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ABSTRACT 

In this thesis we are developing image processing methods allowing one to probe the 
structure and function of the mammalian hearing organ, an intricate cellular assembly with 
a highly specialized three-dimensional organization. Confocal as well as electron 
microscopy was used for image acquisition. 
 

Three-dimensional confocal imaging is hampered by noise and blur, and this is even more 
significant when working with deep biological imaging, such as our temporal bone 
preparation of the guinea pig cochlea. Blur is not only caused by the optical properties of 
the microscope, but by the scattering of light and distortions caused by the sample itself. 
Deconvolution is widely used in image processing to reverse these effects. If the system’s 
point-spread function (PSF) is known, a deconvolution can be performed leading to 
increased image resolution. The idea of getting all the information about the PSF and 
deconvolution from the image itself is explored in this thesis. A set of tools were 
developed that screens the images for structures that can be used as PSF estimates. Using 
the extracted structures, a PSF model for deconvolution was designed, resulting in a 
significant improvement in deconvolutions of images acquired from the inner ear. 
 

To study functionally relevant movements inside the hearing organ, a wavelet-based three-
dimensional brightness-adjusted optical flow algorithm was designed. Numerical 
experiments show that the algorithm allows motion detection with less than 10% 
magnitude error over the range from 0.5 – 5 pixels under conditions of noise more severe 
than that typically found in real experiments. The angular error was less than 10° for the 
same range of motions. Accurate quantification of motion and deformation patterns in the 
hearing organ is therefore possible. The algorithm was applied to three-dimensional image 
sequences showing the sound-evoked motion of cochlear sensory cells. Motion directed 
perpendicular and parallel to the surface of the hearing organ were robust and displayed a 
linear relationship to each other, suggesting that they are governed by passive cellular 
properties such as stiffness, mass and damping. In contrast, components directed away 
from the center of the spiral-shaped cochlea showed much higher variability, and these 
components may be more tightly linked to the active, force-generating property of the 
outer hair cells.  
 
Outer hair cells are unique because of their capacity for high-frequency force generation, 
which requires specialized connections between molecular motors and the cell skeleton. 
Using electron tomography and three-dimensional reconstruction, we examined one such 
connecting structure, the “pillars“, which links the plasma membrane to the cell skeleton. 
Individual pillars show structural variability, which may have functional relevance. 
However, tissue processing and imperfect imaging conditions may cause a part of the 
variability. 
 
Information gained from these studies will be useful to develop a more detailed 
understanding of the three dimensional micromechanics of the cochlea, and to test existing 
models describing the mechanical vibrations of this organ. 
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1 INTRODUCTION 

The mammalian inner ear is a unique sensory system deeply embedded in the temporal 

bone. It consists of two sensory organs; the hearing organ (cochlea) and the balance organ 

(utricle, saccule and three semicircular canals). The inner ear is fluid-filled and all the 

sensory organs contain mechano-receptive cells called hair cells.  

 

 

FIGURE 1. Schematic drawing showing the outer, middle and inner ear. Courtesy of Mette 
Kirkegaard. 

The ear consists of three major parts, the outer, middle and inner ear (Figure 1). Each 

part has an essential role in the hearing process. The outer ear is composed of the auricle 

and the external auditory canal. The middle ear is an air-filled cavity, situated between 

the tympanic membrane and the oval window. It consists of three tiny bones called the 

middle ear ossicles; the malleus attaches to the tympanic membrane, the incus that is 

shaped like a kind of lever arm, and the stapes and its footplate that connects to the oval 

window. Hearing begins via the auricle that works as a funnel and collects incoming 

sound waves. These waves are transmitted through the external auditory canal and set 

the tympanic membrane in motion. Tympanic membrane vibrations are then transmitted 

by the middle ear ossicles to the oval window, resulting in pressure waves being 

produced in the fluid-filled cochlear ducts (see Lighthill (1991) for a review). Since the 

middle ear cavity is air-filled and the inner ear is fluid-filled, a greater pressure is needed 

to drive the movement of the oval window and vibrate the fluid. The middle ear 
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provides two means for doing this. First, the relative sizes of the tympanic membrane 

and the oval window, which is about 20 times smaller. Therefore when all force exerted 

on the tympanic membrane is transferred to the oval window; the pressure (force per 

unit area) is 20 times greater at the oval window than the tympanic membrane due to the 

size difference. Second, the middle ear ossicles transfer the forces from the tympanic 

membrane to the oval window through a lever action that increases the force by about a 

factor of 1.35. 

1.1 MAMMALIAN COCHLEA  

The ability to hear is central for communication between individuals. Despite recent years’ 

progress, our understanding of the most basic aspects of cochlear function still remains 

unclear. In the following, a detailed description of cochlear anatomy and function will be 

given. 

1.1.1 ANATOMY OF THE COCHLEA 

The cochlea is a snail-shaped, fluid-filled structure divided into three compartments, called 

scala vestibuli, scala media and scala tympani (Figure 2). Scala media is separated from the 

scala vestibuli by Reissner’s membrane (RM) and from scala tympani by the basilar 

membrane (BM). Scala media contains the cochlear partition, which spans the length of 

the cochlea and consists of the basilar membrane, tectorial membrane (TM) and the 

hearing organ, the organ of Corti (A. Corti was the first to describe the sensory organ in 

the mammalian cochlea, in 1851).  

 

FIGURE 2. Cross-section through 
one cochlear turn. Scala media (SM) 
is separated from the scala vestibuli 
(SV) by Reissner’s membrane (RM) 
and from scala tympani by the 
basilar membrane (BM). The inner 
hair cells (IHC) and outer hair cells 
(OHC) are situated in the organ of 
Corti. The hair bundles of the outer 
hair cells are embedded in the 
tectorial membrane (TM). Courtesy 
of Mette Kirkegaard. 
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Scala vestibuli and scala tympani are filled with perilymph, a fluid similar to the 

extracellular fluids with low K+ and high Na+ concentrations. These two compartments are 

connected via a small opening in the apex of the cochlea, called the helicotrema. Scala 

media contains a unique fluid rich in K+ and poor in Na+, called endolymph (Smith et al., 

1954). Mixing of the cochlear fluids due to leakage or breaking of the membranes between 

the scalae would result in hearing impairment. 

 The organ of Corti sits on the basilar membrane and it contains two types of 

mechanoreceptive sensory cells, the inner hair cells (IHC) and outer hair cells (OHC). In 

mammals there is one row of inner hair cells and typically three of outer hair cells. The 

supporting cells, Deiters’, Hensen’s cells and the pillar cells, give the organ its structural 

stiffness essential for its function. Along the upper surface of the organ of Corti, the 

reticular lamina (RL), an array of small organelles called the hair bundles protrude from the 

apices of the hair cells into the endolymph. Each hair bundle is composed of densely 

packed rod-like structures called the stereocilia, arranged in two to four rows of graded 

lengths. Cochlear stereocilia are about 200 nm in diameter and typically a few microns in 

length (Figure 3). They are filled with a dense array of actin making them very stiff (Flock 

and Cheung, 1977), and form characteristic hair bundle patterns whose shape depends on 

hair cell type (U- or W-like for IHCs and OHCs, respectively). Hair bundle dimensions 

also vary gradually with location along the cochlea (Tilney and Saunders, 1983). The 

shortest hair bundles are located in the basal regions of the cochlea where sounds of 

higher frequency are detected and the longest stereocilia are located in the apical regions 

responsible for the detection of low frequency sounds. 

