al.
[14] as he demonstrated that the Young’s modulus of the pedicle (gerbil ME),
stimulated at low-frequency sound, affected the SF displacement significantly;
the piston-like displacement decreased to half the value (from 50 to 25 µm) when
the Young’s modulus increased from 0.5 GPa to 15 GPa. The TM was subject
to a uniform low-frequency sound pressure of 1 Pa.

Funnell [17] incorporated a non-rigid pedicle in its cat model of an isolated IS
joint, consisting of the incus long process, the pedicle itself, the lenticular plate,
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the SH, the articulation and the capsule. The applied load was a downward
shearing force to the long process, while the SH was clamped. The magnitude
of the load was not mentioned in the paper. He performed calculations with
varying Young’s moduli, based on the work of several authors. With a Young’s
modulus of the pedicle ranging from 3 to 12 GPa, bending of the pedicle showed
a decrease from 0.93◦ to 0.42◦. Variation of the Young’s modulus of the articu-
lation (5 to 10 MPa) and the capsule (0.5 to 2 MPa) lead to a hinging of the ISJ,
ranging from 0.25◦ to 0.52◦. In all cases the overall hinging of the stapes relative
to the incus (0.68◦ to 1.20◦) was dominated by the bending of the pedicle.

In our experiments the bending of the IS joint was the strongest at negative pres-
sure and increased to 4.3◦/4.6◦ at -200daPa. Unfortunately, our µCT dataset
did not allow observation of any bending of the pedicle itself due to insufficient
spatial resolution. All warpings performed for this study showed good align-
ment of the models, including the LP, with the serial sections at all pressures
and all models had negligible strain, even at the largest pressures. This was not
only true for the LP, but for all structures, including the manubrium, even at
its thinnest part near the MU. Consequently, for all subsequent calculations we
assumed the models to behave as rigid bodies.

A point of difference is the displacement mode of the stapes. As already men-
tioned, Elkhouri et al. [14] adopted Funnell’s [17] thesis of a flexible pedicle
(in cat) in their gerbil FE model at low-frequency sound pressure of 1 Pa. He
concluded that the motion of the stapes as a whole is almost pure piston-like,
and that the pedicle acts in a flexible way, hence transforming the rotational
motion of the incus to the translational motion of the stapes. However, in our
study, dealing with much higher pressures, only the SF describes a piston-like
motion while the SH moves in a combined lateral-inferior direction at negative
pressure, resulting in a tilting of the stapes. This indicates that the conclusions
drawn from low-frequency low-pressure (1 Pa) simulations can not be adopted
for the high-pressure static regime without hesitation.

The IMJ behaves as a flexible joint as well, with the synovial fluid functioning as
a lubricant between the two ossicles. The inter-ossicle distance maps of the IM-
joint plotted in figure 4.24 are in accordance with the idea of a malleus rotating
(relative to the incus) around an axis which penetrates the malleus head and
incus body, as was found in the paragraph about joint kinematics.

For example, we virtually bring the malleus of G1 back into contact with the
(immobile) incus in the top left images of figure 4.22. A negative EC pressure
then results in an anti-clockwise rotation of the malleus, relative to the incus.
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As such, this rotation causes the bulge between sector I and IV of the malleus
to approach sector I of the incus, which decreases the local distance between
the two flanks. At the same time, this bulge will move away from the flank of
sector IV of the incus, resulting in a positive value for the distance change. The
same applies for other sectors.

Decraemer and Khanna [43, 44, 45] described ossicle motion in cat ME’s, and
stated that malleus motion is 3-D and the vibration mode is frequency depen-
dent. As static pressures imply ossicle displacements which are magnitudes
larger compared to acoustic pressures, ligaments and tendons are stretched to a
much larger extent. Wang et al. [20] indeed found in their FE-analysis of human
ears significant stresses when subjected to static pressure. Ligaments and ten-
dons had higher stress at negative EC pressure, while stresses in the TM were
the largest at positive pressure. It is thus reasonable that, under restriction of
the (active and passive) connective tissues, the medial displacement of the TM
is transmitted into a 3-D motion of the ossicles at static pressures as well. This
would imply three possible scenarios for the motion of the ossicles: (a) next to
the actual rotation they also undergo a translational component along the SA’s,
(b) the SA changes location and orientation at different pressures or (c) the
ossicles describe a combined motion of translation along the SA, which changes
through space.

The first and last possibilities can be ruled out; translational components of the
ossicles along their SA were all small, all of them below 7 µm. The largest
component occurred for the stapes at negative pressure, but even then the
maximum translation was about 7 µm. Because of their small value they were
not explicitly mentioned in this paper.

The second option is less straightforward to evaluate, as it asks for an 3-D
evaluation of the SA’s. From the visualisation of the ossicles’ SA’s at negative
pressures (figure 4.14, first and third rows), it appears that the SA’s are rela-
tively stable at negative pressure, for each ossicle individually. For specimen G1
the SA’s are fairly identical for the malleus and incus, they lie parallel with the
classical rotation axis, from the AML to the PIL as mentioned before. However,
the SA’s of G2 do not show this perfect alignment, as the axes between the
malleus and incus are inclined for about 30◦.

The location and orientation of SA’s corresponding with small rotation angles
are more sensitive to variations in the ossicles’ displacement. And because in
most of the cases at positive pressure the rotation angles are small (barely above
1◦), the corresponding SA’s are more prone to a reduced accuracy, compared to
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the SA’s at negative pressure. This can be seen in the figure (second and fourth
rows), the spatial location of the SA’s is not that consistent as with negative
pressure, except for the malleus of G2.

Figure 4.14 also shows that the SA of the incus at negative pressure (blue axes)
is nearly perpendicular to the incus long process. Considering the small trans-
lational component along the SA, this implies an incus motion which mainly
occurs in a plane located along the incus body and LP, roughly parallel to the
saddle-shaped contact surface between the incus and malleus. The coordinate
system thus proved to be well-chosen, as most of the incus LP displacement
at negative pressure happened along the axes a and/or c. The same ossicle at
positive pressure tends to move in the opposite direction but still roughly in the
same plane as described above.

The same implies for the stapes, although to a lesser account. Its motion is
mainly directed in the same plane as the incus, but only at negative pressure.
As was already mentioned, this is the result of a rotation around a SA which
lies parallel to the long axis of the SF (figure 4.12). Which is to no surprise,
as a tilting of the stapes will be eased when the rotation axis lies along this
axis. A rotation of the oval-shaped SF along its short axis will result in larger
displacements and thus stress. At positive pressure the ossicle hardly moves at
all.

Figure 4.14 also reveals the slightly inclined orientation of the manubrium with
respect to the malleus SA. A rotation around this axis induces a motion of the
MU which lies not perfectly in the plane through the manubrium and malleus
head. Instead, when it is looked upon from a inferior position (figure 4.9)
the manubrium tends to rotate slightly clockwise, due to its non-perpendicular
orientation with the SA.

As Hüttenbrink described extensively, the protecting function of the ME chain
in human TB’s originates from the flexible properties of the ossicle joints. It
is clear now that the same mechanisms apply to the gerbil ME as well, which
is not surprising as they are both mammalian ears with 3 articulating ossicles,
and thus have great anatomical similarities. The hypothesis of Tay and Mills
[46] of a firm pseudoarthroidal IMJ moving as one block is not present in our
results of gerbil ears. Relative rotation between the ossicles even occurs at the
lowest pressures and enlarges with increasing pressure.
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4.5 Conclusions

Hyperelastic warping has proven to be a useful tool in the determination of ME
mechanics. It omits (to a large extend) the burden of a time-consuming and
subjective manual segmentation of the ossicles at every single pressure. Ossicle
models resulting from the warping procedure proved to have negligible strain,
so the ossicles could be treated as rigid bodies in all calculations. This allows for
a description of the ossicles’ motion in terms of a translation along and rotation
around a SA.

(I) Individual ossicle motion within a (positive or negative) pressure regime is
two-dimensionally. However, the plane of rotation is not necessarily equal
for each ossicle, three-dimensional components are observed as well.

(II) ME mechanics is distinctly asymmetric at negative and positive pressure.
The displacement of features, rotation angles and relative motion of the
ossicles is significantly smaller at positive ear canal pressure compared to
negative pressures.

(III) At negative pressures the malleus rotates about a virtual axis from the
AML to the PIL. The rotation axes for the incus of G1 are almost perfectly
in-line with these, while for G2 they are inclined to this classical rotation
axis. By (partly) following the inferior movement of the LP, the stapes
displays a small tilting in inferior direction, pulling the SF away from the
SAL.

For positive pressures the rotation of the malleus has an opposite direction,
but still aligned with the classical rotation axis, while for the incus the
SA’s are more dispersed. The inconsistent orientations of the SA’s are
mainly due to the small rotation angles of the ossicles, which are 5 to 25
times smaller compared to negative pressures. Movement of the stapes is
now predominantly piston-like in medial direction.

Frequency and pressure dependent rotation axes were also reported in
high-frequency acoustic experiments on cat ears [43] and human cadaver
TB’s [47]. With the observations made above, we may now conclude that
the popular hypothesis of a unique and fixed rotation axis for all ossicles in
the ME, must also be weakened if the ear is subjected to a static pressure
load.

(IV) At negative pressures the ossicle chain behaves mainly hinge-like; the
malleus and incus show large relative motion to each other and so do
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the incus and stapes. Due to this flexible behaviour of the ossicle joints,
large malleus displacements (for the MU up to 380 µm) are largely reduced
with a ratio of about 20×, to a small displacement of the SF of maximal
20 µm.

(V) Due to this relative motion, the intermediate distance between the ossi-
cles changes. The space between the stapes and incus shows consider-
able widening at negative pressure. The intermediate space between the
saddle-shaped contact surfaces of the malleus and incus deforms due to
the relative rotation between the ossicles.
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5.1 Introduction

The human ear is constantly subject to varying static pressure fluctuations, both
small and large. These are often caused by natural phenomena, e.g. atmospheric
pressure changes. The human body itself also changes the MEP as a result of
several physiological processes. Tideholm et al. [1] and more recently Dirckx
et al. [2] performed real-time pressure monitoring in intact human ME’s. They
found pressure changes up to 1 kPa during a time interval of hours and even
minutes, due to gas exchange processes in the ME.

Static pressure changes are also induced by regular human activity such as
riding an elevator, riding in the mountains, or travelling an aeroplane. A more
dramatic pressure change occurs when a swimmer or scuba diver descends in
the water. When reaching a depth of (only) one meter, which is quite common,
pressure rises to 10 kPa.

These kind of pressures are enormous, compared to the typical small fluctuations
in acoustic sound waves. Yet, a healthy person will endure the mentioned quasi-
static pressure changes with relative ease despite the vast increase, because the
ear can easily adapt to them. Simply swallowing already opens the Eustachian
tube during a short period of time, hence equilibrating the pressure between
the ME cavity and the environment. Nevertheless, a certain pressure difference
between the ME and the ambient air pressure will most often still be apparent.

It is a wide-spread and generally accepted idea that the ME ossicle chain acts
as a protection mechanism which counter-acts these large but slowly varying
pressure loads [3, 4, 5, 6]. However, most research is focused on ossicle motion
in an acoustic stimulated environment, whereas only few quantitative studies
are published which describe ossicle motion in a static pressure regime.

The often-cited paper by Hüttenbrink [5] is one of the first and most thorough
descriptions of ossicle motion at static pressure yet. With microscopic and
radiographic techniques he managed to determine one- and two-dimensional
displacements of certain landmarks on the ossicles, being the MU, the LP and
SH. He concluded that the inward-outward movement of the MU changed within
the ossicular chain into a predominant upward-downward movement of the LP
and SH.

This mode of motion was also reported by Gyo et al. [7] in vibrational exper-
iments of the stapes in human TB’s. The stapes displays a combined piston-
and hinge-like motion (with the incus) when subjected to a high sound pressure
stimulus at frequencies below 1 kHz. This way the motion of the stapes in the
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oval window is greatly decoupled from the excessive displacements of the TM,
hence providing protective function of the ossicular chain.

Cancura [3] also found that the malleus could be moved more than the incus,
when forces were applied with an electromagnetic probe on certain points of the
malleus. He deduced a lower threshold of 1 mN for the occurrence of relative
motion between the two ossicles, which can be interpreted as a function of sound
protection once above the pain threshold of 120 dB.

Marquet [4] extensively described the IMJ, based on more than 3000 human
TB’s. He assigns a primordial role for the AML as it allows only slight 3-D
movement of the malleus. Together with the ‘malleal ball’ on the IM articula-
tion it defines the true rotation axis of the ossicular system. The ligamentous
connection of the incus short process with the fossa incudis should not be con-
sidered as a fixed point on this ossicular rotation axis as it allows 3-D movement
of the incus around the malleal ball. However, its role in ossicle mechanics can
not be ignored, as was demonstrated by Tay and Mills [8]. They briefly studied
the motion of the malleus and incus in fresh human TB at various static pres-
sure gradients. The mobility of the LP increased by over twofold when the PIL
was removed, and the mobility of MU further increased in the absence of the
incus.

The IMJ and ISJ play a key role in the protection mechanism of the ME,
because of their flexible behaviour at low frequency. However, their role in an
acoustically stimulated ME is still the subject of debate. For a long time it was
generally believed that the incudo-malleal complex acted as a functionally rigid
joint under acoustic conditions, rotating around a virtual axis from the PIL
to the AML, the so-called classical rotation axis. These views were adopted
by many authors [9, 10, 11, 12, 8]. Many of the early experiments only came
to this conclusion after they applied unphysiologically high sound pressures to
the middle ear. Otherwise, no observations could be made at all, due to the
insensitive measuring techniques of that time. And Húttenbrink attributed the
observation rigid IM behaviour to ankylosis of the joint [5]. Both views of
a fixed rotation axis and a rigid IMJ are now questioned by several authors
[13, 14, 6, 15]. In a series of papers, Decraemer et al. [16, 17, 18] showed that
the rotation axis changed with frequency, so the absence of a fixed rotation axis,
in cat middle ears. Moreover, ossicles showed three-dimensional translational
and rotational components.

Although there is a wide gap between static and acoustic pressure regimes on
the functional behaviour of the ME between, the application of (quasi-) static
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pressure onto the TM affects the transmission and thus the perception of sound.
Already in 1920 Fowler [19] reported a reduction of hearing when pressure was
applied to the ME through a cannula in the Eustachian tube, especially for low
tones, which was confirmed by Wever et al. [20, 21]. More recently Murakami et
al. [22] investigated the effect of MEP on the vibration of the MU and stapes in
human TB’s, using a non-contacting video measuring system. When subjected
to static pressure the ossicles’ vibration decreased at low frequencies( <2 kHz),
and slightly increased at high frequencies (2-3.5 kHz). This occurred at both
positive and negative pressure, albeit that the effects were greater at negative
pressure. The asymmetry was observed for static displacement components of
the ossicles as well. Lee and Rosowski [23] and Rosowski and Lee [24] reported
a change in acoustic stiffness and impedance of the gerbil TM under static
pressure. And in accordance with Murakami [22], Gan et al. [25] also found a
different effect of positive and negative pressure upon ME transfer function in
human TB.