FIGURE 3.  Scanning electron micrographs of the chinchilla cochlea. The image to the left shows a 
surface view of the organ of Corti in the apical turn. During the preparation, the tectorial 
membrane has lifted away exposing the organ of Corti. The image to the right shows the sensory 
surface (reticular lamina) of the organ of Corti. Three rows of outer hair cells and one row on inner 
hair cells are seen. The stereociliar bundle forms a W-shape for the OHCs. Courtesy of the 
Auditory Science Lab at The Hospital for Sick Children, Toronto, Canada. 
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1.1.1.1 OUTER HAIR CELLS 

The outer hair cells are critical components of the organ of Corti and hearing sensitivity 

declines sharply in their absence. These cells have an unusual morphology, with a 

cylindrical cell body 6 - 8 µm in diameter and up to 70 µm long, crowned by a W-shaped 

array of stereocilia. The length and stiffness of the cell body and stereocilia varies 

according to location. Short and stiff outer hair cells are found near the base of the 

cochlea, and cells increase progressively in length and compliance towards the apex (e.g. 

(Ulfendahl et al., 1998), where low-frequency sound is detected. Outer hair cells are 

unusual at the ultrastructural level too. In electron micrographs, an extensive network of 

small sac-like structures are seen under the cell membrane. The sacs resemble smooth 

endoplasmic reticulum. They connect to the cell membrane through the pillar-like 

structures that are examined in detail in paper IV. 

 Outer hair cells detect sound-evoked vibration through several different 

mechanisms. First, deflection of stereocilia will open mechanically sensitive channels, 

leading to an influx of potassium and calcium ions from the endolymph (Flock, 1965;  

Hudspeth and Corey, 1977). Secondly, the cells respond to mechanical stimulations 

directed at the cell membrane (Canlon et al., 1988; Brundin et al., 1989; Brundin and 

Russell, 1994). Such mechanical stimulation appears to activate a mechanically sensitive 

chloride conductance (Rybalchenko and Santos-Sacchi, 2003). Outer hair cells not only 

detect bundle deflection and pressure changes in the surrounding fluids, but also are 

capable of force production (Brownell et al., 1985). On depolarization of the membrane, a 

length change of up to 5% is evident (Ashmore, 1987). In vitro studies have shown that 

these length changes can occur at frequencies up to 100 kHz during electric field 

stimulation (Frank et al., 1999) and that they depend on a motor protein, prestin (Zheng et 

al., 2000). This forms the basis for the theory of the “cochlear amplifier”. Force produced 

by the outer hair cells upon deflection of their stereocilia is assumed to augment the 

vibration of the hearing organ, in effect creating a positive feedback cycle that increases 

hearing sensitivity. 

 This theory has one substantial problem: At frequencies above 500 Hz, the 

parallel capacitance and resistance of the cell membrane will attenuate the voltage stimulus 

severely. Therefore, the outer hair cell may be nature’s fastest motor, but there appears to 

be no stimulus that can drive the motor in vivo. A potential solution is to assume that outer 

hair cells are driven by extracellular voltage changes (Dallos and Evans, 1995). While 
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recent studies suggest that this could indeed work (Fridberger et al., 2004), the amplitude 

of the extracellular voltage gradients appear to be quite small. 

 Another potential solution was suggested by the finding that amphibian hair 

bundles are capable of active movements (Crawford and Fettiplace, 1985). Subsequent 

studies showed such movements to be present also in mammalian hair cells (Kennedy et 

al., 2005; Chan and Hudspeth, 2005a), but studies in knockout mice suggest that the hair 

bundle motor alone is insufficient to sustain cochlear amplification (Dallos et al., 2008). 

The mechanical sensitivity of the cell body offers yet another candidate mechanism: On 

exposure to pressure jets or deformation of the cell membrane, outer hair cells show fast 

length changes with both DC and AC components (Brundin et al., 1989). The importance 

of this mechanism remains unclear, although it is noted that deformations occur inside the 

hearing organ during sound stimulation (Fridberger and de Monvel, 2003; Tomo et al., 

2007a). These deformations may serve to trigger cell body motion. While this last theory 

remains the most speculative option, some support has been gained from recent in vivo 

studies (Santos-Sacchi et al., 2006). 

1.1.2 MECHANOELECTRICAL SOUND TRANSDUCTION 

Stereociliary hair bundles act as small mechanoreceptive antennae. Deflection of the 

stereocilia provokes the opening of mechanosensitive transduction channels (or 

mechanotransduction channels) situated in their membranes. This results in a cationic 

inflow (mainly K+ and Ca2+) that depolarizes the hair cell (Harris et al., 1970; Hudspeth 

and Corey, 1977). An additional gelatinous structure, the tectorial membrane (TM), covers 

the hair cells leaving a thin fluid space between itself and the reticular lamina. The TM is 

attached to the outer hair cells stereocilia and at its inner edge, to the bony spiral limbus. 

During sound stimulation, vibrations of the basilar membrane are communicated to the 

organ of Corti, resulting in a shearing motion between the TM and the reticular lamina (ter 

Kuile, 1900; Ulfendahl et al., 1995) . It is this shearing motion that causes deflection of 

stereocilia and stimulation of hair cells (Fridberger et al., 2006). Opening and closing of 

mechanotransduction channels during this process modulates the ionic current flowing 

inside the cells. In this way, sound evoked mechanical vibrations of the hearing organ are 

converted to electrical signals in the form of hair cell receptor potentials. This process is 

extremely effective and can work in a wide range of acoustic frequencies. 



IMAGE PROCESSING METHODS TO STUDY THE LIVING HEARING ORGAN 

 

6 

1.1.3 INNERVATION OF HAIR CELLS 

The auditory nerve transmits action potentials generated in the cochlea to the brain 

(Tasaki, 1954). The larger the amplitude of incoming sound pressure, the stronger the 

stimulation and the higher the rates of action potentials transmitted to the auditory nerve. 

Transmission of electrical signals carrying sound information to auditory nerve fibers is the 

other major function of hair cells, in addition to their function as mechanoelectrical 

receptor cells. Projecting to the base of each hair cell are a number of fibers from the 

auditory nerve. At low frequencies for stimulation the action potentials are phase-locked to 

the stimulation. However more nerve fibers are going to get activated when the sound 

pressure increases. The inner hair cells are innervated for more than 90% by afferent fibers 

sending signals to the brain (Spoendlin, 1972). IHCs are thus the true mechano-sensory 

detectors of the hearing organ. The outer hair cells, on the other hand, are innervated 

primarily by efferent nerve fibers (receiving impulses from the brain). However, even the 

outer hair cells have a small share of the afferent innervation, via type II neurons. These 

nerve fibers are connected to a large number of hair cells. The outer hair cells are not 

directly responsible for sound detection, but they are critical for cochlear amplification, an 

active electromechanical feedback process that boosts the vibrations of the hearing organ, 

leading to the extreme sensitivity and frequency selectivity of the ear. 

 

1.1.4 ACTIVE MECHANICS AND OUTER HAIR CELLS  

The cochlear function can be summed up by two key criterias;  first, that the normal 

cochlear function is dependent on an active, mechanical feedback process and second that 

the key driving force for this feedback process are the outer hair cells (Ashmore, 1987; 

Brownell et al., 1985) . Outer hair cells perform two reciprocal transducer functions. First, 

they transduce mechanical input, in the form of deflection of the stereocilia into an 

electrical signal that is changing the receptor potential of the cell. Second, they transduce 

electrical input into mechanical output, when they perform somatic shape and stiffness 

modulation due to changes in their transmembrane potential (Brownell et al., 1985; He and 

Dallos, 1999). The ability of the outer hair cells to produce a mechanical response to their 

transmembrane potential, called electromotility, is a unique function of these cells and an 

important finding in the field of hearing research. Isolated OHCs are able to change length 

(up to 3-5% of their total length) at acoustic frequencies upon electrical stimulation (Frank 

et al., 1999). These changes are controlled by the transmembrane potential. 
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Depolarizations of the cell lead to cell contraction and hyperpolarization to elongation. 

Some changes are also seen on the cells diameter. Electromotility is a non-linear response 

that shows rectification in the contraction direction and saturation as well (Evans et al., 

1991). In vivo, the electromotile response of OHCs is thought to be driven by the 

modulation of their receptor potentials resulting from acoustic stimulation. Their changes 

in shape and stiffness alter micromechanical processes that influence the travelling wave 

and results in deformation of the organ of Corti. As a consequence the OHC return energy 

to the cochlear partition that works against the fluid viscosity, resulting in a greatly 

amplified travelling wave in the region in the cochlea with the maximum response. The 

details of this micromechanical process remain unclear; in particular cochlear amplification 

may also involve active movements of OHC stereocilia (Chan and Hudspeth, 2005b; 

Crawford and Fettiplace, 1985; Kennedy et al., 2003). But the end result is clear: OHCs are 

essential for the normal sensitivity and frequency selectivity of the ear. 

 

1.2 IMAGE RESTORATION 

One of the main achievements of modern structural biology is the ability to analyze 

biological specimens in three dimensions (Agard, 1984). With today’s fast computers and 

digital image acquisition systems it is possible to reconstruct the three-dimensional 

structure of complex cellular assemblies imaged by optical microscopy. Three-dimensional 

data is collected by acquiring images at a series of focal planes sequentially throughout the 

specimens. This technique can be used with most light microscopy imaging methods. 

Every recorded image section contains the sum of an in-focus contribution arising from 

regions of the sample lying in the focal plane, and of out-of-focus contributions arising 

from the rest of the sample. Out-of-focus contributions results in blurring that can be 

removed computationally; however a more effective way to reduce the out-of-focus blur is 

by removing this contribution optically. Confocal microscopy was invented specifically for 

this purpose (Pawley, 1995, Minsky, 1988). In a confocal imaging system a laser beam 

scans across the focal plane of the objective lens and a spatial pinhole is used to eliminate 

out-of-focus light coming from points in the sample that do not lie in the focal plane. 

Thereby only light within the focal plane is detected and the image quality obtained is 

considerably higher than in conventional wide-field microscopy. Nevertheless, even with 

confocal microscopy the image quality is not perfect. Not only are confocal images 

typically noisier than wide-field images (since much less light is collected), but some optical 
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distortions remain, especially when imaging deep in biological tissue where scattering and 

sample-induced aberrations become important (Kam et al., 2001; Boutet de Monvel et al., 

2003). 

 The way the light is spread at the focal point of a microscope depends on 

the optics of the imaging system (mainly the numerical aperture of the objective lens and 

the wavelength of emission and excitation), and on the optical properties of the specimen 

itself. In particular any variation in the refraction index of the structures surrounding the 

focal point will cause scattering and diffraction of light, leading to optical distortions. 

Image processing methods can be applied to these images to improve their signal-to-noise 

ratio and resolution (Bertero et al., 1990; Holmes, 1988). Wavelet filtering and 

deconvolution, which are briefly described below, provide particular efficient tools in a 

wide range of contexts, including for example astronomy (Starck and Bijaoui, 1994) and of 

course biology(van de Ville, 2006). 

1.2.1 WAVELETS AND THEIR USE IN IMAGE PROCESSING 

1.2.1.1 WAVELET OVERVIEW 

Wavelets are mathematical functions allowing one to analyze data by filtering (Graps, 1995; 

Mallat, 1999). These functions are constructed to satisfy certain mathematical 

requirements, allowing them to be used as building blocks representing other functions by 

linear superposition. The idea of representing a function by superposition has been 

described before. Already in the early 1800´s the French mathematician Joseph Fourier, 

discovered that almost any function could be expressed as a superposition of sine and 

cosine functions of different frequencies, and invented an algorithm to do so (the Fourier 

transform). In this context, high frequency Fourier components correspond to sharp 

variations of the signal, and low frequency components correspond to coarse variations. A 

particular Fourier component is however an average over the whole spatial range of the 

signal, and therefore provides no information about the location of the events that 

contribute to it.  

 Like sine and cosine functions, wavelets are well-characterized functions in 

the frequency domain, meaning that their Fourier components span localized regions of 

frequency space around well-defined characteristic frequencies (Mallat (1999) and 

references therein). Unlike sine and cosine functions however, wavelets are also localized 

in space over a region of a characteristic scale centered around a definite position. As a 

result, wavelet components keep track of the position or time at which a particular event 
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occurs. In a wavelet transform, a signal is filtered by a set of wavelet functions scaled by 

various scale factors and localized around various locations. Each component thus 

corresponds to a feature occurring at a given scale and a particular location in the signal. 

For this reason, wavelets allow one to analyze a signal that contains discontinuities or 

sharp variations (as is typically the case in an image showing a complex geometric object) 

much more efficiently than traditional Fourier methods.  

 Thus, in wavelet analysis both the scale and position are used to analyze 

data. Since each wavelet scale corresponds to a characteristic frequency, this can equally be 

seen as an analysis in frequency and position (the characteristic frequency and scale of a 

wavelet function are inversely proportional to each other as a result of the uncertainty 

principle).  A wavelet transform is usually implemented by adopting a prototype function 

called the analyzing or mother wavelet. A wavelet component is then computed by averaging 

the signal multiplied by a scaled and translated version of the mother wavelet. The original 

signal or function can then be represented in terms of a wavelet expansion, as a linear 

combination of rescaled and shifted versions of the mother wavelet, with coefficients that 

can be computed with a well defined algorithm.  

 It is then possible to perform data operations (such as thresholding or 

windowing) on the wavelet coefficients, just as one would do with Fourier components 

when filtering a signal in the Fourier domain. By choosing the mother wavelet 

appropriately, it often turns out that the wavelet components provide a sparse 

representation of the data. This means that by retaining a few of the coefficients with the 

highest magnitudes and dropping all other coefficients one obtains a very accurate 

approximation of the original signal. This property is in a sense true also with Fourier 

coefficients, but for a large class of signals (and for typical images), the number of Fourier 

coefficients required for achieving a given level of accuracy far exceeds the corresponding 

number of wavelet coefficients. This makes wavelets a very effective tool in data 

compression and image denoising. 

 

1.2.1.2 THE DISCRETE WAVELET TRANSFORM  

In a standard discrete wavelet transform (DWT), the following family of dilations and 

translations of the mother wavelet Ψ(x) is used to generate a so-called wavelet basis:  

Ψ 
(s,l)

(x) = 2
-s/2 

Ψ (2
-s

x-l)   (1) 
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in which s and l denote arbitrary integers (positive or negative). The index s labels the 

wavelet’s scale (corresponding to a spatial width proportional to 2s), and the index l labels 

its position. Notice that in this construction the mother wavelet is being scaled by powers 

of two only, and translated by integers. The wavelet basis can be made to be an orthogonal 

basis of function space (in the same sense that sine and cosine functions form an 

orthogonal basis) provided Ψ(x) satisfies some rather special properties. One way to 

construct such an “orthogonal” wavelet is to make use of a scaling function Φ statisfying 

the following properties:  

1. The function Φ and its integer translates are orthogonal to each other.  

2. The function Φ satisfies the so called scaling equation Φ(x) = Σk c
k 
Φ(2x + k)  

for some sequence (ck) of coefficients. 