In the past decades the number of papers dealing with FE modelling of the ME
increased dramatically, both for animal models [26, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36] and human [14, 37, 38, 39, 40, 41, 42, 43, 44]. The general conditions and
the impact of certain ME components can be altered in a more controlled way
compared to real experiments, which makes this an attractive technique. Future
FE models will become more anatomically and functionally correct, although
they still need validation with experimental results.

Wang et al. [44] already incorporated static pressure changes in its FE model.
Based on experimental results they used backward engineering to deduce mate-
rial parameters and validate the outcome of the FE simulations with the results
of Hüttenbrink [5] and Murakami [22].

Despite the significance of changing static pressures on acoustic behaviour or
its need in FE analysis, from a purely mechanical point of view there is lack
of quantitative results. Understanding the mechanical behaviour of auditory
ossicles in various conditions is essential when designing ME prostheses [2, 3, 45].
To quote Tonndorf in its discussion with Cancura [3]: “There is a great need
for static measurements for the construction of ME prostheses.”

Our previous work on static pressures in gerbil ME’s is currently in preparation
[46]. The main conclusions concerning ossicle mechanics at static pressure (±200
daPa) were the following (not necessarily in that order): (I) Ossicle motion
predominantly occurs in one plane, albeit not the same for every ossicle. (II)
Displacement maps show large asymmetry between the positive and negative
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pressure regime. By far, the largest displacements occur at negative (ear canal)
pressure while at positive pressure the displacement components are very small.
(III) At negative pressure the incus LP describes an inferior-lateral movement.
The SH partially follows this movement of the incus LP, which results in a tilting
of the stapes with a rotation axis along the long axis of the SF. (IV) All three
ossicles show relative movement to each other, at all pressures. (V) The space
between the incus LP and SH shows significant widening at negative pressure,
whereas for positive pressure the distance remains equal or decreases slightly.
(VI) The IM inter-ossicle distance is not uniform, and changes correspond with
a relative rotation of the incus and malleus around a virtual axis through the
articulation. It is to be expected that several of these conclusions apply for the
human ME as well.

5.2 Methods

The TB’s were previously used for the description of TM BC’s under a static
pressure load [47]. Moreover, the study presented in this paper is based upon
the same mathematical techniques and follows a similar presentation outline as
the paper about gerbil ME’s [46]. For a detailed discussion about the scanning
process, hyperelastic warping, 3-D modelling and determination of the SA we
refer the reader to the mentioned papers. These topics are only briefly described
in the following paragraphs.

5.2.1 Specimen preparation

We present results of experiments performed on two fresh human TB’s which
were prelevated within 24 hours post-mortem. TB1 is a right ear from a healthy
72-year old man, TB2 is a right ear from a healthy 34-year old woman. Both died
of non-ear related causes. A tympanogram, obtained directly after prelevation
of the TB, showed that the ears had a normal response. The ears were obtained
at the Eppendorf Klinik in Hamburg and collected on the basis of the Hamburg
Autopsy Law from February 9th, 2000. The TB’s were carefully trimmed down
until they had an overall elongated shape of about 7 cm long and 3 to 4 cm
wide, taking care not to destroy any ME structures. They were stored at a
temperature of 5◦C and measured within 48 hours post-mortem.
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5.2.2 Experimental setup

Despite the reduced dimensions of the TB’s, they outsized the 2 cm wide imaging
volume of the Skyscan 1072 tomographic machine, previously used for the gerbil
TB’s. Moreover, the power of the x-ray beam was insufficient as it failed to
produce high-contrast transmission images due to absorption of the dense bone.
Alternatively, scans of the entire TB were recorded using an in-vivo x-ray µCT
scanner (Skyscan 1076, see figure 5.1, right image) with an isotropic voxelsize
of 35µm. X-ray images were captured with an exposure time of 474 ms over
a total angular interval of 180◦, in steps of 0.6◦. Beam-hardening effect were
largely reduced by using a 1 mm Alu-filter. The scanner was used at full power
(100 kV, 100 µA) such that an entire scan of the TB at a single pressure step
was completed within 30 minutes. The total scanning time for TB1 (7 pressure
steps) was 3.5 hours and for TB1 (11 steps) 5.5 hours.

Desiccation of the TB possibly alters the normal working of the ME. This was
prevented by wrapping the TB’s in parafilm during the entire experiment (see
figure 5.1, left image). The only part which was not covered was the orifice of
the external ear canal. A flexible tube connected the pressure device with an
ear plug, hermetically glued into the ear canal. The applied pressure stepped
between -500 daPa and +500 daPa for both ears, although a few more steps
were recorded for TB2. After a pre-conditioning stage of about a minute of
sweeping between ±500 daPa, the follow pressure cycle was applied to TB1: 0,
-100, +100, -200, +200, -500, +500 daPa, and for TB2: 0, -50, +50, -100, +100,
-200, +200, -300, +300, -500, +500 daPa.

Fig. 5.1: (Left) Preparation of the temporal bone for scanning includes

wrapping in parafilm, and glueing the ear plug into the ear canal, with a

flexible pressure tube. (Right) The TB in its final position in the tomo-

graphic scanning bed, firmly fixed with some adhesive tape.
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5.2.3 Modelling

Accurate 3-D surface models of the ossicles were created in Amira (Template
Graphics Software, Inc.) with semi-manual segmentation tools. The contours
were determined in section images in one orientation and verified and corrected
in perpendicular sections. A 3-D smoothing filter removed most of the remaining
small imperfections. Dedicated FE models were generated from the surface
models, using the appropriate tools in Amira.

5.2.4 Hyperelastic warping

To determine with good precision the small deformations of the ossicular chain
we use a relatively new technique, hyperelastic warping [48], which is a de-
formable image registration method. To find a transformation that aligns the
features of two datasets, the 3-D tetrahedral FE space at zero pressure (tem-
plate) is being deformed (‘warped’) until it aligns with a dataset at a different
pressure (target). With this method only one model needs to be segmented
from the dataset at zero pressure.

5.2.5 Misalignment correction

The tomograph is equipped with a rotating source-detector configuration and
a fixed sample bed in which the TB’s are firmly secured with adhesive tape.
Despite the non-moving sample, yet some misalignment appeared when section
images were examined at different pressures. In some cases this global shift of
the TB’s outgrows the ossicles’ displacements itself and need to be corrected.
The amount of misalignment was determined by comparing 3-D models of the
entire TB at different pressures and extracting the displacement parameters with
an iterated closest point algorithm [49, 50]. These transformation parameters
were then applied to the ossicle models itself. This way, most misalignment
artefacts were avoided in the ossicular displacement results.

5.2.6 Anatomical orientation

Similar to the paper about the gerbil ME, the intrinsic coordinate system (con-
sisting of components a, b and c) was chosen left-handed for right ears [5, 46].
Figure 5.2 (top panel) shows the 3-D models of both TB’s (TB1: left, TB2:
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right) together with these axes a to c. In short, the most prominent compo-
nent a is aligned with the long axis of the stapes, from the SH to the SF, and
describes the inward (medial) movement towards the oval window. b and c are
the IS-joint in-plane components which are parallel with respectively the long
and short axis of the SF, pointing in an anterior and superior direction.

The bottom panel of figure 5.2 shows the suspensory ligaments and ME mus-
cles with respect to the ossicles of TB1. Due to their small dimensions and
x-ray transparent properties, these features are hardly (or not) visible on the
µCT-images, which made segmentations fairly unreliable or impossible. So, the
position and orientation of these features are not based on an actual segmenta-
tion, but derived from literature [4, 5, 41] and are only indicative. The several
anatomical features are: the AML, SML, LML, TTM, chorda tympani, PIL,
SAL and the stapedius muscle. The SIL is not shown as both its appearance
and shape is inconsistent [4, 12]. Some authors ignore its existence in their re-
ports and FE simulations (Sim, Wang07, Beer99) while others still incorporate
it (Gan, Kell01, Gent05).

Unlike laboratory gerbils - which all descent from the same genetic strain - there
are quite some variations between human ears concerning the size, shape and
angles of the ossicles and the ossicle chain [5, 51], as can be seen in figure 5.2.
The manubrium of TB1 is 5.5 mm long and its cross-section has more of a
round shape, whereas for TB2 it has a length of 4.7 mm and the cross-section
is slightly triangle-shaped. However, the incus has a remarkable similar shape
and size in both ears, except for the LP. When looking in the direction of -a, it
makes an angle of almost 90◦ with the manubrium axis for TB1, but only 45◦

for TB2. The stapes is strikingly different as well. In TB2 it is more elongated,
and the crura only enclose a small hole on the superior side. The stapes of TB1
has a more familiar shape, the space between the crura is a lot wider, and so is
the SF.

It is expected that the mechanical properties of the ligaments and the TM (along
with their size and orientation) will also be different. This inevitably affects
the mechanical response of these components, and thus the ossicles. When all
results of the two subjects are compared, the reader will indeed notice that
some results are quite different. This could, for the larger part, be ascribed to
these anatomical variations. For this reason it is not very convenient to present
averaged values. Instead, most of the results are presented in the following way,
e.g.: a1/a2 for respectively the a-component of TB1 and TB2.
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Fig. 5.2: [Top panel] The intrinsic coordinate system used for the descrip-

tion of ossicle mechanics. [Bottom panel] Position and orientation of ME

ligaments and muscles.



5.3. Results 221

5.3 Results

5.3.1 Individual ossicle displacement

Malleus

A 3-D model of the malleus at positive (black) and negative (grey) pressure is
shown in figure 5.4, and is compared with the orientation of the ossicular chain
at rest (white). Even without knowing the exact values for the displacement,
it is clear that the movement of TB2 is about three times smaller than that of
TB1. This is not only apparent for the malleus, all results presented later in
this chapter follow this tendency.

The coordinate system, outlined in the previous section, was aligned with the
stapes’ intrinsic coordinate system and the origin was put in the centre of the
IS-joint. The malleus however, lacks such an intrinsic coordinate system. The
frontal view of the figure (left column) reveals that the motion of the malleus is
mainly that of a rotation in-plane with the posterior view (right column). The
movement of the malleus as a whole, or the MU in particular does not coincide
perfectly with the chosen coordinate system. Indeed, component a is parallel
with the stapes’ main axis, but has an inclined orientation with respect to the
manubrium and the direction of movement of the MU. In the frontal view, the
MU of TB2 shows a small sideways movement in-plane, towards the incus long
process. Because of the inclined position with the stapes, it is more relevant
to present the movement of the malleus in terms of the total displacement
magnitude D =

√
a2 + b2 + c2, instead of its components a, b and c.

A quantitative visualisation of the malleus’ displacement is shown in figures
5.4 (TB1) and 5.5 (TB2). The colour shading of the images is proportional to
the total displacement D, the range is plotted next to the colour bar. Only 3
negative (-100, -200 and -500 daPa, top panel) and 3 positive pressures (+100,
-200, -500 daPa, bottom panel) are presented for both samples, in this figure, as
well as for all similar figures of the incus and stapes. This is done for clarity, and
easy comparison between TB1 and TB2. The first row in each panel presents
an anterior view, the second row a medial view. Two scale bars are given,
one for the size of the ossicles, the other for reading of the total displacement
magnitude. Also for clarity, the displacement of the malleus is enlarged twice
for TB1 and four times for TB2. This is already accounted for in the scale bar
and the colour bar.

These figures with enhanced movements show that the malleus indeed mainly
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+500 daPa

-500 daPa
0 daPa

TB1

TB2

Fig. 5.3: The orientation of the malleus at the extreme pressures: -500

daPa (grey), and +500 daPa (black), in a frontal view (left) and the per-

pendicular side view (right). The models represent real, not enlarged dis-

placement of the malleus. Specimen TB1 is shown in the top row, TB2 in

the bottom row. The entire ossicular chain at rest (0 daPa) is shown in

white, for comparison of the orientation.
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rotates in a plane (roughly) through the manubrium and the head, with little
sideways movement, as was stated before. One can read the total displacement
D to vary for TB1 from +500 µm at +500 daPa to -900 µm at -500 daPa, while
TB2 ranges from +200 µm to -300 µm. These values are given a negative sign
when the according pressure is also negative, although the colour bars only show
positive values. In all cases the MU shows the largest displacement, while the
values decrease when approaching the lateral process. Nodes at the superior
side of the neck almost come to a standstill.

Incus

Figures 5.6 and 5.7 show the movement of the incus of resp. TB1 and TB2,
at negative (top panel) and positive pressure (bottom panel). Similar to the
malleus, the overall motion of the incus is a rotation in one plane, so not along
the principal directions of the coordinate system. Yet, because the LP is closely
connected with the SH, it is convenient to present the displacement of the entire
incus by all three principal components a, b and c of the stapes’ reference frame.

Models are colour shaded, proportional to the displacement component perpen-
dicular to the plane. The first row represents the incus in an anterior view
(along positive b axis), displacement values are indicated at the left side of the
colour bar. The second row is a lateral view (along negative a axis), values are
on the right side of the colour bar. The displacements are enlarged by a factor
4 for TB1 and 8 for TB2.

The rotation of the incus is most apparent at negative pressures. The LP
moves in a direction of negative a (inferio-lateral), while the superior side of
the body moves in the opposite direction of positive a, (inferio-medial). The
displacement of the LP along the axes a and c are both significant, while the
sideways movement b is small.

At positive pressures the rotational motion of the incus is more concealed. The
overall movement tends to a translation into a superio-medial direction, instead
of a rotation. For both pressure regimes the values of components a and c is
significant, but for -500 daPa the inferior displacement (-c) even exceeds the
inward-outward movement (a), while for +500 daPa the displacement along a
is dominant. Again, sideways displacement (b) is small and the ossicle moves
in the same plane as for negative pressures, parallel to the plane in the anterior
view.

Let us now focus on (the precise movement of) the LP. When we look closely
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Fig. 5.4: Colour maps of the total displacement magnitude D, for the malleus of

TB1 at negative (top panel) and positive pressure (bottom panel). The grey wire-

frame model represents the ossicle at zero pressure. In order to clearly visualize the

movement of the malleus, displacements of the models are enlarged twice, although

values plotted next to the colour bars represent real displacement values. The size

of the malleus can be measured from the leftmost scale bar, displacements from the

rightmost scale bar.
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Fig. 5.5: The same caption of figure 5.4 applies for this figure of TB2, although

displacements are enlarged by a factor 4.
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to the images of the LP in figures 5.3, 5.6 and 5.7, we notice that the pedicle is
not perfectly in line with the vertical axis of the stapes (a). For both samples
TB1 and TB2 an angle of 25◦ was found between this pedicle and the stapes.
This inclination is also found in the most lateral surface of the SH (with the
glenoid cavity), with respect to the horizontal plane of the SF. This can be
seen in figures 5.8 and 5.9, although the effect is less outspoken for TB2. It
is striking that the nett effect at positive pressures is a movement of the LP,
almost perfectly parallel to this pedicle. This does not account only for +500
daPa, but for the intermediate pressures as well. Reaction forces exerted on the
LP by the stapes will be guided along this slender and fragile structure, while
shear forces are few. This is not the case for negative pressures, because the LP
is also moved in an inferior direction.