The function defined by the equation: 

   Ψ(x) = Σk(-1)
k 
c

1-k 
Φ(2x + k)   (2) 

will then be an orthogonal mother wavelet (see Mallat (1999) for more details and for 

proofs of the above statements). What makes the above construction especially interesting 

is the resulting self-similarity of the wavelet basis, implicit in the above scaling equation. 

Once one knows about the mother wavelets, one knows everything about the basis. One 

of the most useful features of wavelets is the ease with which one can choose the defining 

coefficients for a given wavelet system to be adapted to a given problem. It is helpful to 

think of the coefficients c
k 
as defining a filter to be applied to a raw data vector. The filter 

corresponding to the sequence (ck) works as a smoothing filter (as in a moving average). 

The sequence ((-1)kc1-k) corresponding to the mother wavelet acts as a high-pass filter that 

brings out “detail” information from the data. These two arrangements of the coefficients 

(differing only by the ordering and the presence of alternating signs) are called a quadrature 

mirror filter pair in the context of signal processing. In order to correspond to the scaling 

function of an orthogonal wavelet the filter (c
k
) must satisfy quadratic constraints of the 

form:   

  Σk c
k 
c
k+2l 

= 2δ
l 0    (3) 

where δ
l 0 

 denotes the Kronecker delta symbol and l is the location index. These 

constraints reflect the orthogonality of the function Φ and its integer translates.  

In a standard DWT the coefficients ck are applied in a hierarchical algorithm, sometimes 

called a pyramidal algorithm, as follows (Mallat, 1989): the smoothing filter (c
k
) and the detail 
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filter ((-1)kc1-k) are first applied to the original, full-length data vector, and the resulting two 

arrays are decimated by half, keeping only even entries. This yields one smoothed vector, 

which is taken as the new data array, and one detail vector, which is kept aside. The same 

operations (filtering with the smoothing and detail filters followed by decimation the two 

resulting arrays by half) are then applied to the smoothed vector, and so on. Repeating the 

process s times yields a series of s detail vectors corresponding to successive coarser and 

coarser scales of the transform, and a final smoothed data vector at the coarsest scale. 

These s+1 vectors represent the output of the DWT. A nice feature of this algorithm is 

that it can be inverted at each scale, i.e. the smoothed vector at scale s-1 can be 

reconstructed from the smoothed and detail vectors at scale s as follows: first extend these 

two vectors by inserting zeros between each of their samples; then filter the smoothed and 

detail vectors using the detail and the smoothing filters, respectively, and add the resulting 

two vectors together. Repeating these operations s times gives back the original data 

vector. Another important aspect of the DWT is that it is a computationally efficient 

transform. The reason is that for most useful wavelets the coefficients ck decrease very 

rapidly or even form a finite sequence (as is the case for compactly supported Daubechies’ 

wavelets (Daubechies, 1988). The resulting DWT then requires only O(n) operations to 

transform a sample vector of length n. This is the “fast” DWT of Mallat (1999) and 

Daubechies (1992). 

 

1.2.1.3  THE WAVELET TRANSFORM USED IN THIS STUDY 

The wavelet transform used in our experiments is a non-decimated (or translation-

invariant) discrete wavelet transform (TIDWT). Here is provided only a short account of 

the transform that was used, refer to (Boutet de Monvel et al., 2001) for more details.  

For each scale j of the transform, the image I(x) is convolved with 8 filters in all  

(for a 3D-image): a low-pass scaling filter φ
j
, and 7 high-pass wavelet filters ψ

j,a
, (a=1,…,7). 

This transform is formally written as  

I → I
j 
= φ

j 
*
 
I, w

j,a 
= ψ

j,a 
*
 
I, j = 1,..., J, a = 1,…,7    (4) 

where 
 

*
  

denotes the discrete cyclic convolution product between 3D-arrays, which is 

computed by use of Fast Fourier Transforms. The filters φ
j
, ψ

j,a 
have a support of size 

proportional to 2
j

, and they are constructed so that the following orthogonality condition is 

fulfilled:  
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2
-3J 

φ
J
ˇ 

 
*
  
φ

J
(x) + Σ

j=1,…,J 
Σ

a=1,...,7 
2

-3j 

ψ
j,a
ˇ 

 
*
  
ψ

j,a
(x) = δ

x,0     (5) 

where for an array f(x) we set f ˇ(x)= f (-x), and δ
x,0 

denotes the Kronecker symbol (δ
x,0 

= 0 

for x≠0, and δ
0,0 

= 1). This ensures that equation (4) can be inverted with the following 

formula (Boutet de Monvel et al., 2001) 

I(x) = 2
-3J 

φ
J
ˇ 

 
* I

J
(x) + Σ

j=1,…,J 
Σ

a=1,...,7 
2

-3j 

ψ
j,a
ˇ

 
* w

j,a
(x)   (6) 

This is an important property as it ensures that no information is lost when passing from 

the original sequence I to the filtered images {I
j
,w

j,a
}. The filters φ

j
, ψ

j,a 
are constructed with 

the help of a 3D-decimated orthogonal DWT. This DWT is constructed out of the one-

dimensional DWT by the standard tensor product construction (Mallat, 1999). By default 

we use a DWT based on Daubechies’ orthogonal filters of order 3 along the x- and y-axes, 

and of order 2 along the z-axis.  

1.2.2  DENOISING 

A problem often encountered in image processing is the problem of recovering a true 

signal from incomplete, indirect or noisy data. Wavelets help to solve this problem 

efficiently by a technique called wavelet shrinkage or wavelet denoising (Donoho and Johnstone, 

1994; Donoho and Johnstone, 1995). In short, this method consists of performing a 

thresholding of the images in wavelet space. First a 3D DWT is applied to the image. This 

produces a series of filtered wavelet arrays at different scales, from which the original 

image can be recovered by using the inverse DWT. A thresholding is then applied at the 

finest scales of the DWT, by setting all wavelet coefficients below a certain threshold to 

zero, after which the inverse DWT is applied and a denoised image is obtained. The 

relevant threshold can be chosen for each scale from the estimated noise variance present 

in the data at that scale. Contrary to Fourier components, wavelet coefficients are 

associated with a well-localized regions of the image and their thresholding does not affect 

the image outside these regions. This makes the wavelet shrinkage procedure particularly 

adaptive to sharp variations in the signal (Mallat, 1999). Another interest of the DWT is 

that it can be computed very efficiently. Therefore wavelet denoising achieves a space-

adaptive smoothing of the images at low computational price(Donoho and Johnstone, 

1995), which makes it particularly well suited for confocal microscopy. 
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1.2.3 DECONVOLUTION  

1.2.3.1 THE RICHARDSON-LUCY ALGORITHM 

The most important properties of an imaging system in regard to deconvolution are 

linearity and translation invariance. These properties ensure that the imaging process 

amounts to a convolution of the sample density with a single function characteristic of the 

system (the system’s PSF), to which a certain amount of random noise is added. 

Deconvolution algorithms in three-dimensional microscopy are usually iterative methods, 

such as the Jansson-van Cittert algorithm, algorithms based on Fourier filtering, such as 

the Wiener filter method and classical least-square regularization methods based on the 

minimisations of Tikhonov functional and algorithms based on the Bayesian inference. 