Stapes

The displacement components b (second row, posterior view) and c (first row,
superior view) of the stapes are shown in figures 5.8 (TB1) and 5.9 (TB2). Obvi-
ously, the stapes is presented in its own intrinsic reference frame. Displacements
for both ears are enlarged with a factor 10, to visualise the tiny movements of
the ossicle. The overall motion of the stapes is again mostly restricted to the
a,c-plane, as was the case for the malleus and incus. However, the behaviour of
the stapes is a bit different for TB1 and TB2. We will discuss them separately,
although they agree on some aspects as well.

The stapes of TB1 describes a tilting motion with the inferior side of the SF as
a pivot point. For negative pressures the SH reaches into negative c-direction
and the superior side of the SF rotates in a lateral (-a) direction. The stapes
displacement has approximately equal magnitude for positive pressures, but in
the opposite direction. Due to this rotation, the outward piston-like motion (a)
of the stapes as a whole is small for negative pressures. For positive pressures it
is somewhat larger, as if the stapes is given a bit more freedom to push into the
oval window. The sideways movement b of the SF is little (maximally 10 µm),
while the SH moves about 20 µm posteriorly, which indicates a slight tilting of
the stapes around the short axis of the SF.

Some tilting can also be noticed for the stapes of TB2, but its overall motion
seems to be more piston-like. At -/+500 daPa the SH moves 2 to 3 times more
in inferior/superior direction than the SF, although the pivot point is no longer
located in the SF itself. For positive pressure the SF is pushed to a larger
extent into the oval window, compared to TB1. The medial displacement a of
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the stapes at -500 daPa is unexpected, it implies an inward motion while the
MU and LP are pulled outward. Because the sideways movement b of the SH
and SF is unequal, the stapes shows a slight tilting in the a,b-plane, as was the
case for TB1.

5.3.2 Displacement of landmarks

The previous section displayed the overall ossicle motion in terms of 3-D dis-
placement maps. Most papers reporting about ossicle mechanics only present
numeric results of specific landmarks on the ossicles. In order to make a vi-
able comparison, and also to present ossicle motion at all available pressures,
the displacements of certain landmarks are shown in tables 5.1 (TB1) and 5.2
(TB2).

For each ossicle a few nodes on these landmarks were selected, close to each
other. For the malleus on the MU, for the incus the medial facet of the LP,
for the stapes the lateral glenoid facet of the SH and the centre of the SF.
The exact coordinates of the landmarks are then given by the centre-of-mass
of the nodes, and displacements are obtained by calculating the difference in
position between two pressures. Both tables give the numerical values of the
displacement components a, b and c for the LP, the SH and SF. For the MU
only the magnitude D of the displacement is shown, the negative sign denotes
an outward motion of the manubrium.

The four rightmost columns of tables 5.1 and 5.2 give the displacement trans-
formation ratio of the landmarks. For the LP and SH it represents the fraction
between their medial displacement a and that of the SF. For the malleus it is
calculated as the ratio between D of the MU and a of the SF. At certain pres-
sures, this ratio is not representative, because the error becomes too large due
to the small displacement of the SF. In that case the number is omitted from
the table. At -500 daPa the reduction of displacement from the MU to the SF
is 101:13:0.5:1 for TB1 and -12:-0.5:0.9:1 for TB2, while at positive pressure the
ratio becomes 21:4:1.2:1 for TB1 and 5:1.3:1.0:1 for TB2.

Malleus

The most important displacement components of the ossicles’ landmarks are
summarised in figures 5.10 to 5.12. The total displacement magnitude D for the
MU in figure 5.10 is compared with the numbers reported by Hüttenbrink [5],



230 Chapter 5. Human middle ear mechanics

-10

5

0

10

15

20

-5

-5

10

5

15

20

25

0

-80

-20

-40

0

20

-60

0

60

40

80

20

b (µm)

b (µm)

c (µm)

c (µm)

-100daPa -200daPa -500daPa

+100daPa +200daPa +500daPa

1mm (size) 0.1mm (distance, 10x)

1mm (size) 0.1mm (distance, 10x)

a

cb

TB1

bc

a

a

cb

bc

a

lat

med

post ant

lat

med

inf sup

Fig. 5.8: 3-D models of the stapes of sample TB1 are shown with a colour

shading proportional to the displacement component perpendicular to the

plane, i.e. component c in the superior view (first row) and b in the posterior

view (second row). The movement of the models is enlarged with a factor

10, scale bars and colour bars represent real values. Negative pressures are

plotted in the top panel, positive pressures in the bottom panel.



5.3. Results 231

-10

5

0

10

15

20

-5

-25

0

-40

-10

-20

0

10

-30

0

40

30

50

20

-20

-15

-10

-5

10

b (µm)

b (µm)

c (µm)

c (µm)

-100daPa -200daPa -500daPa

+100daPa +200daPa +500daPa

1mm (size) 0.1mm (distance, 10x)

1mm (size) 0.1mm (distance, 10x)

TB2

a

cb

bc

a

a

cb

bc

a

lat

med

post ant

lat

med

inf sup

Fig. 5.9: The same caption of figure 5.8 applies for this figure of TB2.

Displacements are enlarged by a factor of 10.



232 Chapter 5. Human middle ear mechanics

T
B

1

M
U

L
P

SH
SF

R
at

io

p
D

a
b

c
a

b
c

a
b

c
M

U
L

P
SH

SF

-1
00

-6
68

-1
12

-4
6

-1
25

-3
4

-4
7

-1
0

-9
5

64
:

11
:

0.
3

:
1

-2
00

-8
17

-1
12

-1
9

-1
62

-1
15

-6
0

-1
-7

7
-

:
-

:
-

:
-

-5
00

-9
41

-1
23

-5
-1

91
-4

17
-7

9
-9

-7
5

10
1

:
13

:
0.

5
:

1

10
0

36
1

72
18

51
13

11
57

0
-2

21
-

:
-

:
-

:
-

20
0

42
5

80
10

58
22

17
69

16
-2

24
27

:
5

:
1.

4
:

1
50

0
50

7
93

26
82

29
22

84
25

0
23

21
:

4
:

1.
2

:
1

T
a
b
le

5
.1

:
D

is
p

la
ce

m
en

t
co

m
p

o
n

en
ts

(µ
m

)
o
f

fo
u

r
la

n
d

m
a
rk

s
o
n
to

th
e

o
ss

ic
le

s’
su

rf
a
ce

o
f

sp
ec

im
en

T
B

1
.

F
o
r

th
e

L
P

,
S

H
a
n

d
S

F
th

e
th

re
e

p
er

-

p
en

d
ic

u
la

r
co

m
p

o
n

en
ts
a
,
b

a
n

d
c

a
re

g
iv

en
,

fo
r

th
e

M
U

o
n

ly
th

e
to

ta
l

d
is

p
la

ce
m

en
t

m
a
g
n

it
u

d
e
D

.
T

h
e

tr
a
n

sf
o
rm

a
ti

o
n

ra
ti

o
b

et
w

ee
n

th
e

m
ed

ia
l

d
is

p
la

ce
m

en
ts

o
f

th
e

la
n

d
m

a
rk

s
a
n

d
th

a
t

o
f

th
e

S
F

is
g
iv

en
in

th
e

fo
u

r

ri
g
h
tm

o
st

co
lu

m
n

s.



5.3. Results 233

T
B

2

M
U

L
P

SH
SF

R
at

io

p
D

a
b

c
a

b
c

a
b

c
M

U
L

P
SH

SF

-5
0

-7
6

12
2

-1
4

13
-1

-4
15

0
2

2
:

0.
8

:
0.

8
:

1
-1

00
-1

76
-4

-8
-2

2
13

6
-6

15
1

6
10

:
0.

2
:

0.
9

:
1

-2
00

-2
37

-1
3

-1
0

-3
3

12
4

-1
5

14
6

5
17

:
0.

9
:

0.
8

:
1

-3
00

-2
81

-1
8

-9
-4

1
10

12
-2

1
12

-3
-6

23
:

1.
5

:
0.

8
:

1
-5

00
-3

08
-1

2
-1

2
-5

6
24

16
-3

8
26

-4
-1

9
-1

2
:

-0
.5

:
0.

9
:

1

50
90

17
16

2
1

-6
1

2
-1

1
-1

5
-

:
-

:
-

:
-

10
0

14
0

37
17

23
24

-3
21

25
-1

4
2

6
:

1.
5

:
1.

0
:

1
20

0
17

8
38

21
24

23
-6

22
23

-1
5

1
8

:
1.

7
:

1.
0

:
1

30
0

21
0

59
22

51
45

3
49

47
-2

5
15

4
:

1.
3

:
1.

0
:

1
50

0
25

0
63

25
52

47
-4

46
48

-2
1

15
5

:
1.

3
:

1.
0

:
1

T
a
b
le

5
.2

:
S

im
il
a
r

to
ta

b
le

5
.1

,
b

u
t

n
o
w

w
it

h
d

a
ta

fo
r

sp
ec

im
en

T
B

2



234 Chapter 5. Human middle ear mechanics

Dirckx et al. [52] and Murakami et al. [22]. In the paper of Hüttenbrink, all
results were given as positive numbers, so the direction of movement could not
be deduced from the sign of the values. For that reason, we assumed all his
reported values to be negative for negative ear canal pressure.

The movement of the MU can be described as being roughly in a lateral-
medial orientation and amounts to a value of −941µm/ − 308µm at negative
and 507µm/250µm at positive pressure. So the malleus shows unequal move-
ment between negative and positive pressure. The ratio between outward and
inward displacement is 1.9:1 for TB1 and 1.2:1 for TB2.

Fig. 5.10: Total displacement magnitude D of the MU for specimen TB1

(•) and TB2 (�). Results of Hüttenbrink (�, grey), Dirckx et al. (M,

grey) and Murakami et al. (×, grey) are given for comparison.

Incus

Because components a and c of the LP are of a similar magnitude, both compo-
nents are shown in the two separate graphs of figure 5.11. They are compared
with the results of Hüttenbrink [5] and Tay & Mills [8]. For the results of
Hüttenbrink, we followed the same rule as for the malleus that values are as-
sumed negative for negative pressures, although no absolute indication for the
direction is given in his paper. Tay & Mills did not mention which component of
the LP was measured, but we assumed that it was the lateral/medial direction
a. Nevertheless, we plotted their results in both graphs of a and c.
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Fig. 5.11: Displacement components a (left) and c (right) are plotted for

the LP of TB1 (•) and TB2 (�). Results of Hüttenbrink (N, grey) and

Tay & Mills (×, grey) are given for comparison.
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Stapes

Things are a bit more complicated for the stapes. Component a is shown in the
left graph of figure 5.12, but only for the SH. The medial movement of the SH
and SF is very similar if the stapes describes a piston-like movement. This is
the case for TB2, as can be seen in columns 6 and 9 of table 5.2. The difference
of the a-component between both landmarks is no more than 2 µm. However,
as the stapes of TB1 describes more of a rotational movement, the difference
is somewhat larger, maximally 13 µm at +100 daPa and below 7 µm at other
pressures. Nevertheless, for clarity we only plotted the results of the SH, as
well as the results of Hüttenbrink [5] and Murakami et al. [22]. Because of the
overall tilting of the stapes, component c was significantly different for the SH
and SF, so they are both plotted in the rightmost graph of figure 5.12. Results
for the c-component of the SH according to Hüttenbrink are given as well.

At negative pressure, the LP does not only move away (lateral) from the oval
window (a = −123µm/−12µm), but moves down (inferior) as well (c = −191µm/−
56µm). The SH tends to follow the c motion to only about half of this value
(−79µm/ − 38µm), but even less for the inward displacement a (−4µm/24µm).
Note that the SH of TB2 moves in an opposite direction along a, compared
to the LP. In its turn the SH induces a SF motion which follows the inward
displacement quite close (−9µm/26µm) but lacks the up- and down movement
c (5µm/− 19µm). The values of b for the LP are remarkable in the sense that,
for negative pressure, it moves in an opposite direction as the SH, despite being
connected to each other in the IS-joint.

At positive pressure the LP displays a superio-medial motion. Components a
(93µm/63µm) and c (82µm/52µm) have proportionate values. As was the case for
negative pressure, the SF largely follows the medial movement a (25µm/48µm)
of the SH (29µm/47µm). The sideways movement of the SF is restricted due
to its attachment to the SAL, and thus the oval window. Consequently, the
upward displacement c of the SF (23µm/15µm) is decoupled from that of the
SH (84µm/46µm). The displacement of the SF along its long axis (b) is small as
well, maximally 9µm/25µm. However, the SH does not get much freedom along
this axis either, with maximal values of 22µm/16µm.



5.3. Results 237

Fig. 5.12: The left graph plots the displacement component a for the SH

of TB1 (•) and TB2 (�). Results of Hüttenbrink (N, grey) and Tay &

Mills (×, grey) are given for comparison. The right graph plots component

c for the SH and SF for TB1 (• and ◦) and TB2 (� and �). Results of

Hüttenbrink for the SH (N, grey) are given for comparison.
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5.3.3 Screw axis

Orientation of the screw axes

In additional calculations, the rigidity of the ossicles was determined. The
models of an ossicle at different pressures were aligned, and the precise position
of the nodes were compared. These differences in position were no more than a
few µm, which is only a fraction of a pixel. This means that nodes did not move
very much within the intrinsic reference frame of each ossicle, when proceeding
from rest to a certain pressure. So the ossicles could be considered as rigid
bodies. This rigid body approximation allowed us to describe arbitrary ossicle
motion by their SA.

The position and orientation of the malleus’ and incus’ SA’s are given in figure
5.13, in inferior (left) and lateral (right) views. An ossicle rotates around a SA
by using the right hand grip rule, and slides along the SA in the direction of the
thumb. The SA’s were all calculated relative to the initial zero pressure model.
For clarity only three pressures in each direction were taken into account for
TB2, equal to the ones of TB1. The length and diameter of the axes are plotted
proportional to the square root of the respective rotation angles, to give the
reader a feeling for the amount of rotation. The malleus’ axis at -100 daPa
is plotted in a dark red colour, -200 daPa in a red colour, and -500 daPa in
a light red colour. The same applies for the incus, but in blue colours. In
section 5.3.1 we concluded that the stapes of TB1 describes a tilting movement,
with a rotation axis located at the inferior side of the SF. For TB2 the motion
could best be described as a piston-like movement instead of a pure rotation.
Because the SA of the stapes is already known (TB1) or its precise orientation
is irrelevant (TB2), the SA’s of the stapes are not shown in the figure.

For TB1, the SA’s of the malleus at negative pressure have approximately the
same position and orientation at the lateral side of the neck. Seen from the
back side (left) they lie roughly parallel to the imaginary line from the anterior
malleal process to the PIL. However, the perpendicular view shows that the axes
only grazes this PIL, nor does it crosses the malleus head. They lie completely
outside of both ossicles. This could already be seen from figure 5.4; the nodes
at the lateral side of the neck have a displacement close to zero, which suggests
a rotation around this point.