The algorithm used in this thesis is the Richardson-Lucy algorithm (Lucy, 1974; Boutet de 

Monvel et al., 2001; Richardson, 1972) . An important feature of the Richardson-Lucy 

algorithm is that it is adapted to the expected statistics of fluorescence imaging (in 

particular positivity of the image is conserved at each iteration). This algorithm makes use 

of a stochastic model of the imaging process, which specifies the probability Prob(f) to 

obtain an image I(x) given that the sample distribution is f(x). Another ingredient of the 

approach is the prior probability Prob(f) of having f as original distribution, which 

summarizes the statistical knowledge we assume to have about the sample. Given an 

acquired image I, information about the corresponding f, such as its most probable value, 

can be inferred by use of Bayes’ formula: Prob (f|I)=Prob (I|f) Prob(f). In fluorescence 

microscopy it is natural to adopt as a model for the image a Poisson process of density 

f*P(x), where P(x) is the system’s PSF and * denotes the convolution product. In other 

words, the average photon count in the image is proportional to the sample density blurred 

with the system’s PSF. In (Boutet de Monvel et al., 2001) the authors use a maximum-

entropy constraint to regularize their algorithm (which corresponds to using a prior 

distribution of the form Prob(f) ∝ -∫ f(x) log f(x) dx). Maximization of the posterior 

probability then leads to the following iterative algorithm (for more details see (Boutet de 

Monvel et al., 2001): 

f
k+1

(x) = f
k
(x) (I / [f

k 
* P] ) * P

∨
(x) – T f

k 
(x) ln( f

k 
(x) )   (7)  

where f
k
(x) is the deconvolved estimate after k iterations, P

∨
(x)=P(-x), and T is a parameter 

setting the strength of the maximum-entropy constraint. The PSF P(x) is assumed 

normalised to unity (Σ
x 
P(x)=1). When applied to typical 3D stacks of confocal images this 
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algorithm is fairly effective. Convergence is fastest in the first few iterations, and gradually 

slows down. Significant deblurring is achieved however within 30-50 iterations. 

 

1.2.3.2 DECONVOLUTION FOR BIOLOGICAL MICROSCOPY 

Biological applications of three-dimensional fluorescence microscopy are faced with two 

main imaging problems: the presence of important levels of random noise, and the 

blurring due to optical system’s finite resolution. These problems are even more important 

in applications of confocal and two-photon microscopy, especially when imaging deep 

inside a thick biological sample. In these cases, the scattering and refraction of light by 

tissue and other structures surrounding the region of interest in the sample often induce a 

significant loss in intensity and various distortions in the optical response that can be far 

from negligible. Measuring the point-spread function of the optical system and applying 

various deconvolution algorithms is a standard procedure for deblurring wide-field or 

confocal microscopy images. In addition, image quality can be significantly improved if the 

noise level is reduced before applying further processing. An efficient way of doing this is 

by using an adaptive denoising algorithm, such as wavelet denoising. This technique 

requires no specific knowledge of the system’s optical characteristics. It has proven 

effective in wide range of biological applications, in particular to the denoising of three-

dimension confocal images (Boutet de Monvel et al., 2001). 

 Deconvolution, on the other hand, requires the knowledge of the impulse 

response, or point-spread function (PSF) of the system.
 
This function can be measured by 

imaging structures of a size lower than or comparable to the system’s resolution. One way 

to do this is by taking images of fluorescent beads (microspheres) of subresolution size, 

either deposited on a slide or immersed inside a gel (Hiraoka et al., 1990) . This procedure 

has an important drawback when applied to images taken inside a thick biological 

specimen, as it does not allow one to take account of the actual imaging conditions of the 

experiments. Due to the complexity and variability of the samples, even for constant 

acquisition settings and at low levels of noise, under deep imaging conditions the PSF will 

vary significantly from one sample to another (Boutet de Monvel et al.; 2001, Kam et al., 

2001) 

 It is thus clear that using a PSF, closer to the one that would be actually 

measured in the sample should lead to significant improvements in deconvolution, both in 

terms of increase in the effective resolution of the images, and in avoidance of artifacts. 

The approach of extracting the point-spread function quantity directly from the image was 
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investigated in (Boutet de Monvel et al., 2003). A practical approach consists of cropping 

the PSF from wherever it may appear within the image. To be a suitable PSF estimate, the 

cropped structure must be small enough and well enough isolated from the surrounding 

background.  

 

1.2.3.3 PSF EXTRACTION FOR CONFOCAL MICROSCOPY  

The article (Boutet de Monvel et al., 2003) describes numerical experiments and a number 

of tests on actual confocal images of the hearing organ, that point out the advantages, 

besides the gain of time, of extracting the PSF directly from the images. The outcome of 

deconvolution is very sensitive to mismatches in the gross characteristics of the PSF, such 

as its size, and tilting with respect to the optical axis due to lack of confocality or other 

optical aberrations. Restoration is much less sensitive to inaccuracies in fine PSF details, 

such as the delicate “Airy patterns” that characterize PSF shape away from the focal point. 

Such patterns exist in a confocal PSF, but they are drastically reduced compared to their 

wide-field counterpart and can be safely ignored in a first approximation. By imaging small 

beads under optimized conditions, one may obtain a precise determination including Airy 

patterns. But this accuracy does not help if the beads are imaged under conditions ill 

matched to those of the experiments. On the other hand it might be difficult to achieve a 

precise determination by extracting the PSF directly from the images, but the gross 

characteristics will have a better chance to be matched to their actual in situ values.  

 In paper I presented in this thesis, this approach is further developed, and in 

particular a wavelet-based detection procedure combined with a model fitting approach is 

designed that allows to partly automatize the process of PSF extraction. 

 

1.2.3.4 DECONVOLUTION OF CONFOCAL IMAGES OF THE HEARING ORGAN  

One concern about the image restoration method for biological confocal images is 

whether small structures which are well enough isolated from the background can easily be 

found in the images. Another concern is if the suitable structures are found, whether the 

truncation and background removal involved in cropping the PSF will not affect too much 

the deconvolution. Regarding to the first concern, in typical biological samples at cellular 

level dot-like structures are numerous. Such structures are in fact easy to find in confocal 

images of the intact inner ear labeled with suitable fluorescent markers. To answer the 

second point; two different deconvolutions on confocal images were performed by using 
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the extracted PSFs respectively the corresponding design PSFs (Boutet de Monvel et al., 

2003). The results from these deconvolutions show that the extracted PSFs are better 

matched to the images and an increase in effective resolution is visible. 

1.3 OBJECT TRACKING 

Dynamic processes and motion of cellular structures play an essential role in biological 

systems. In the hearing organ dynamical events exist at different levels, ranging from 

molecular movements of key proteins (such as the protein prestin) to micromechanical 

movements of the cochlear apparatus. It is essential to be able measure these movements, 

since they will carry crucial information on the function of the cellular systems under 

study. A number of digital image processing techniques have been developed over the 

years to track and estimate motion from an image sequence (For reviews see Cheezum et 

al., 2001; Eils and Athale, 2003; Miura, 2005).  

 One early approach for movement estimation based on segmentation 

consists of tracking some salient feature (such as the edges) of an object of interest in the 

image scene. If this is done for a sequence of images, the movement of the object can be 

estimated. Other techniques, just mentioning a few, include pattern matching, a local 

matching method based on cross-correlation(Gelles et al., 1988), nearest neighbor or graph 

theory-based methods, in which the trajectory of a particle is reconstructed by linking its 

position at a given time to the position of the nearest particle at the next time; the 

technique of using active contours or Snakes, which can be seen as a development of the 

feature tracking approach (Kass et al., 1987). 

 

1.3.1 OPTICAL FLOW 

Another approach of estimating the motion in an image scene is by using optical flow 

estimation, defined as “ the distribution of apparent velocities of movement of brightness 

patterns in an image” (Horn and Schunck, 1981). Optical flow algorithms can be divided 

into two categories based on their basic assumptions; the matching method and the 

gradient method. In the matching approach the ‘best’ motion among a pre-defined set of 

displacements (e.g. rotations and translations) is estimated by matching a small region of 

interest between two consecutive frames. In gradient-based methods one assumes that the 

intensity of a given structure moving in the image scene keeps its intensity constant over 

time. One advantage of gradient-based methods over matching methods is that the former 
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does not make assumptions on the type of displacement affecting a given object on the 

image, while the latter rely on a model of displacements that restricts the type of motion 

and deformations allowed. Differential algorithms are moreover found to be the most 

robust and accurate when the frames are sampled at a high enough rate (avoiding apparent 

discontinuities in the observed motion).  A number of gradient based optical flow 

algorithms are described in (Barron et al., 1994; Beauchemin and Barron, 1995; Haussecker 

and Spies, 1999; Teklap, 1995). Most algorithms rely on the assumption that brightness 

changes originate only from motion of structures present in the image scene. This 

assumption leads to a differential equation constraining the image sequence, called the 

brightness constancy constraint equation (Horn and Schunck, 1981), which states that the 

sum of the spatial and temporal derivatives of an image sequence is equal to zero. In 

biological imaging changes in pixel brightness can also be affected by detector noise, 

bleaching and physiological changes of the cells. The brightness constancy constraint in 

this context is only an approximation, sometimes a crude one. In addition, a two-

dimensional image sequences will only allow one to estimate the projection of motion onto 

the image plane. Cells are usually part of three-dimensional structures that do not respect 

two-dimensional bounderies of a single plane. Consequently it is desirable to develop 

algorithms that can both access the three-dimensional motion patterns of the imaged 

structure, while providing a degree of immunity to unavoidable brightness variations. 
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2 AIMS OF THE THESIS 

The overall aim of this thesis is to develop new imaging and processing methods and to 

use these methods in order to study specific aspects of cochlear function, especially the 

three dimensional motion patterns of the hearing organ evoked by sound stimulation. 

 The specific aims in the thesis were:  

• To develop and perform adaptive image restoration for deep biological confocal 

microscopy  

o To perform an automatic screening of the images in order to detect the 

presence of small dot-like structures allowing one to estimate the in-situ optical 

characteristics (point spread function, PSF) of a biological sample. 

o To fit the parameters of a suitable PSF model (representative of the imaging 

conditions in our experiments), to a set of measurement “cues” obtained from 

the images with the help of the above screening tools.  

• To design a three dimensional motion detection method to monitor inner ear 

functions  

• To investigate the three dimensional motions of the cellular structures of the intact 

organ of Corti; both with quasi-static pressure- and sound-evoked stimulation. 

• To better characterize the three dimensional structure of the pillar complexes 

linking the lateral plasma membrane of outer hair cells to their specialized 

cytoskeleton. 
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3 METHODS  

3.1 ANIMAL PREPARATIONS

In all our studies young pigmented guinea pigs were anesthetized and killed by decapitation 

and the temporal bones were excise

procedures were performed in accordance with the local ethic committee. 

 

Temporal bone preparation

to a holder and immersed in tissue culture medium (minimum essential medium with 

Hank’s salt, without L

connected at one end to scala tympani through a small aperture made in the basal turn of 

the cochlea while the other end was connected to a perfusion reservoir filled with 

oxygenated medium. 

 In the apex of the cochlea a second opening was made, to allow gravity

driven flow of the perfusion medium. This opening also also provided optical access for 

visualization of the organ of Corti. The sensory hair cells and auditory nerve dendrites 

were stained with the styryl dye RH 795 and the supporting cells were visualized with the 

cytoplasmic dye calcein /AM (both purchased from Molecular Probes, Leiden, 

Netherlands).  
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NIMAL PREPARATIONS 

In all our studies young pigmented guinea pigs were anesthetized and killed by decapitation 

and the temporal bones were excised (Tomo et al., 2007b; Ulfendahl et al., 1996)

procedures were performed in accordance with the local ethic committee. 

Temporal bone preparation (Paper I-III). The bulla was opened; the preparation was attached 

lder and immersed in tissue culture medium (minimum essential medium with 

Hank’s salt, without L-glutamate, Gibco, Paisley, Scotland). A thin plastic tubing was 

connected at one end to scala tympani through a small aperture made in the basal turn of 

chlea while the other end was connected to a perfusion reservoir filled with 

In the apex of the cochlea a second opening was made, to allow gravity

driven flow of the perfusion medium. This opening also also provided optical access for 

visualization of the organ of Corti. The sensory hair cells and auditory nerve dendrites 

were stained with the styryl dye RH 795 and the supporting cells were visualized with the 

cytoplasmic dye calcein /AM (both purchased from Molecular Probes, Leiden, 

 

FIGURE  4. Picture of the temporal 
bone preparation. Showing the opening 
of the cochlear in the apex (A), the 
perfusion tubing in the base (PT) and 
the tympanic membra
malleus (M) is also visible. 
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In all our studies young pigmented guinea pigs were anesthetized and killed by decapitation 

Ulfendahl et al., 1996). All 

procedures were performed in accordance with the local ethic committee.  

preparation was attached 

lder and immersed in tissue culture medium (minimum essential medium with 

hin plastic tubing was 

connected at one end to scala tympani through a small aperture made in the basal turn of 

chlea while the other end was connected to a perfusion reservoir filled with 

In the apex of the cochlea a second opening was made, to allow gravity-

driven flow of the perfusion medium. This opening also also provided optical access for 

visualization of the organ of Corti. The sensory hair cells and auditory nerve dendrites 

were stained with the styryl dye RH 795 and the supporting cells were visualized with the 

cytoplasmic dye calcein /AM (both purchased from Molecular Probes, Leiden, the 

Picture of the temporal 
bone preparation. Showing the opening 
of the cochlear in the apex (A), the 
perfusion tubing in the base (PT) and 
the tympanic membrane (T). The 
malleus (M) is also visible.  
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Processing of outer hair cells for electron tomography (Paper IV). The bone was smoothly eliminated 

to open the guinea pig cochlea. The tissues were fixed in 1% glutaraldehyde with 0.2 % 

tannic acid in 0.1 M phosphate buffer (pH 0.7); for post-fixation 2% osmium tetroxide in 

0.1 M phosphate buffer was used. Tissue impregnation was made in 1% uranyl acetate, 

dehydration in alcohol before embedding in Agar 100 resin. Using a LKB ultratom thin 

sections were cut and then stained with uranyl acetate and lead citrate.  

 

3.2 CONFOCAL MICROSCOPY 

In the in vitro preparations, the organ of Corti was visualized using a Zeiss LSM 510 

confocal microscope (Carl Zeiss, Jena, Germany) equipped with a 15 mW Krypton/Argon 

(458, 488, 514 nm) and two Helium/Neon (543, 633 nm) lasers. The in vivo images were 

acquired with a custom-made water immersion objective lens, designed especially for 

intravital imaging (Maier et al., 1997). For imaging the in vitro temporal bone preparation a 

water immersion objective lens at 40X and 0.8 NA was used. 