In the same figures 5.4, for positive pressure, this location of zero displacement
slightly shifts towards the head, which is exactly where the SA in figure 5.13 is
located. The inferior view (left) shows that the axes still point to the anterior
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malleal process, but because of its inclined orientation, it abstains by far from
the PIL.

The incus does not share a rotation axis with the malleus, although in most
cases they are parallel to it. The SA’s of the incus at negative pressure are
more dispersed and in all cases outside the ossicles. At positive pressure the
same accounts for +100 daPa, which lies parallel and lateral to the malleus’
SA. However, the SA gradually moves away in superio-lateral direction with
increasing pressure.

For TB2 the SA of the malleus at negative pressure passes the lateral side of
the neck, at almost the same point as for TB1. They are more inclined and go
through the incus short process. At positive pressure the SA’s are less aligned
to each other, but have similar orientation as for TB1. They also pass through
the malleus head, except for the one at +500 daPa.

For the incus the SA’s at negative pressure are almost perfectly parallel to the
ones of the malleus, but more inferior. The axes at positive pressure, are no
longer parallel with the axes of the malleus. Their location is at the incus
long process or body and gradually move in a lateral direction with increasing
pressure, as was the case for TB1.

It is striking that the SA’s of the incus are (mostly) parallel to the axes of the
malleus, although their position is quite different. The axes are located quite
some distance away from the incus, laterally to its centre, except for the ones
of TB2 at positive pressure. A rotation around these axes will give the incus a
significant translational component in superior/inferior direction. This implies
that both the incus and malleus undergo a simultaneous rotation, but not as one
rigid block. Moreover, none of the axes closely pass the PIL, which is regarded
as the classical rotation axis of the ossicles. And the anterior malleal process is
only touched by the SA’s of the malleus at positive pressure.

Rotation angles

The exact rotation angles of all three ossicles are plotted in the left graph of
figure 5.14. Because the direction of rotation is given by the orientation of the
SA, following the right hand grip rule, the angles are positive by definition.
Nevertheless, the angles are given a negative sign when the corresponding pres-
sure is negative, similar to the other figures. The slide along the SA is plotted
in the same figure, but in the right graph. Here, the results of the stapes slide
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Fig. 5.13: Position and orientation of the ossicles’ SA of specimen TB1

(top panel) and TB2 (bottom panel), at negative (first row) and positive

(second row) pressures. The SA’s of the malleus (red) and the incus (blue)
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are omitted from display as they are irrelevant. Unlike the rotation angle, the
slide can have a positive and negative sign.

This figure shows that the ossicles of TB2 undergo considerable smaller rota-
tion as the angles are about two to threefold smaller at negative and twofold
smaller at positive pressure, compared to TB1. Despite this difference in rota-
tion magnitude, the position and orientation of the SA’s itself show fairly good
agreement between the two samples, as explained before.

All plots show the typical steep increase at low pressures, followed by a flatten-
ing of the curve. The asymmetry between the positive and negative pressure
regime, already observed in the displacement of landmarks, is apparent for the
rotation angles as well. Therefore, the values at positive and negative pressure
are discussed separately.

The most prominent rotation is observed for the malleus at -500 daPa, with an
angle of 8.5◦/3.3◦. This large outward rotation of the manubrium is reduced
to a much smaller rotation of the incus by 2.2◦/0.9◦. The stapes of TB1 also
shows a clear tilting around an axis parallel to the long axis of the SF, over an
angle of 2.0◦. While for TB2, it only shows a small rotation of 0.5◦, because of
the more piston-like movement.

At positive pressure (+500 daPa) the malleus rotates over 5.0◦/2.3◦. The rota-
tion of the incus is limited to 0.7◦/0.7◦. For TB1 the tilting of the stapes even
exceeds the rotation of the incus, 1.6◦. For TB2 the piston-like motion remains
dominant, the rotation angle is only 0.7◦.
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Fig. 5.14: [Left graph] Graphical representation of the ossicles’ rotation

angles around the SA for malleus (•), incus (N) and stapes (�) of specimen

TB1 (black) and TB2 (grey). [Right graph] Slide of the ossicles for given

pressures, along the corresponding SA, for the malleus (•) and incus (N),

for TB1 (grey) and TB2 (grey).
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Slide along the screw axes

On top of these rotational components, the ossicles might translate (slide) over
some distance along the SA. For ME mechanics in gerbil ears (see chapter 4)
almost no sliding (< 7µm) of the ossicles along their SA’s was observed. This is
in contrast with the human ME, with values reaching up to 64 µm.

When the sliding components in figure 5.14 are combined with the orientation
of the SA’s of figure 5.13, one comes to the conclusion that both the incus and
malleus move in the same anterior direction. And although the exact values for
both ossicles are proportionate, the incus in most cases moves over a slightly
larger distance than the malleus. The incus of TB1 at positive pressure is the
only case which deviates from this tendency, it moves in the opposite direction
of the malleus, albeit little.

Although these sliding components might affect the inter-ossicle distance be-
tween the malleus and incus, its effect on overall ossicle mechanics is small.
Figures 5.4 to 5.7 indeed illustrate a small translation of the malleus and in-
cus along the SA’s in anterior-posterior direction b. They of minor importance,
considering the large displacement components a and c.

5.3.4 Joint kinematics

In this section we describe ossicle mechanics from the incus point-of-view, i.e. all
displacements are now described relative to the incus at zero pressure. This way,
any deformation of the ossicular chain will be visible as a relative displacement
of the malleus and stapes with respect to the (now immobile) incus. The way
the ossicle chain flexes is derived from the ossicles’ relative rotation axis and
angles. Figures 5.15 and 5.17 represent the orientation of the SA’s, and both the
rotation angles and slide of the ossicles, similar to figures 5.13 and 5.14. The
difference is that they are now described in the incus zero-pressure reference
frame.

A first and general observation of the figures is that the SA’s exist at all, and
that the rotation angles are considerable. This leads to the conclusion that there
is indeed relative movement between the three ossicles. The ossicle chain shows
flexing at all pressures, even at the lowest pressure changes of ±100 daPa (for
TB1) and ±50 daPa (for TB2).

The malleus SA are all well aligned to each other. At negative pressures they
penetrate the malleus head at its anterior side. In case of TB1 the axes pass
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Fig. 5.15: Screw axes related to the relative motion of the malleus (red)

and stapes (blue) with respect to a fixed incus reference frame, at -500

daPa (first and third rows) and +500 daPa (second and fourth rows) for

specimen TB1 (top panel) and TB2 (bottom panel). The three columns

represent a lateral, posterior and inferior view of the ossicles.
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closer to the PIL than they do for TB2, because the orientation of the latter is
more inclined in the inferior view. For both specimen this results in a relative
movement of the MU away from the LP. The axes at positive pressures are
roughly opposite to the ones at negative pressures, although they make an angle
of approximately 30◦, which is best seen in the inferior view. They also enter
the malleus head at the anterior side, but again, the axes does not cross the
PIL.

Figure 5.16 also shows the position of the axes with respect to the malleus, but
from a clearer viewpoint. All SA of the malleus, without exception and in both
pressure regimes, point through the articulating surfaces of the IMJ. Moreover,
the flexing point of the complex lies in a rather fixed location in the joint. The
SA’s at positive pressures cross the very centre of the malleus head, right in the
‘nook’ of the articulating surface. At negative pressures, the location where the
axes enter the malleus head is slightly shifted to the lateral side of this nook.

TB1

TB2

posneg

Fig. 5.16: Screw axes of the malleus of TB1 (top) and TB2 (bottom),

at negative (left) and positive pressures (right), viewed from an inclined

position. The colouring of the axes is similar to figure 5.15. An opaque

model of the malleus is shown in order to clearly locate the entrance point

of the axes in the malleus’ articulating surface.
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The relative rotation axes of the stapes all agglomerate in nearly the same region
and orientation. They run through the incus long process, in a perpendicular
orientation with the process. This results in a movement of the stapes in a
plane through the SF short axis, the incus long process and the incus body.
The location off-centre from the IS joint also induces a change in the distance
between the LP and the SH. This effect will be discussed in the next section.

Figure 5.17 (left graph) shows that the malleus rotates relative to the incus over
6.3◦/2.4◦ at -500 daPa and 4.4◦/2.0◦ at +500 daPa. For the stapes the rotation
is about half the value of the malleus: 4.1◦/1.2◦ at -500 daPa and 2.1◦/1.1◦ at
+500 daPa. Again, the curve shows the typical steep increase at small pressures,
and flattening from about ±200 daPa up.

It is difficult to draw general conclusions from the results of the ossicles’ slide
along their SA at negative pressures, in figure 5.17 (right graph). Both the
malleus and stapes of TB2 and the malleus of TB1 display small or moderate
translation, while the stapes of TB1 slides over more than 40 µm anti parallel
to its SA. The slide of the malleus at positive pressures is almost non-existing,
while the stapes moves over 23/32 µm.
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Fig. 5.17: [Left] Rotation angles of the malleus (•) and stapes (�) for

TB1 (black) and TB2 (grey), all with respect to the incus reference frame.

Angles are defined negative for negative pressures, similar to figure 5.15.

[Right] Sliding components of the ossicles along their SA, for the malleus

(•) and stapes (�).
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5.3.5 Inter-ossicle distance change

Incudo-malleal joint

Orientation. The articulating contact surfaces of the malleus and incus have
an irregular shape, as can be seen in figure 5.18. The figure shows the IM
complex in an exploded view. When looking upon the articulations (top row)
we divide them into four zones, I to IV [46], for reasons of clarity. The site on
the incus surface between zones I and II is shaped as an excavation, it bends
into the plane of the paper, and so does the site between zones III and IV. On
the other hand, the sites between zones II and III and between zones I and
IV show protrusions which bulge out of the paper. In figure 5.18, zones I to
IV are indicated on the malleus surface as well, which has a complementary
saddle shape to the incus. So here the bulges locate between zones I and II, and
between zones III and IV, while the excavations are found between zones II and
III and between I and IV. Because of this specific geometry of excavations and
protrusions in a perpendicular configuration the surfaces are often referred to
as being saddle-shaped. The bottom row of figure 5.18 shows both ossicles from
a different point of view, indicated by the eye-icon in the first row. The curved
shape with the 90◦ bend on the lower side of the ossicles is typical for what can
be expected from a side view of a saddle surface. Because of this specific shape,
they fit perfectly like two shaking hands.

The narrow breach between the ossicles is visualised in figure 5.19, by means
of ten cross-sections of the IM complex. Images a to j give the shape of the
cross-section when they are viewed from above (superior to inferior). The images
illustrate the local widening and narrowing between the ossicles, but at no point
the surfaces come into contact with each other. The small nook on the surface
of the incus (TB1) in figure 5.18, can be seen as a small depression in image b.

Thickness of the IM articulation. On the incus models of figure 5.18 (first
row in each panel) the outline of the articulating surface is drawn as a grey
contour surrounding the four zones I to IV. For this area the thickness of the
articulation, or malleus-to-incus distance, at zero pressure is showed in the top
panels of figure 5.20. For both specimen the surfaces of the incus and malleus
have the closest approach between zones II and III (of the incus). At the top of
this lateral bulge, the distance is 80 µm. The intermediate distance at the second
bulge (between zones I and IV) is slightly larger, 140 µm. The space between the
ossicles tends to widen a little in the area between these two bulges, to about
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Fig. 5.18: Exploded view of the incudo-malleal complex of TB1 (top

panel) and TB2 (bottom panel). The malleus and incus at the top row are

shown in resp. an anterior and a posterior view. The second row shows

the same ossicles but in a perpendicular viewing direction, i.e. a superio-

lateral view for the malleus and an inferio-lateral view for the incus. Both

directions are indicated with the eye-icon in the first row. The second row

clearly shows the remarkable geometry of both ossicles as their articular

faces bend over an angle of almost 90◦, when looked upon from this point

of view. Four principal zones are marked with Roman numbers I to IV.

The black line on the incus model marks the area for which the inter-ossicle

distance is calculated in figure 5.20.
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Fig. 5.19: Cross-sections of the incudo-malleal complex for TB1 (top

panel) and TB2 (bottom panel). The models on the left side indicate the

height of each section, a to j. The images a to j represent a top-to-bottom

view of the sections, with the malleus coloured light grey and the incus

dark grey. Dimensions are indicated with scale bars.
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180/220 µm. To the superior side of the rim of the articulation, the ossicles’
surfaces lose contact as they continue in opposite directions. So the distance
between the ossicles widens quickly, which is observed in the yellow and red
zones. The colour scale bar is limited to 400 µm, because this covers most
of the distance range between the ossicles, maximally about 380 µm. To the
periphery of the area the distance even exceeds the scale bar, but these zones
are no longer a part of the articulation. There is one major aspect the two
samples tend to differ from each other; on the superior side of zone III of TB2
the distance gradually increases, while TB1 first shows a profound excavation
where the local distance is about 500 µm, and decreases again to about 300 µm
to its edge. This depression is clearly visible on the incus model of figure 5.18
(section b of the top panel) and cross section b in the top panel of figure 5.19.
No counterpart is found on the malleus surface, which could fit this depression.
This explains the off-scale distance at the superior part of the map.

Deformation of the IM articulation. The occurrence of relative movement
between the malleus and incus is the direct cause for the protecting function of
the ME ossicle chain. Large movements of the malleus are significantly reduced
due to the flexible behaviour of the IM articulation, and thus slippage between
the two ossicles. This relative movement inherently changes the specific 3-
D shape of the articulation itself. To state it otherwise, the local distance
between the contact surfaces of the malleus and incus is bound to change with
varying pressure. These deformation maps are shown in the panels below the
distance maps in figure 5.20. Red coloured regions indicate a local widening
(∆D > 0) of the space between the ossicles, blue colours represent a local
approach (∆D < 0) of the surfaces. It is not a trivial task to keep in mind the
complex 3-D configuration changes of the ossicular chain, and their precise effect
on the thickness change of the articular joint. So interpretation of these images
is rather complicated. For a better understanding of the following paragraph it
comes in handy to keep in mind the precise locations of the SA’s in figure 5.16
and the ossicular chain images in figure 5.18.

Despite local differences between TB1 and TB2, similar conclusions can be
made for the two samples. Negative pressures rotate the malleus such that the
manubrium moves in lateral direction, away from the LP. As the articulating
surface of the malleus gets an equal rotation, the bulges on this surface tend
to move in their ball-and-socket-like depressions of the incus. Doing so, they
approach the flanks of the bulges of the incus. This is indeed observed in
the distance change maps of figure 5.20. The surfaces approach the most at
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the superior flank of the medial incudal bulge (zone IV), seen as a local blue
colouring or about -70/-30 µm. In agreement with this, surfaces on the inferior
flank (zone I) move away from each other, which is represented by the red
colours, or about 20/8 µm.