3.3 EVOKING QUASI-STATIC MOTION OF THE HEARING ORGAN  

In paper I a quasi-static pressure stimulation was applied to the above described cochlear 

preparation in order to analyze the resulting three-dimensional motion of the hearing 

organ. The immersed temporal bone preparation was perfused with oxygenated medium 

via an opening in the basal region of the cochlea inside scala tympani. The tubing was in 

the other end connected to a perfusion reservoir. By varying the position of this reservoir 

the hydrostatic pressure inside scala tympani was changed. Displacing the reservoir upward 

increases the flow (hence the pressure) in scala tympani, which moves the basilar 

membrane towards scala vestibuli. By lowering the position the pressure is reduced and the 

basilar membrane moves downwards towards scala tympani. The height of the reservoir is 

linearly related to the pressure in scala tympani. Although the applied pressures are large, 

they remain within the physiological range (presumably a fraction of a Pa or less 

(Fridberger et al., 1997)). The displacements of the cochlear partition evoked by the 

pressure changes are in the micron range and reproducible. These movements result in a 

rapid stabilization of the hearing organ in a new static position. Each position is then 

maintained long enough to acquire a series of confocal images of the organ of Corti. 
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3.4 SOUND STIMULATION 

The temporal bone preparation was sound stimulated (paper III) via a loud speaker that 

was placed facing the external auditory canal. All levels given here are from this calibrated 

loudspeaker. The preparation is immersed into tissue culture medium and thereby the 

middle ear is fluid filled. Together with the opening of the cochlea in the apical part, this 

leads to an attenuation of the sound pressure level by 20-30 dB (Franke et al., 1992). We 

are not correcting for this in our motion estimations. The sound frequencies applied are in 

the range 100-400 Hz, with best frequencies for the preparation between 200-300 Hz. The 

stimulus level was 95 dB sound pressure level. 

3.5 HIGH-SPEED CONFOCAL IMAGING  

Image stacks of the sound stimulated preparation were acquired by confocal microscopy. 

To reliably capture sound-evoked cochlear vibrations, a frame rate of 500 Hz or higher 

would be in principle required. This is far higher than possible to achieve with standard 

confocal imaging systems. However, each single pixel are actually acquired without motion 

artifacts, since the typical pixel dwell times in confocal microscopy are in the range 4-6 µs 

(~200 kHz). A custom data acquisition software for rapid confocal imaging by pixel 

resampling was used to restore a time-resolved cycle of motion from the sound-evoked 

image sequences. The approach, described in (Jacob et al., 2007) makes use of a Fourier 

series analysis of the intensity variation at each pixel to reconstruct the image sequences 

where all pixels in a fixed frame share the same phase relative to the sound stimulus. The 

pixel phase information necessary for this reconstruction is retrieved via the pixel clock of 

the confocal microscope, which is used to drive the stimulus generation by an A/D board. 

In this way each pixel of the image is obtained at a fixed phase of the sound stimulus. The 

pixel and phase information can then be used to generate a resampled image sequence 

showing the detail of the motion of the structures studied.  

3.6 PSF DETECTION AND MODEL FITTING 

To identify PSF-like structures in the confocal images (paper I), a detection approach 

based on computing a local correlation between a three-dimensional image stack and a 

Gaussian template is used. Both the image and the template are filtered with a set of 

suitable filters prior computing their correlation. The Gaussian template is given by: 
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where σx, σy  and σz  stand for the template’s standard deviations along the x,y and z axes 

respectively. The correlation computation is a step-wise procedure to extract PSF 

estimations from a confocal image adaptively. A brief summary is given below (for more 

details see paper I). 

3.6.1 SEARCH AND EXTRACTION  

To improve the sensitivity of detection by correlation a pre-filtering step is applied to the 

image and the template. We used wavelet filters for this purpose, derived from a 

nondecimated version of the three-dimensional discrete wavelet transform (DWT). From 

the wavelet-filtered versions of the image and the template, we compute a local correlation 

array defined by:  

22 )()(

)()(
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gfgfimim

gfgfimim
gfimcorr

−∗−

−∗−
=    (9) 

where im denotes the image of interest and gf is the Gaussian template. 

A search for local maxima is performed on the local correlation array. Each local 

maximum having a correlation value not too low indicates the location of a candidate PSF-

like structure in the image. However, a number of spurious structures will appear among 

these, due to the fact that the Gaussian template is only an approximation of the system’s 

PSF and that a significant background noise is usually present in the image, even after the 

wavelet filtering step. These spurious structures have to be removed manually. We used 

two criteria for selecting appropriate structures: 

1. The structure should present a clear maximum in intensity with shape and 

dimensions similar to those of a Gaussian template. 

2. The maxima should be isolated enough from background to allow reliable 

measurements of gross geometric characteristics (half-maximum width and 

orientation of the principle axis). The structures should not be truncated.  

 

3.6.2 CALCULATING THE PSF MODEL 

Once a number of suitable structures have been selected and extracted as described above, 

the gross characteristics of these structures, namely their half-maximum width and tilt 

angle with respect to the z-axis, are computed. These data will be used to reshape a 
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theoretical PSF model in order to take account of the optical distortions introduced by the 

sample.  The reason for not using the extracted structure directly for deconvolution, is that 

this would introduce unwanted background noise in the PSF (due either to photon shot 

noise or to any surrounding structures present nearby the extracted one). It is more 

effective in practice to use a theoretical model fitted to the extracted structures, which is 

the approach that we adopt here. The confocal PSF model that we use is described in 

(Bertero et al., 1990). It is derived from scalar diffraction theory assuming ideal optical 

conditions and perfect confocality. The model is defined by the following formula: 

2
22
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tvtJuvI . J0(x) denotes the Bessel function of order 0; 

ux, uy, uz are dimensionless coordinates having the focal point as origin; and α and β are 

constants that are selected so that P1(±1/2,0,0)= P1(0,±1/2,0)= P1(0,0,±1/2)=0.5. Thus P1 

is scaled to have unit half-maximum widths along the three axes. This PSF model is 

rescaled to match the size of the extracted structures: if the estimated half-maximum 

widths of a particular structure are  hx, hy, hz along  x,y,z, the rescaled model is given by 

P(x,y,z)=P1(x/hx, y/hy, z/hz). An additional adjustment is then applied to the rescaled PSF 

model, by tilting this model according to the estimated tilt angle of the extracted structures 

with respect to the optical z-axis. The reshaped PSF model thus produced is the one that 

we use for deconvolution. 