At positive pressures the opposite phenomenon happens; the inferior bulge of
the malleus approaches the inferior flank (zone I) of the medial bulge on the
incus, about -50/-15 µm, while the superior side moves away over 10/5 µm. It
is surprising to notice that the superior flank of the lateral (incudal) protrusion
shows a small local closure of the gap, but only for TB1. However, close ob-
servation of this sample in figure 5.18, reveals that the lateral periphery of the
articulation at zone III slightly bulges out of the plane, in continuation with
the protrusion between zones II and III. For TB2 this area is more flattened.
A rotation of the malleus around the centre of the articulation (as indicated in
figure 5.16) pushes the corresponding surface of the TB1 malleus closer to the
rim, causing a local narrowing of the articulation of about 40 µm.

Incudo-stapedial joint

A pure hinge-like movement of the IS joint in the relative-to-the-incus approach
would result in a nearly immobile SH and moving SF, induced by a SA through
the joint itself. In that case the space (or thus closest distance) between the LP
and SH would remain constant as the SH does not show any relative translational
movement. However, as was mentioned in the previous section, the location of
the stapes SA is not at all through the IS joint but close to the mid-point of
the incus long process. Following the right hand grip rule, a rotation of the
stapes around this SA’s results in a movement of the ossicle away from the LP
for negative pressure and towards the LP at positive pressures, considering the
orientation of the SA (see figure 5.15). This induces a distance change between
the LP and SH, which is represented by the graph in figure 5.21. It shows the
evolution of this distance for both specimen TB1 (black) and TB2 (grey) as a
function of pressure.

Again it is clear that there is quite some difference between the two samples,
even at zero pressure. The initial distance between the LP and SH is 30 µm
for TB1 and about 70 µm for TB2. At extreme negative pressure (-500 daPa)
TB1 shows a distinct widening of the space between the LP and SH by +145
µm, while for TB2 the value is ‘only’ +35 µm. At positive pressure (+500 daPa)
the space is reduced for TB1 by -30 µm until the gap between the LP and SH
almost completely vanishes. TB2 shows a decrease of only -10 µm to a new
width of 60 µm.
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Fig. 5.20: [Top panels] Thickness distribution map D (µm) of the malleus-incus

articulation, for specimen TB1 (left) and TB2 (right). The grey outline on the 3-D

models of figure 5.18 give an indication of the shape and position of the articulation.

Small (resp. large) intermediate distances are shown as blue (resp. red) regions.

[Bottom panels] The maps show the local change in thickness ∆D (µm) of the ar-

ticulation at certain pressures. Blue regions indicate a local closure of the space

between the malleus and incus, red regions a widening of the space.
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Fig. 5.21: The distance (µm) between the SH and the LP is given for

specimen TB1 (black) and TB2 (grey), as a function of ear canal pressure

p (daPa). 3-D models of the IS joint region of TB1 are given at zero pressure

and ± 500 daPa, both in the incus reference frame.

5.4 Discussion

5.4.1 Accuracy

As we already discussed in the previous chapter, it is not straightforward to give
an estimation of the error on the assortment of results, because it is affected
by a number of parameters. We will not elaborate again on all parameters, but
focus on the differences with the gerbil experiments.

Resolution

One of the first steps in the processing of the raw data is a manual segmentation
of the images. Contours are determined purely by visual interpretation of the
images, which relies on the judgement and experience of the person.

Consequently, the accuracy of the models is, at best, equal to the resolution in
the images. The right side of figure 5.22 shows a cropped and highly magnified
part of the malleus head, from the left image. The edges are blurred over 4
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pixels, corresponding with a resolution of 140 µm. This accuracy only affects
the anatomical reliability of the 3-D models and not necessarily the final results
from the warping process.

A B

Fig. 5.22: A highly magnified view of the malleus head reveals a cer-

tain amount of blurring around the edges. The resolution of the image is

determined by the width of the edge.

Misalignment

The misalignment error because of technical imperfections of the experimental
setup was mentioned in section 5.2.5. This was corrected to the best effort by
aligning large parts of the TB. For TB1 this was maximally about half a pixel,
15 µm, while for TB2 the maximal shift was 47 µm. A few additional alignments
with the same models of the TB’s showed nu further change in the position of
the TB models. This assured us that the misalignment was largely removed.

Hyperelastic warping

As was demonstrated in the previous chapter, application of the warping al-
gorithm resulted in sub-resolution accuracy. However, small objects appear as
equally small cross-sections in the images, with a limited number of boundary
pixels. Because the forces for deformation of the template model are driven
by the gradients in the images, they be small as well. The alignation process
may well end up in a local optimum, which misaligns the models with a couple
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of pixels. When this occurred for large objects (e.g. the malleus), spanning a
considerable part of the imaging volume, it was easily seen by visual inspection
of the original images and warped models. But for the warping results of the
stapes, small as it is and embedded in the bony oval window, conscientious com-
parison between the images and the warped models was necessary. Thorough
analysis of the accuracy in these human TB experiments was omitted.

Visco-elastic effects

Similar to the gerbil experiments, visco-elastic effects were reduced by ‘exercis-
ing’ or ‘preconditioning’ the ossicular joints and suspension structures, as was
previously mentioned in sections 5.2.2, 3.3.4 and 4.2.1. After the scanning pro-
cess, close inspection of the TM and MU in the tomographic slices revealed no
blurred imaging of these structures. So, no effect was found that indicated the
presence of creep.

Post-mortem artefacts

Post-mortem artefacts were largely reduced by scanning the TB’s as quickly
as possible. All measurements were performed within 24 h (TB1) and 48 h
(TB2) after death. Hüttenbrink reported that the conservation of TB’s at a
temperature of 4◦C did not change ME mechanics considerably. And according
to Murakami et al. [22] the effects of age [53, 54] and post-mortem artefacts
[55] on ossicle vibration were minor up to 7 days when they were kept in an
isotonic solution. This was the case for our specimen, as they were stored in a
cooled box, in a container with isotonic solution. During the scanning process
the TB’s were wrapped in wet parafilm. Dirckx & Decraemer [52] measured
human TM deformation under static pressure. The TB was removed of a 40-
year old male, 4 hours after death. The first of 10 measurement started about 16
hours after death, all were completed within 4 hours. Two measurements were
repeated with a time lapse of 1.5 to 2 hours. Cross-sections of the TM almost
fully coincided. Minor differences mainly occurred at the surface of the TM,
but were unnoticeable at the site of the manubrium. They concluded that “the
reproducibility of such experiments is very good and that exsiccation and other
time effects are negligible”. A similar phenomenon was observed in our gerbil
experiment, in section 4.4.2. After finishing and scanning the entire pressure
cycle, pressure was set back to zero. The TM showed only minor deformations,
and the manubrium almost returned to its initial state.
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Anatomical variety

Several of our illustrations of the ossicles showed great anatomical variety be-
tween TB1 and TB2, especially for the stapes. Because the functioning of the
ME is closely related to its specific anatomy, it is of no surprise that quantitative
results are so different for the two ears. However, despite these diversities, qual-
itative conclusions can often been made which hold for both ears. Other authors
also reported a large disparity of results from different human specimens. Sim
& Puria [51] drew attention to this and stressed that FE models of human ME’s
should be based on individual anatomy. Hüttenbrink reported, besides median
values, also minimal and maximal values of his measurements [5], because of
the large standard deviation on his results. It was not uncommon that certain
parameters changed over a factor four between specimens.

During the series of experiments, six specimens were scanned. Two were used
to optimise the experimental procedures and to establish the proper scanning
parameters, the others for the actual measurements. Unfortunately, a quick
inspection of the data afterwards learned that two out of four measured ears
had datasets which were not useful for further processing. No movement of
the ossicles could be observed in the tomographic slices. Probably because of
pressure leaks in the ear canal, or ankylosis of the ME structures. This left us
with only two normally functioning ears which remained intact and responded
well to the applied pressures. Differences between individuals will thus not be
averaged out by an otherwise larger number of samples.

Inter- and intra-subject accuracy

It is irrelevant to calculate averages and standard deviations on this small num-
ber of samples. The accuracy of the results must be estimated from the ten-
dencies of the results itself. For that reason, we consider the displacements of
landmarks in tables 5.1 and 5.2, or figures 5.11 and 5.12.

If the results for TB1 and TB2 are compared, one concludes that they follow
similar tendencies. To state it simply, if an ossicle of TB1 goes up, the one
of TB2 moves in the same direction, although the precise distance might differ
significantly. Only for a couple of displacement components this is less clear.
The movement (a) of the SH of TB2 towards the cochlea at negative pressure
is not seen for TB1. The same accounts for the sideways displacement b of the
TB2 SF in the oval window at positive pressure. In both cases the ossicle of the
other specimen shows almost no movement at all, and the differences in those
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two cases are about 30 µm. Clear opposite movement is seen between the SF
of both specimen, in the direction of a at negative pressure. For TB1 it moves
out of the oval window, while for TB2 it penetrates the cochlea. The difference
accumulates up to 36 µm. However, these differences can not all be assigned to
the (in)accuracy of the measurements. In most of these cases ossicle movement
is more or less consistent between pressures (although in some only the direction
is), and the tendencies thus represent the real movement of the ossicles.

What does comparison between ossicles tell us about the accuracy? In some
cases it is not the difference in absolute values itself that is surprising, but the
different sign, representing the direction of movement. For example, the lateral
movement a of the LP of TB2 opposes that of the SH at negative pressure,
and the same accounts for the sideways movement b. However, although this is
rather unexpected, we have demonstrated that ossicles may indeed show relative
movement to each other.

Similar to what we did for the gerbil results, we have to analyse results within
a pressure regime to estimate the accuracy. In analogous experiments reported
in literature, the vast majority of data follow a smooth S-shaped curve, charac-
terized by a steep increase, followed by a flattening of the curve and a plateau.
The a component of the SF of TB1 at negative pressures clearly deviates from
this. After an initial movement of -10 µm it returns to its rest position and then
moves back to -9 µm. The same applies for the LP of TB2, because it is highly
unlikely that the LP first moves medially over 12 µm and then laterally over -12
or even -18 µm. Also for the small-valued sideways displacements b of the SH
and SF of TB2, they tend to move back and forth by about 9 µm.

It is reasonable to say that most of our results agree with a monotonous ten-
dency within a range of approximately 10 µm, which can be regarded as the
accuracy on the results. Still, some results restrain from this, for example the
downward movement of -15 µm of the TB2 SF at +50daPa, or the sudden side-
ways movement of -49 µm of the TB1 LP at -100daPa. It is most doubtful that
these values represent the real movement of the respective ossicles. Neverthe-
less, similar to the gerbil experiments, the accuracy is clearly better than the
in-plane resolution (140 µm) of the tomographic images, and even better than
the pixel size (35 µm).
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5.4.2 Middle ear mechanics

Validation

Literature Most studies involving static pressure changes, purpose the de-
scription of the ear from an acoustic point of view. So comparative data for
pure static ME mechanics are scarce. They must be gathered in bits and parts
from studies, not necessarily aimed at the quantification of static ossicular dis-
placements as such. We start this section with a short overview of the most
relevant results in literature, also represented graphically in figures 5.10 to 5.12
as grey curves.

Dirckx & Decraemer [52] studied the effect of static pressures on the shape of the
human TM with the use of non-contact moiré topography. One figure showed
the MU displacement in a pressure range of±160 daPa. The displacement versus
pressure-curve showed slight flattening at the extremes of the pressure scale, but
never reached a constant plateau value. The MU displacement amounted to 150
µm at +160 daPa ECP and 350 µm at -160 daPa ECP. Distinct asymmetry was
thus observed between the positive and negative pressure regime, with a ratio
of 2.4:1.

Murakami et al. [22] measured the effect of changing MEP on ossicular vibration.
In their paper the static displacements of the MU and SH are briefly mentioned
as well. The outward movement of the MU at -200 daPa ECP again outsized
the inward displacement at +200 daPa ECP with a factor 1.7, 330 vs. 200 µm.
The displacement of the stapes was 15 to 25 times smaller than that of the
malleus, 22 µm laterally and 8 µm medially.

In Tay & Mills [8], displacements are given for the MU and LP in a pressure
range between -600 daPa and +300 daPa ECP. However, the results of the
malleus are ignored as they are measured with the incus removed. The LP
reached up to 85 µm in medial direction and 110 µm in lateral direction.

In 1988 Hüttenbrink published his paper on ME mechanics at static air pres-
sures [5], performed on 25 fresh human TB’s. He quantitatively described the
mechanisms in the ME, and its function as an inner ear protection mechanism
against the excessive displacements of the TM and MU, as induced by static
pressures. Today, it is still the most elaborate work on this subject, his work is
thus an important source of data for comparison.

At first glance, our results plotted in figures 5.10 to 5.12 tend to deviate from
the results reported by other authors. Especially for sample TB1, for which
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displacements are often much larger. Another aspect that comes out from those
figures is the striking difference between samples TB1 and TB2, as was men-
tioned in the previous section. However, alike most studies on human experi-
ments, Hüttenbrink reported great individual variations between samples. The
standard deviations often surpass the mean values. Maximal displacement of
the MU was observed at -400 daPa ECP, with minimal and maximal values of
183 µm and 610 µm, and a median value of 403 µm. From this, it can be seen in
figure 5.10 that TB2 is within this range, but TB1 even surpasses the maximal
displacement reported by Hüttenbrink. This tendency prevails throughout most
of the results presented in this study.

Hüttenbrink stated that the motion of the ossicles should be greater in-vivo,
compared to his experiments at room temperature. He argued that at a nor-
mal body temperature of about 37◦C, viscoelastic properties of the joints are
reduced [5, 56]. The exact temperature inside the tomographic scanner was not
registered, but the space where the sample is mounted was significantly above
room temperature. Although this might explain the increased displacements
of the ossicles for TB1, this also means that displacements for TB2 are even
smaller at room temperature.

Motion transfer ratio The protective function of the ossicular chain is re-
flected in the motion transfer ratio, given in tables 5.1 and 5.2. It represents
the reduction of movement from the MU, over the LP and the SH, to the SF.
Because of the unequal grow of the various displacement components, the ra-
tio is pressure-dependent. It can not be considered as being constant, so the
numbers at maximal pressure are only an indication for the overall behaviour.

At -500 daPa the ratio is 101:13:0.5:1 (-941:-123:-4:-9 µm) for TB1 and -12:-
0.5:0.9:1 (-308:-12:24:26 µm) for TB2, while at positive pressure the ratio is
21:4:1.2:1 (507:93:29:25 µm) for TB1 and 5:1.3:1.0:1 (250:63:47:48 µm) for TB2.
The negative sign of the ratio for TB2 at negative pressure is unexpected. It
indicates an opposite movement of the ossicles; the outward movement of the
LP results in an inward motion of the SH and SF. At first, it was considered
an artefact, but the motion is consistent over all (but one) pressures. Most
probable it represents the real movement of the LP and stapes of TB2, although
this kind of motion is a-typical. Again, it stresses the fact that great anatomical
and functional variation may occur between different samples.

Hüttenbrink only mentioned averaged transfer ratios, and did not discern be-
tween pressure regimes. However, the tables in his paper provide sufficient
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information to calculate these ratios separately. No distinction was made be-
tween the SH and the SF. In a normal ear the transfer ratio (MU:LP:SH) at -400
daPa is 20:1.8:1 (403:36:20 µm), and 26:1.0:1 (207:8:8 µm) at +400 daPa. The
results of our study are rather different compared to the ratios of Hüttenbrink or
Murakami et al. However, in the previous section we estimated an uncertainty
on the displacements of about 10 µm. Although it does not cover all discrepan-
cies, the error on small SF displacements may well be significant and the same
applies for the ratios.

From reports of vibrational experiments, transfer ratios can be obtained, al-
though mostly only the amplitudes of the MU and stapes are given, while the
incus is omitted. Over a wide range of frequencies, malleus-to-stapes ratios are
reported between 2:1 and 5:1 [57, 22], which means that the transfer of malleus
movement to the stapes is higher than it was for static pressure experiments.
Consequently, the middle ear acts as a high-pass filter, blocking slowly varying
pressure changes, while still conducting high-frequency vibrations.

Asymmetric motion Most results presented in section 5.3 show a distinct
unequal behaviour between positive and negative pressures. For TB1, the out-
ward movement of the MU at -500 daPa is 1.9 times larger than the inward
movement at opposite pressure. Despite the difference in absolute displace-
ments with literature, this ratio corresponds very well with the values of 1.9,
given by Hüttenbrink and 1.7 by Murakami et al. Dirckx & Decraemer found a
slightly larger value of 2.4. MU displacements of TB2 follow a more symmetric
evolution between pressure regimes; with an outward/inward ratio of 1.2 it is
closer to one.

This unequal motion is mainly due to the asymmetric deformation of the TM.
The surface of the cone-shaped TM lies medially to its supporting tympanic
crest. A positive EC pressure inflates the membrane further inward, until it is
maximally stretched and stops moving, due to increased internal stresses. At
negative EC pressure the membrane is pulled outward into the ear canal, so
that the apex is lowered to the plane of the crest. Because the membrane is
no longer inflated and stretched, greater freedom is permitted for an outward
movement of the membrane and the malleus. This mechanism is supported by a
study of Dirckx & Decraemer [58], who measured eardrum deformation at static
pressure changes, at progressive stages of dissection in gerbil. They concluded
that, at negative EC pressure the response of the eardrum is strongly influenced
by ossicle mechanics, whereas for positive EC pressure it is mainly determined
by the elasticity of the membrane.
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The asymmetry is even more pronounced in gerbils ears (see previous chapter).
The (small) medial movement of the MU was halted for pressures above +50
daPa, while its lateral movement was almost unimpeded. Displacement of the
MU was 17/5 (G1/G2) times larger for -200 daPa compared to its positive
counterpart. For the gerbil stapes the asymmetry was less outspoken, the ratio
was 2.3/4.6. When positive pressures were applied, the stapes moved maximally
5 µm in medial direction. It appears to be blocked in the oval window, similar
to a plug in the sink. On the other hand, at negative pressure the stapes moved
away from the oval window by 13/22 µm.

This is in contrast with our results, as we find an inverted displacement ratio for
the SF of 0.4/0.5, so the medial movement of the SF (+25/48 µm ) predominates
over its lateral movement (-9/26 µm ). The most probable explanation is the
asymmetric reaction of the ISJ to different pressure regimes. The capsular
ligament covering the ISJ, displays a relatively large stretching (+145/+35 µm)
at negative pressures, which eases a ‘free’ outward movement of the LP while
the SF remains at rest (TB1) or moves slightly medially (TB2). At positive
pressures however, the LP approaches SH by -30/-10 µm and forces the stapes
into the oval window. This motion suggests that the medial movement of the
stapes is much less restrained then in the case of gerbil.

Hüttenbrink did not observe such movement of the stapes, his results show
an outward/inward ratio of 2.5. Besides, movement of the stapes was much
smaller, maximally 8 µm medially, and 20 µm laterally. Murakami found a fairly
symmetric outward/inward motion, 36 µm medially and 44 µm laterally. These
displacements, at least the inward movement, are in the same range compared
to our results.

Incudo-malleal joint

The first and foremost mechanism causing a vast reduction of movement from
the MU to the SF, is the flexible behaviour of the IMJ. Hüttenbrink located the
functional rotation axis of the malleus at the neck of the ossicle, off-centre and
inferior to the IM articulation. An inward/outward motion of the manubrium
results in an upward/downward movement of the articulation. The incus intends
to follow this up- and down-movement, but its rotation is restricted by the PIL
and the ISJ. This leads to a predominant translational motion of the incus as a
whole, instead of a rotation.

Our findings agree with such a malleal rotational axis, although the location
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of the SA is more superior and lateral to the neck, compared to Hüttenbrink’s
figure 12. The articular surfaces in 5.4 and 5.5 indeed move up and down due to
a rotation of the malleus, but exert an equally large medial/lateral movement
as well. A pure translational movement of the incus was never observed in our
results. The inferio-medial movement of the malleus head at negative pressures
pushes the incus body in the same direction. The incus short process is hold
back by the PIL in the fossa incudis, although it has some freedom to move
in the a,c-plane. This results in a distinct tilting (maximally 2.9◦/0.9◦) of the
incus around the axes plotted in figure 5.13 (first row of each panel), and a
inferio-lateral movement of the long process and LP. At positive pressure, the
incus body only partially follows the (superio-lateral) movement of the malleus
head, much less than it did for negative pressure. This also induces a tilting of
the entire incus, albeit much smaller compared to negative pressures (maximally
0.7◦/0.7◦), and a inferio-medial movement of the LP.

The fact that the incus only partially follows the strong movement of the malleus
can only be explained by a slippage mechanism in the IMJ. Relative movement
between the malleus and incus in a static pressure regime was also observed by
several authors [3, 4, 5, 59]. The existence of relative SA’s clearly demonstrates
this, because they imply that the malleus and incus show a significant rotation
to each other. Maximally 6.3◦/2.4◦ at negative and 4.4◦/2.0◦ at positive pres-
sure. Despite the much smaller values of absolute rotation and displacement for
TB2 (compared to TB1), both ears show remarkable parallels considering the
nature of the slippage. The relative rotation axes originate right at the centre
of the articular surface between the malleus and incus for positive pressures,
and slightly lateral to the centre for negative pressures. Moreover, slippage is
almost completely rotational because the sliding of the ossicles along the SA’s
is small, maximally 21 µm.

The thickness distribution of the IMJ ranges between 80 and 380 µm. This
corresponds fairly well with the numbers reported by Wolf et al. of 20-360 µm
[60] and Sim & Puria of 40-320 µm [51]. However, the exact distribution of thin
and thick parts differs strongly from the results of the latter authors. In figure
5.20 the location of a close approach between the ossicles at two isolated areas
is the medial and lateral side of the articulation. In the figures of Sim & Puria
however, the thickest part appears on the lateral and medial side, although the
orientation of the IM articulation in their figure is not entirely clear. They
also argue that the greatest changes in thickness will occur in the superior and
inferior zones of the articulation. Our measurements show that the deformation
is more complex, and that the a deformation of the articulation mainly occurs
at the flanks of the bulges and nooks on the surface.
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Incudo-stapedial joint

Previous concepts on ME mechanics considered the isodirectional motion from
the MU to the LP as the true transfer of motion in the ossicular chain. However,
according to Hüttenbrink, there exists a second protection mechanism, besides
the flexible IMJ. As mentioned above, the incus only partially follows the move-
ment of the malleus head, which results in a predominant up- and downward
movement of the LP. As a consequence, the SH - connected with the LP in the
ISJ - also tends to move up and down, although to a lesser extent. Hüttenbrink
used the term gliding motion for this transformation of motion by the ISJ.

However, by using this term, one easily overlooks the fact that there are actually
two phenomena happening in the ISJ, which must clearly be discerned. First,
if the SH is able to follow the movement LP closely, then the ISJ moves up
and down as a whole. In this case the ISJ functions as a flexible hinge, with a
pivot point between the SH and LP. Second, if the free movement of the SH is
hindered is some way, the LP moves relative to the SH in the plane of the joint.
The term gliding motion is more appropriate for this kind of movement only.
This gliding component enlarge if the ISJ capsular ligament is flexible and the
SAL rigid. The latter causes strong retracting forces on the SF when when the
stapes follows the movement of the LP. On the other hand, the firstly described
up- and downward movement of the ISJ will be enhanced if the SAL is flexible,
allowing the stapes more freedom to adapt to the movement of the LP.

Both the gliding motion and the up and down movement of the LP and SH is
quantified by displacement component c in tables 5.1 and 5.2. Close investi-
gation of the values reveal a combined motion of the above mentioned effects.
An inferiorly moving LP at negative pressures (maximally -191/-56µm) pulls
the SH down in the same direction, albeit over a smaller distance (-79/-38µm)
due to the gliding of the joint. However, at positive pressures the SH is able
to keep track of the upward (+c) displacement of the LP; +84/+46µm versus
+82/+52µm.

The indication of ‘predominant’ up and down movement of the LP by Hüttenbrink
suggest that the out-of-plane movement is negligible. In figure 5.23 we plotted
the results of this out-of-plane component a, compared to the total in-plane
movement ρ =

√
b2 + c2, in a similar way to Hüttenbrink’s figures 5 and 6. Only

the extreme pressures are indicated (bold italic font) next to the corresponding
data, the intermediate data can be found in tables 5.1 and 5.2. Starting from
the origin, a and ρ tend to diverge further from zero, with increasing pressure.
Hüttenbrink plotted data for one specimen only, so we used the median values



5.4. Discussion 263

from his tables IV (incus) and V (stapes) to construct the plots for comparison
(grey curve). Component ρ is considered negative for negative pressures.
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Fig. 5.23: Rho versus a of LP and SH.

The figure shows that Hüttenbrink’s results indeed indicate a predominant up-
and downward motion of the LP and SH. However, displacement of both features
along the perpendicular direction a is not at all insignificant, they are about
half the value of the ρ-component. Similar conclusions can be drawn from our
results. At some pressures the LP has equal magnitude for both components
a and ρ, at others the component ρ is indeed predominant. But in any case
the out-of plane displacement a is significant. The only exception to this is the
small lateral movement of the SH for TB1 at negative pressures.

The same figures also indicate an unequal movement for the LP and SH in the
direction of a, corresponding with a relative movement to each other. However,
relative motion in this direction induces a stretching or compression of the IS
capsular ligament, instead of the in-plane gliding motion mentioned previously.
This was directly demonstrated by figure 5.21, which plotted the evolution of the
inter-ossicle distance of the ISJ with changing pressure. The effect of widening
of the IS-distance at negative and a closure at positive pressures, is apparent
for both ossicles although the deformation is much more pronounced in TB1.
Despite a smaller initial width of the joint, it closes by little less than 30 µm
and opens over 145 µm, whereas for TB2 this is ‘only’ 10 µm and 35 µm.

Hüttenbrink did not explicitly mention the distance change between the LP and
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SH, although it is apparent from his results. The sign of the a-displacements in
his paper can only be guessed, but the tables do suggest a widening of the ISJ
by 16 µm at maximal negative pressure of -400 daPa. At positive pressure both
features move over the same distance of 8 µm, so no change can be observed
here.

The dimensions of the small and bony pedicle - bridging the distance between
the incus long process and the lenticular plate - could be measured from the
3-D incus model. It is constricted halfway the incus long process and the lentic-
ular plate. Cross-sections parallel to the b,c-plane reveal a roughly oval-shape,
with a short and long axis of 90×360 µm for TB1 and 140×360 µm for TB2.
Measured from the medial side of the incus long process to the lateral facet of
the lenticular plate, the pedicle has a height of 300 µm for TB1 and 400 µm for
TB2. The lenticular plate on top of the pedicle has the shape of an oval disk.
For TB1 it measures 400×630×190 µm (short axis×long axis×height) and for
TB2 380×700×190 µm. The pedicles of both samples are different in the sense
that, for TB1, the long axis is perfectly perpendicular to the incus long process,
whereas for TB2 it makes an angle of about 45◦. Despite its extreme fragility,
no bending of the pedicle could be observed in our set of 3-D models. However,
we believe that this is merely due to the limited accuracy of the measuring sys-
tem, rather than an actual fact. So no definitive conclusion can be drawn yet
and additional research is needed in order to reveal the flexible nature (or not)
of the pedicle.

Tilting of the stapes

On the medial side of the stapes, the movement of SF is mainly restricted by
the SAL, only permitting small piston-like movements and/or tilting of the SF
along its short or long axis. The combined effect of a piston-like movement of
the SF with the up and down movement of the SH is an overall tilting of the
stapes. This tilting was already observed in early reports [9] and was ascribed to
the anisotropic elastic properties of the SAL. However, separate studies revealed
the natural motion of an isolated stapes as being pure piston-like [3]. Hence, the
tilting movement of the stapes originates solely from the up and down movement
of the LP and thus the SH [5].

The degree of tilting is again dependent on the specimen but fairly symmetric
over the different pressure regimes, 2.0◦/0.5◦ at negative and 1.6◦/0.7◦ at posi-
tive pressure. The movement of the stapes of TB1 is similar to a tapping foot,
with a pivot point at the medial rim of the SF. Although the stapes of TB2 tilts
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in the same direction compared to the one of TB1, the exact location of the ro-
tation axes is irrelevant. The stapes displays a small and combined tilting and
piston-like movement, which results in the equally small rotation angle. This
once more emphasizes the significant variations between samples, which might
even affect the fundamental mode of stapes motion.

To our knowledge, the stapes tilting mechanism is not yet quantified in other
studies. Although the displacements reported by Hüttenbrink [5] allowed the
calculation of tilting angles he did not discussed them in the text. Compar-
ison between our upward-downward displacement components c and those of
Hüttenbrink, learns that he would have gotten up to four times smaller rotation
angles, in the condition that the SF was immobile and the stapes had identical
height.

3-D movement of the ossicles

On the question whether ossicle motion is 3-D, we refer to figures 5.3 to 5.9.
The frontal view (left) of the first figure illustrates that the malleus motion
is predominantly inward/outward, as can be expected. This mode of motion
is confirmed by the illustrations in figures 5.4 and 5.5, as the only significant
displacement is seen in the plane of the anterior view. Only for the MU of
TB2 one notices a displacement in posterior direction, albeit small. Rotation
of the incus (figures 5.6 and 5.7) mainly occurs in the a,c-plane. The lateral
view (second row) shows an additional but very small posterior shift of the LP
at -500 daPa, and an anterior shift at +500 daPa. Alike the malleus motion,
this suggests a two-dimensional movement of the ossicle. As for the stapes in
figures 5.8 and 5.9, the motion is also predominantly in the a,c-plane, similar to
the incus. However, the SH displays a small tilt in anterior direction, except for
TB2 at positive pressure, which remains immobile along b. We must emphasize
again that the movement of the ossicles in general, and the stapes in particular,
is greatly enlarged in the mentioned figures (up to 10×). This may give the
reader the wrong impression that ossicle movement in a certain direction is
significant, while in reality its motion is minute.

An ossicle’s motion is considered three-dimensionally if it can not be described
in one plane. This occurs when the orientation of the SA’s changes significantly
with evolving pressure. The orientation of the ossicles can thus also be derived
from the inspection of the SA’s in figure 5.13. As was described in section 5.3.3,
the alignment of the SA’s is all but equal to the classical rotation axis. Nor its
location through the IM articulation, nor its orientation from the AML to the
PIL.

Figure 5.13 illustrates the similarity of the malleus SA’s to each other, within a
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(positive or negative) pressure regime. The largest variation between the axes
can be observed at positive pressures, but even then the difference in orientation
is no more than a few degrees. However, stepping from positive to negative
pressures (or vice versa) the SA’s of the malleus do change, in location as well
as in orientation. The exact planes of rotation between the two pressure regimes
are inclined for about 30◦ to each other.

For the incus the evolution of the SA’s is rather different from the malleus. They
tend to float away from the incus with increasing pressure, even within a pressure
regime. This indicates that incus motion is gently being transferred from a
rotational to a translational one. However, the shift is fairly perpendicular to
their orientation, so they remain to good approximation parallel to each other.
Again, between pressure regimes the situation of the SA’s changes. The same
angular difference of about 30◦ can be observed between the SA’s, and the
location is different as well.

So the motion of each of the ossicles separately and within a pressure regime
is predominantly two-dimensional. But this does not necessarily implies that
the malleus and incus share the same plane of rotation. Although figures 5.4 to
5.7 suggest they are, the exact interpretation of the SA’s conclude otherwise.
For TB1 the axes at positive pressure are parallel for both ossicles, but they
are not at negative pressure with an angle of about 30◦. For TB2 the opposite
is observed, parallel axes at negative pressure and inclined axes at positive
pressures, now about 60◦.

Kobrak [61] measured the inclination of the malleus in human ears. He attached
a small mirror to the malleus head and determined the angular deflection at
changing static pressures. The acquired angular changes were between -0.7◦

(-60 daPa ECP) and +0.3◦ (+40 daPa ECP). He calculated the displacements
of the MU, supposing that the rotational axis was fixed.

This assumption was abandoned by Dirckx & Decraemer [52], following their
study on human TM deformations under static pressure. They could determine
the angle of the manubrium from cross-sections of the TM, and found a change
in inclination of -1.95◦ at -160 daPa ECP and +0.29◦ at +160 daPa ECP.
These values are lower than the ones obtained in our measurements, which is
not much of a surprise, considering the larger overall ossicle motion compared
to literature, observed throughout our study. More relevant for this section,
they came to the conclusion that for high static pressure levels, the classical
hypothesis of a malleus rotation around a fixed axis has to be abandoned.

Also in vibrational experiments a variable rotational axis was found in the hu-
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man ossicular chain. Gyo et al [7] concluded that the frequency dependent lever
ratio of the IM complex was due to a shift of the malleus-incus rotation axis.
Willi et al. [6] gave an alternative explanation for the frequency dependent
transfer function of the IM complex by demonstrated the mobility of the IMJ,
even at moderate sound pressures and audible frequencies. Our study now con-
firms the existence of both concepts at static pressures, a flexible IMJ combined
with the effects of a mobile rotational axis.
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5.5 Conclusions

Twenty years after the publication of the work by Hüttenbrink [5], there is
still a great need for quantitative data regarding the ME mechanics under a
static pressure load. With this study we attempt to fill this gap with 3-D
measurements on ossicular chain deformation on human TB’s in a static pressure
range of ±500 daPa. Great functional variations exist between different human
TB’s, which sometimes makes it complicated to draw general conclusions. In
the introduction we summarized the main conclusions of our previous study on
Mongolian gerbils. Now it appears most of these conclusions are applicable for
the human ear as well.

(I) Although the deformation of the ossicular chain can be regarded as roughly
in one plane, close inspection of the rotation axes reveals a more complex
movement of the ossicles. There is no absolute and stable rotation axis
present for all ossicles. Nor is the axis constant between positive and
negative pressure regimes for ossicles individually. Ossicle motion is to
good approximation two-dimensional within a pressure regime though.
This opposes the classic view of a single and immobile rotation axis in the
ME, from the AML to the PIL.

(II) Ossicle motion shows asymmetric behaviour between pressure regimes. In
general, displacements were highest at negative ear canal pressures. For
MU displacements, an outward/inward ratio of 1.2 and 1.9 was found for
the two TB’s. The effect is thus less outspoken compared to the gerbil
ossicular chain.

(III) The LP moves in an inferio-lateral direction at negative pressures and in
an opposite superio-medial direction at positive pressures. The sideways
movement (anterior/posterior) of the LP is very small. The SH tends to
follow this movement, which results in a small tilting of the stapes in a
plane roughly through the short axis of the SF. At positive pressures the
stapes shows relatively large medial displacement into the oval window.

(IV) Both the IMJ and ISJ act as flexible structures, even at the smallest
pressure load. This translates into a distinct relative movement between
the ossicles, hence providing the ME with a protection mechanism against
large displacements of the TM.

(V) The capsular ligament surrounding the LP and the SH is capable of
stretching and compression at resp. negative and positive pressures.
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(VI) The IMJ is a complex joint, with a variable thickness between 80 µm
and 380 µm. The thickness of the interlayer represent the inter-ossicular
distance, and changes with pressure due to the relative motion between
the malleus and incus.
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General conclusions

More than twenty years after the publication of the work by Hüttenbrink, there
still was a great need for quantitative data regarding the middle ear mechanics
under a static pressure load. With this study we filled this gap with three-
dimensional measurements of the middle ear ossicular chain and tympanic mem-
brane in gerbil and human temporal bones in a static pressure regime. This lead
to the following conclusions:

• In section 2.3 we have shown that, if we are not interested in greyscale
values but only in geometrical information, conventional back projection
algorithms still perform well for region of interest tomography. The resolu-
tion in reconstructed slices indeed improves considerably and small details,
not visible in a conventional full object scan, can be revealed with region
of interest tomography. Moreover, the conditions are not very strict, even
with highly asymmetrical & highly absorbing objects the resolution in the
reconstructed slices improved. We demonstrate this with scans performed
on several phantom objects and with images of the gerbil hearing organ.
One can benefit of region of interest microtomography in situations where
physical constraints are such that large parts of the object exceed the field
of view, or in situations where a very high magnification is required, as is
the case in the scanning of temporal bones.

• In chapter 3 we have successfully created 3-D models of the tympanic mem-
brane and its bony attachments, except for the human pars flaccida. These
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models were used to measure the deformation of the tympanic membrane,
with focus on the periphery and the manubrium attachment. We found
that the choice of boundary conditions is not so straightforward and it is
hard to decide a priori which of these conditions will optimally describe
the experimental results. For gerbil pars flaccida at the edge with the bony
ledge and for the pars tensa at the edge with the manubrium, simply sup-
ported boundary conditions are a valid assumption. At the outer edge
of the pars tensa the deformation of the membrane only started at the
inner side of a small bulge, close to the annulus fibrosis. Choosing proper
boundary conditions for the human tympanic membrane is not easy. At
its boundary, it consists of a wedge which is not deformed at its thick end,
but considerably bends at the continuation of the annulus fibrosis with the
tympanic membrane. Due to the complex anatomy of the plica mallearis,
the deformation of the attachment between the tympanic membrane and
the manubrium can not be described by simple mathematical boundary
conditions. Except for the umbo, the entire plica mallearis seems to be
fairly flexible.

• With hyperelastic warping we had a useful tool to determine the small
deformations of the ossicular chain. Ossicle models resulting from the
warping procedure proved to have negligible strain, so the ossicles could
be treated as rigid bodies in all calculations. This allowed us to plot fully
three-dimensional displacement maps of the ossicles under different static
pressure changes. These maps can be consulted if one wants to know
the displacement components on a specific site of the ossicles. Significant
relative movement was indeed observed between all three ossicles, suggest-
ing a slippage behaviour of both ossicular joints. This accounts for large
reduction of movement between the malleus and stapes, and hence its pro-
tective function. Individual ossicle movement within a pressure regime was
mainly rotational and around a fixed axis, thus two-dimensional. However,
rotation axes were not constant between negative and positive pressure,
nor between ossicles, suggesting three-dimensional motion between the
ossicles.

• The conclusions obtained for human temporal bones were indeed largely
parallel to those in gerbil. Rotation axes were found to be fairly con-
stant for each ossicle individually, within a (positive or negative) pressure
regime, but tend to change from one ossicle to another or between pressure
regimes. The classic view of ossicle motion around a fixed and immobile
rotation axis must thus be weakened. The reduction of movement from
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the malleus to the stapes is mainly due to the relative movement of the
ossicles, caused by the flexible incudo-malleal joint and to a lesser extent
the incudo-stapedial joint.
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B Marching cubes algorithm

The segmentation process itself does not produce three-dimensional models yet,
it only defines the outline of the object in every slice. The actual generation
of polygons is done by the marching cubes algorithm, first demonstrated by
Lorensen & Cline [1]. The algorithm steps (‘marches’) through every point in
the dataset and analyses the eight surrounding voxels. Voxels who belong to
the object, are marked as ‘inside the surface’ (say 1), and those who don’t are
marked ‘outside’ (say 0). This way, each of the eight voxels is represented by
the corner of a cube, with a value one or zero. If, on a particular rib of the
cube, there is a transition from 1 to 0 (i.e. from inside to outside), the three-
dimensional surface somehow cuts this edge. Therefore, a node defining one of
the corners of a polygon is placed in-between the voxels. There are 28 = 256
possible combinations of voxels inside or outside the surface. If voxels are in-
dexed in a similar way as the ones shown in figure 24 (inset), each combination
of voxels can be given a unique value between 0 and 255. For example, if nodes
1, 5 and 7 belong to the object (thus labelled 1), this unique value would be
81, representing the binary number 01010001. For each of the 256 voxel com-
binations, the polygons must be placed in a particular formation, in order to
properly in- or exclude the eight voxels. However, because of symmetry reasons,
the number of combinations can be reduced to 15 unique situations. For exam-
ple, for the trivial cases 0 and 255, representing the situation where all voxels
are respectively outside or inside the surface, there is no polygon cutting the
volume. In general, complementary combinations (for example 81=01010001
and 174=10101110) have similar polygon configuration, except they have oppo-
site normals. Figure 24 shows these 15 unique combinations, where 0, 1, 2, 3
or 4 voxels are located inside the surface. There are however a small number
of specific cases in which this set of 15 is not sufficient to locally represent the
object truthfully. To avoid this anomaly, the set is expanded with a couple more
polygon configurations, which span more than eight voxels.
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Fig. 24: At every point in the dataset, the marching cubes algorithm uses

the information of eight surrounding voxels (see inset) in order to select the

appropriate local polygon configuration. Taking into account the symmetry

of different cases, one can discriminate 15 unique configurations (instead

of the 256 original ones). In this figure, they are ordered according to

the number of voxels that are being selected (by the segmentation process,

included into the final model, from none to 4.
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C ICP algorithm

The aim of rigid registration algorithms is to align two sets of data by transla-
tion and rotation, in order to achieve an optimal overlap. This is a very common
procedure in robotics and in image recognition. Numerous algorithms are pro-
posed in this matter, but for precise geometric alignation of large polygon-based
models, ICP suits well [1, 2].

With ICP, transformations are described by means of seven degrees of freedom,
four of which representing a rotation: ~qR = (q0, q1, q2, q3), and the remaining
three a translation: ~qT = (q4, q5, q6). These vectors are merged into one single
registration vector1 ~q = (~qR, ~qT ).

The four vector ~qR is a quaternion2, which represents a rotation axis (q1, q2, q3),
while q0 is a measure for the rotation angle. The relation between q0 and the
exact rotation angle θ is given by: q0 = cos (θ/2). By definition a quaternion is
normalised, which reduces the number of independent variables to three.

The algorithm iterates through several alignment steps, and brings the source
model closer to the target model until it stops when a user-specified tolerance
τ is achieved. The algorithm is briefly described below:

1. Read the original source model S0 and target model T0, with respectively
Ns and Nt surface nodes.

2. It is advised to define an initial transformation vector ~q, which brings S0 in
the vicinity of T0. This reduces the chance the algorithm ends up in a local
minimum. Otherwise, define the initial vector as ~q = (1, 0, 0, 0, 0, 0, 0). Set
the iteration index k = 0.

3. Perform the transformation of the initial source model S0 with the regis-
tration vector ~q:

S = ~q(S0)

4. For each node ~ps,i in S, select the closest node ~pt,i in T0 and name this
node set T .

1Analogue to quaternions, which consists of four components, this vector is sometimes

called a septernion for obvious reasons.
2Every quaternion ~qR can be transformed into a classic 3× 3 rotation matrix R as follows:

R =

 (q20 + q2x − q2y − q2z) 2(qxqy − q0qz) 2(qxqz + q0qy)

2(qyqx + q0qz) (q20 − q2x + q2y − q2z) 2(qyqz − q0qx)

2(qzqx − q0qy) 2(qzqy + q0qx) (q20 − q2x − q2y + q2z)
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5. Construct the 4× 4 matrix Q as follows3 :

Q =
[
tr(Σ) ∆t

∆ Σ + Σt − tr(Σ)I3

]
with:

∆ = [A23 A31 A12]t

Aij = (Σ− Σt)ij

6. The unit eigenvector ~qR corresponding with the largest eigenvalue of the
matrix Q represents the optimal rotation vector. The optimal transla-
tional vector ~qT then is given by: ~qT = ~µT −R~µS

7. Define the mean square error by:

d =
1
Ns

Ns∑
i=1

||~pt,i −R~ps,i − ~qT ||2

When the mean square error difference between two successive iterative
steps exceeds a value τ > 0, return to step 3 and start a new iteration.
Terminate the algorithm when the difference is smaller.

One of the advantages of ICP is that, as long as the models contain enough
nodes, they don’t necessarily have to be described by the same nodal lists. In
other words, the number of nodes can differ between models. If implemented
efficiently, the code is relatively fast, but when working with high-sampled mod-
els, it still takes considerable time before the algorithm converges. The average
calculation time on a single Pentium 2.4 GHz processor and 8 GB of memory is
8 minutes for TB1 (500k nodes) and 12 minutes for TB2 (400k nodes), if per-
formed with the software package Mesh3D written by S.A. Maas. Most of the
time, several alignation cycles are needed in order to properly align the models.

Depending on the initial transformation vector ~q, the algorithm may converge in
a local minimum. However, this becomes clear after a quick visual inspection of
the results. Then the user can restart the alignment, this time using a different
initial vector ~q.

3In these equations Σ represents the cross-covariant matrix between datasets S and T , and

uses the centre-of-masses ~µs and ~µt:

Σ =
1

Ns

Ns∑
i=1

[(~ps,i − ~µs)(~pt,i − ~µt)
t]
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Het menselijk oor is een van de meest fascinerende organen van het menselijk
lichaam. Ondanks zijn geringe afmetingen, bestaat het uit vele componenten,
die samenwerken als een uniek en complex apparaat. Het stelt ons in staat om
geluiden te onderscheiden over een breed frequentiespectrum van 20 tot 20000
Hz, en dit over een zeer groot dynamisch bereik van geluidsdrukken, over 6
grootteordes. Van bijna onhoorbaar gefluister op 0 dB, tot een immense 120 dB
op een rock concert. Hoewel het oor permanente beschadiging oploopt bij zulke
geluiden, is het oor is toch goed bestand tegen nog veel hogere druk fluctuaties,
zolang de veranderingen maar evolueren op een veel langere tijdschaal. In plaats
van de snelle veranderingen die gepaard gaan met een akoestische stimulans,
typisch 0.05 s tot 0.05 ms, gaat het hier over seconden of nog veel trager. Deze
zogenaamde statische druk veranderingen zijn veel voorkomend in het dagelijks
leven, bijvoorbeeld als gevolg van atmosferische schommelingen, niezen, reizen
per vliegtuig of tijdens het duiken.

Het middenoor is hierbij van cruciaal belang, omdat het een normale werking
van het oor bij zulke grote statische druk blijft garanderen. Het reageert op
een fundamenteel andere manier op dit soort variaties, in vergelijking met een
akoestische stimulans. Met de huidige stand van zaken qua kennis over mid-
denoor mechanica, is het een algemeen aanvaarde gedachte dat het middenoor
fungeert als een buffer mechanisme. Het schermt het binnenoor af van de grote
verplaatsingen van het trommelvlies die een gevolg zijn van de statische druk
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veranderingen. In de literatuur is echter nog geen eenduidig antwoord gegeven
op de vragen hoe dit precies gebeurt en hoe groot het buffer effect is, hoewel het
werk van Hüttenbrink in 1988 reeds enig inzicht verschaft in deze zaken.

Het doel van dit onderzoek is om driedimensionale (3D) kwantitatieve gegevens
te verkrijgen over de mechanica van het middenoor terwijl het oor onderhevig
is aan statische drukveranderingen. De beeldvormingstechniek die hierbij de
voorkeur krijgt is microtomografie. Het is een niet-destructieve techniek die 3D
resultaten oplevert met een hoge resolutie.

Dit proefschrift bestaat uit vijf hoofdstukken; het eerste motiveert het onderzoek
en schetst een algemeen beeld van de anatomie en werking van het menselijk
oor. Het tweede hoofdstuk handelt over de methodologie. Het geeft een uiteen-
zetting over tomografie, en meer in het bijzonder region of interest tomografie.
Het derde hoofdstuk vestigt de aandacht op de vervorming van de randen van
het trommelvlies, als gevolg van statische drukveranderingen. Het vierde en
vijfde hoofdstuk zijn nauw verwant, in de zin dat ze allebei handelen over de
mechanica van de middenoorbeentjes bij statische druk, respectievelijk in gerbil
en menselijke oren. Een meer gedetailleerd overzicht volgt hieronder.

Eerste hoofdstuk Gehooronderzoek heeft als doel een beter inzicht te verkrij-
gen in de complexe werkingsmechanismen van het (menselijke) oor. Op termijn
moet dit leiden tot een betere medische behandeling van patiënten die lijden
aan slechthorendheid. Dit eerste deel motiveert het onderzoek dan ook in kader
van gehoorproblemen bij de mens. Sectie 1.1 schetst de sociale gevolgen van
slechthorendheid, de verschillende soorten aandoeningen, en een aantal oplossin-
gen om ze (gedeeltelijk) te overwinnen. Een gedetailleerde beschrijving van de
anatomie van de (menselijke) oor wordt gegeven in sectie 1.2. We richten ons
daarbij vooral op de middenoorketen, en illustreren dit met realistische 3D com-
putermodellen van de gehoorbeentjes in het middenoor. Deel 1.2 verduidelijkt
waarom het oor is gebouwd zoals wij het kennen, en benadrukt de rol van elk
van de componenten.

Tweede hoofdstuk Een x-stralen microtomograaf is een apparaat dat een
klein object belicht met x-stralen, en schaduwbeelden registreert op een cam-
era terwijl het object stapsgewijs geroteerd wordt. Computer microtomografie
(µCT) is dan de 3D beeldvormingstechniek die, vertrekkende van deze schaduw-
beelden, virtuele doorsneden genereert van het object zonder dat het vernietigd
hoeft te worden, en dit met hoge nauwkeurigheid. Deze eigenschappen maken
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dat microtomografie de meest geschikte techniek was voor onze studie. Dit
hoofdstuk begint dan ook met een korte geschiedenis van tomografie in sec-
tie 2.1, gevolgd door een theoretische uiteenzetting in sectie 2.2. Het gebruik
van microtomografie vereist dat het gehele voorwerp binnen de x-stralen bundel
blijft, wanneer het vanuit alle hoeken wordt belicht. Echter, tijdens region of
interest (ROI) tomografie, wordt slechts een klein deel van het object belicht
met x-stralen. De voorwaarden voor tomografie zijn dus niet meer voldaan;
schaduwbeelden zijn onvolledig en gereconstrueerde doorsneden zijn niet meer
correct. In sectie 2.3 tonen we aan dat, als we niet genteresseerd zijn in gri-
jswaarden maar enkel in de geometrie van objecten, conventionele algoritmen
nog steeds voldoende presteren voor ROI-tomografie. Dit wordt gedemonstreerd
met ROI-opnames uitgevoerd op verschillende fantoom objecten, en met ROI
beelden van een gerbil gehoororgaan. We vonden dat de resolutie aanzienlijk
kan worden verbeterd en dat kleine details, niet zichtbaar in een conventionele
opname van het volledige object, kunnen worden onthuld door een ROI-opname.
Men kan voordeel halen uit ROI-µCT in situaties waarin de fysieke beperkin-
gen van dien aard zijn dat grote delen van het object buiten het gezichtsveld
vallen, of in situaties waar een zeer hoge vergrotingsfactor is vereist. Sectie
2.4.2 vergelijkt microtomografie met enkele andere beeldvormingstechnieken en
bekijkt de voor- en nadelen van elke techniek. Het laatste deel (2.5) behandelt
een aantal praktische aspecten van 3D modellering van het middenoor, het seg-
mentatie proces, het aligneren van modellen en de constructie van tetrahedrale
volume modellen.

Derde hoofdstuk De functie van het middenoor is té complex om volledig te
worden begrepen met eenvoudige beschrijvende modellen. Het vereist realistis-
che wiskundige modellen waarin de structurele elementen worden weergegeven
door geometrisch correcte 3D modellen met de juiste fysieke parameters en rand-
voorwaarden. Door een gebrek aan experimentele gegevens kon de keuze van
de randvoorwaarden tot nog toe niet worden gebaseerd op beschikbare en reële
resultaten. In hoofdstuk 3 bestuderen we dan ook de vervorming van het trom-
melvlies aan de randen met behulp van x-stralen µCT, zowel bij de mens als
bij gerbils, terwijl het oor onderhevig is aan statische drukveranderingen. Het
trommelvlies en de benige omringende structuren werden zorgvuldig gemod-
elleerd in 3D. Deze werden gebruikt om de vervorming van het trommelvlies te
meten, en dan specifiek aan de periferie en de verbinding met de manubrium.
Het bleek dat een eenduidige keuze van de randvoorwaarden niet eenvoudig is,
en dat het moeilijk is om a priori te beslissen welke van deze voorwaarden op-
timaal de experimentele resultaten zal beschrijven. Voor gerbil pars flaccida
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aan de benige rand en voor de pars tensa aan de manubrium, is het geldig te
veronderstellen dat de randvoorwaarden ‘simply supported’ zijn, te vergelijken
met een scharnierende plaat. Aan de uiterste rand van de pars tensa werd
de vervorming van het membraan pas merkbaar vanaf een kleine verdikking,
dicht bij de ‘annulus fibrosis’. Een juiste keuze voor de randvoorwaarden voor
het menselijke trommelvlies is minder eenvoudig. De rand bestaat uit een wig,
waarvan het dikke eind quasi niet wordt vervormd, maar pas aanzienlijk be-
gint door te buigen ter hoogte van de overgang van de annulus fibrosis met het
trommelvlies.

Vierde hoofdstuk Gerbils worden steeds populairder als proefdier in het
onderzoek naar het gehoor. Ze zijn gemakkelijk beschikbaar en dissectie van
het relatief grote rotsbeen is vrij eenvoudig. Omdat het zoogdieren zijn, is de
anatomie en de werking van een gerbil oor zeer vergelijkbaar met dat van de
mens, al is het veel kleiner van formaat. In dit hoofdstuk bestuderen we hoe de
3D configuratie van de gerbil middenoorketen verandert wanneer statische druk
tussen -200 en +200 daPa worden aangelegd op de gehoorgang. De gehooror-
ganen werden opgemeten met behulp van microtomografie met een geometrisch
voxel grootte van 6.5 µm. Voor de precieze bepaling van kleine veranderingen
in de middenoorketen maken we gebruik van ‘hyperelastic warping’ (HEW),
een beeldregistratie methode die gebruik maakt van vervormbare modellen. In
deze relatief nieuwe techniek wordt een 3D eindige elementen model (EEM),
gebaseerd op een zorgvuldige segmentatie van de initiële dataset, vervormd tot
het is uitgelijnd met een tweede model behorend bij een andere druk. De speci-
ficiteit van onze data (kleine voorwerpen, niet-optimale beelden, kleine ver-
plaatsingen, . . . ), dwingt tot een validatie van de HEW techniek, voorafgaand
aan de feitelijke metingen. Een aantal parameters in het warping proces werden
onderzocht en hun impact op de resultaten werd nagegaan. Voor zover bekend,
is dit de eerste keer dat HEW wordt toegepast in onderzoek naar het gehoor. De
individuele verplaatsingen van de gehoorbeentjes werden getoond met behulp
van 3D modellen. Tevens werden de precieze componenten van de verplaatsin-
gen van enkele (functioneel belangrijke) punten afzonderlijk gegeven als functie
van de druk tussen -200 en +200 daPa. De beweging van starre lichamen kan
echter ook worden beschreven als een translatie langs en een rotatie rond een
zogenaamde schroef-as (SA). De SA van de gehoorbeentjes wordt getoond, zowel
in de oorspronkelijke coördinatenstelsel, alsook ten opzichte van het aambeeld in
bij nuldruk. Dit laatste stelt ons in staat om kleine veranderingen in de 3D con-
figuratie van de middenoorketen duidelijker waar te nemen. Het demonstreert
ook duidelijk dat de connecties tussen de hamer en het aambeeld, en tussen
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het aambeeld en de stijgbeugel flexibel zijn, wat een onmiddellijke verklaring
geeft voor het beschermingsmechanisme van het middenoor. De beweging van
individuele gehoorbeentjes blijkt overwegend in één vlak te liggen, al is dit vlak
niet hetzelfde voor alle beentjes. De vervorming van de middenoorketen blijkt
bovendien een zeer asymmetrisch karakter te hebben, bepaalde specifieke de-
len vertonen grote verplaatsingen voor negatieve en veel kleinere waarden voor
positieve drukken. De grote buitenwaartse verplaatsing van de hamertip, als
gevolg van een negatieve druk, transformeert in een neerwaartse beweging van
het lenticulair proces van het aambeeld, wat resulteert in een combinatie van
een kanteling en een zuiger-beweging van de stijgbeugel. De gehoorbeentjes ver-
toonden allen een zekere mate van relatieve beweging tegenover elkaar bij alle
drukken, als gevolg van de flexibele gewrichten die de delen bijeen houden. Het
is net dit mechanisme dat zorgt voor de beschermende functie van het midde-
noor.

Vijfde hoofdstuk Gelijkaardig aan het vorige hoofdstuk, werd de 3D me-
chanica van de middenoorketen gemeten bij statische drukveranderingen tussen
-500 en +500 daPa, nu in menselijke oren. Door de grotere omvang van het rots-
been, werd een andere tomografisch toestel gebruikt, met een geometrisch voxel
grootte van 35 µm. De conclusies die getrokken konden worden, waren groten-
deels parallel aan die voor de gerbil experimenten. De rotatie-assen bleken re-
latief stabiel te zijn voor elk beentje afzonderlijk, binnen één (positief of negatief)
drukregime, maar hadden de neiging te vaiëren tussen gehoorbeentjes onderling.
De klassieke opvatting wat betreft de mechanica van de middenoorbeentjes is dat
ze bewegen rond een vaste rotatie-as. Deze aanname moet nu worden herzien
in het licht van deze studie. Hoewel het effect minder uitgesproken was als bij
gerbils, werd toch ook een asymmetrisch gedrag tussen positieve en negatieve
drukken waargenomen. Echter, gelijkaardig aan gerbil, resulteert een op- en
neerwaartse beweging van het lenticulair process in een kanteling van de stijg-
beugel in combinatie met een zuiger-beweging. Ook in het menselijke rotsbeen
is de transformatie van grote verplaatsing van de hamertip naar kleine beweg-
ingen van de voetplaat toe te schrijven aan de relatieve bewegingen tussen de
gehoorbeentjes. Dit wordt veroorzaakt door het flexibele gewricht in het hamer-
aambeeld complex en het aambeeld-stijgbeugel complex.
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Zürich, Switserland, 2006





Dankwoord

En dan ligt hij er, eindelijk. Die thesis waarmee je ondertussen een liefde-haat
relatie hebt opgebouwd, het langdurige resultaat van zwoegen en zweten, ligt
plots in boekvorm in je handen. Wat volgt zijn felicitaties, gericht aan jouw
persoontje dat even in de schijnwerpers mag staan. Dit is echter niet het werk
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Patients suffering from severe conductive hearing loss can, in some cases, be helped with 
middle ear prostheses. The design and development of such prostheses is increasingly 
based on simulations with computer models. This way, the impact of the prosthesis 
material or the shape of the prosthesis on the perception of sound can be determined in a 
much faster way and at a much lower cost.

The development of reliable computer models parallels the latest findings in hearing 
research, for - despite great progress in the past decades - the precise functioning of the 

ear is still not fully understood. The eardrum and the middle ear ossicles efficiently transport sound to the cochlea, 
yet the system also responds to slow pressure changes. Such static pressures are quite common in everyday life, for 
example when flying an aeroplane, having a cold, swimming or scuba diving, and even when taking an elevator. 
Until now, little is known about ‘how’ and ‘to what extent’ the middle ear reacts, and how it helps protecting the 
cochlea from such large pressure changes.

In this study, we examine the mechanisms underlying this protective function of the middle ear. By using micro-
tomography, detailed three-dimensional models of the entire middle ear chain are created for different external 
pressures. It appears that the ossicular chain does not behave as a rigid structure but that the middle ear ossicles 
exhibit small rotating movements and thereby slide over each other like flexible joints. These phenomena were 
previously not fully three-dimensionally described, nor quantified with such a high precision.
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