 

3.7 BRIGHTNESS ADJUSTED OPTICAL FLOW COMPUTATION 

A differential optical flow algorithm was used to measure the movement pattern of the 

hearing organ in three dimensions. This algorithm, described in detail in paper II, is based 

on a generalization of the brightness constancy constraint equation used in (Horn and 

Schunck, 1981), this equation reads (when applied to 3D image stacks): 

∂tI (r,t) + v(r,t) . ∇I(r,t) = ∂tI + vx ∂xI + vy ∂yI + vz ∂zI = 0        (11) 

where I (r,t) being the image density, ∂tI and ∇I denote its temporal derivative and three 

dimensional spatial gradient, respectively, and v = (vx , vy , vz) is  the unknown displacement 

vector, at a particular position r and  time t. Generally this formulation is not fulfilled in 
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biological imaging applications, due to bleaching or other processes that may affect the 

fluorescence intensity observed in a living cell in the absence of any apparent motion. The 

effect of such intensity variations is corrected for by adding a term proportional to the 

image intensity in Eq. (11) (Negahdaripour, 1998): 

∂tI + vx ∂xI + vy ∂yI + vz ∂zI+αI = 0         (12) 

The factor α(r,t) is referred to as the brightness variation rate and is a function of position 

and time. This factor determines the intensity variation of a given image object along its 

trajectory. The above equation now contains four unknowns, namely the components of 

the optical flow vector vx, vy, vz and the brightness variation rate α. Solving this equation 

requires a set of 4 or more constraints. To obtain these constraints we use a wavelet 

transform of the image (Bernard, 2001), I → ωs,j = I*ψj,s. Applying Eq. (12) to the 

transformed image gives us one constraint per wavelet component.  In a three dimensional 

DWT there are 7 wavelet filters per scale and we compute typically 3 or 4 scales. This 

filtering procedure thus results in a set of 21 or more equations that can be solved by least 

squares inversion. This is the way the aperture problem (Barron et al., 1994) is avoided in 

our approach.  

 

3.8 ELECTROPHYSIOLOGY 

In order to assess the integrity of the transduction apparatus of the organ of Corti in our 

preparation, tuning curves for the cochlear microphonic potentials were acquired. To this 

end we used a hydraulic micromanipulator to insert a glass microelectrode (tip diameter 

~1µm) through Reissner’s membrane into the extracellular spaces of the cochlear partition. 

An Ag/AcCl pin in the surrounding fluids served as the ground electrode. An amplifier 

(IX-1, Dagen Instruments) was used and the cochlear responses to pure tones were 

digitalized by an HP 35665A frequency analyzer. Cochlear microphonic potential tuning 

curves were acquired by sweeping the stimulus frequency in the range 60-800 Hz. 

 

3.9 ELECTRON TOMOGRAPHY 

Visualization of the sections was performed with a Zeiss EM9 electron microscope 

equipped with a goniometer stage. Electron tomography stands here for computerized 

tomography applied to transmission electron microscopy (TEM). This was performed by 

acquiring a series of TEM images generating two-dimensional projections of the sample at 
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different angles (5º increments over a range of 120º) using the goniometer stage to tilt the 

sample. The data generated in this way are then used to reconstruct the tree-dimensional 

structure of the sample. To align the tilt series (which is required for reliable 

reconstruction) colloidal gold particles were deposited on the surface of the sections prior 

to imaging. All images were recorded on film and the negatives were digitized using an 

Optronix P1000 drum scanner. Weighted back-projection and low-pass filtering was used 

for first alignment using a custom made software (Wartiovaara et al., 2004). All three-

dimensional data were low-pass filtered with a Gaussian kernel (half-max width 7.4nm). 

The BOB software (provided by Ken Chin-Purcell, Minnesota Supercomputer Center) and 

the custom-rendering program XTV were used for visualization. 
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4 RESULTS 

The principal application of the imaging tools developed in this thesis was the study of the 

living hearing organ, focusing on the structure, function and three-dimensional motion 

patterns of the sensory cells of this organ, the cochlear hair cells. The four articles that are 

presented each contribute a different, though complementary aspect of this study. Paper I 

concentrate on the task of developing new effective approaches for the restoration of 

three-dimensional confocal images of the hearing organ acquired in vitro or in vivo. The 

following studies (papers II and III) are devoted to the analysis of the 3D motion patterns 

of the hearing organ with the full detail provided by confocal microscopy. In paper II the 

focus is on motion patterns evoked by a quasi-static pressure load applied to the hearing 

organ; in paper III, the sound-evoked vibration patterns of cochlear hair cells are analyzed 

as a natural development of paper II. Paper IV describes a first analysis by electron 

tomography of the three dimensional morphology of the “pillar” structures connecting the 

lateral plasma membrane of outer hair cells to their highly specialized membrane skeleton. 

These pillars are thought to be an essential part of the structure by which outer hair cells 

communicate forces produced by the membrane motor protein prestin to the cochlear 

partition, which profoundly affects the motion patterns of the hearing organ. 

4.1 IMAGE RESTORATION   

Paper I is an extension of the study initiated by Boutet de Monvel (Boutet de Monvel et 

al., 2003) following the approach for image adaptive image restoration. The aim was to 

find an adaptive and automatic screening approach for point-spread function estimation in 

confocal microscopy. An automated screening approach was developed to detect PSF-like 

structures in 3D-confocal image stacks of the hearing organ, based on a wavelet filtering of 

the images and a Gaussian PSF template, followed by a local correlation computation. 

Several numerical tests were performed to quantify the sensitivity and selectivity of our 

approach (in the sense of how effective the method is to detect PSF-like structures and 

only these structures). The method was shown in particular to compare favorably to other 

standard screening techniques to detect dot-like structures in an image, notably the blob 

detection technique (Lindeberg, 1999). 

Notably, the search for PSF-like structures was found to be significantly improved by pre-

filtering the image of interest and the Gaussian template with a non-decimated wavelet 
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transform. This evaluation also allowed us to optimize the parameters for the searching 

algorithm. In particular, the search is most effective if the scale of the wavelet filters 

applied to the image and Gaussian template are matched to the size of the PSF-like 

structures we are trying to detect. In practice this size can be taken to match a theoretical 

PSF model corresponding to the imaging conditions used in the experiment.  

 Another big advantage of using the DWT is that it leads to a 

computationally fast algorithm, allowing one to process large three-dimensional images. 

When pre-filtering the image and template at coarser wavelet scales, more structures are 

usually detected by the correlation computation. This is expected as filtering with coarser 

wavelet scales results in more uniform images, overall increasing correlations values. At the 

same time, the coarser the wavelet scale, the larger the number of false positives, i.e. many 

of the detected structures are actually not PSF-like and should be discarded. An optimal 

detection scale can thus be defined for which for which almost all PSF-like structures are 

found while the number the false positives remains acceptably small. Not only the scales of 

the wavelet filters were of importance for efficient structure detection, but also the 

polarization of the filters. The optimal polarization was found to correspond to wavelet 

filters that act as a smoothing filter along the optical axis and as a high-pass filter along 

both focal x and y axes. An example of the adaptive PSF estimation method for 

deconvolution is shown in Figure 5. 

 

 

FIGURE 5. Orthogonal sections through a three-dimensional confocal stack showing one inner hair 
cells with its stereocilia protruding. To the left the raw image stack is shown. The denoised image 
using wavelet denoising as described in the introduction, is shown in the middle. To the right, the 
denoised and deconvolved image  is shown. 
 

4.2 EVALUATION OF THE 3D OPTICAL FLOW ALGORITHM 

The optical flow algorithm developed in this thesis was first evaluated on two types of 

computer-generated motion image sequences.  One sequence consists of a regular sine-

pattern with only one spatial frequency, thus with few spatial cues.  (This is important to 
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bear in mind when studying the results.) The other sequence is a more complex image 

showing cochlear structures. Maximum image intensity was set to 1 and minimum to 0 at 

time t=0 for both image patterns. By applying bicubic interpolation a uniform translation 

was applied to the images. Therefore the exact motion is known and it is possible to 

analyse accurately the precision of the motion estimation achieved by our optical flow 

algorithm. To mimic the bleaching that would occur in a real confocal imaging situation, 

the average image intensity was reduced by 2% for each motion step. In addition, Gaussian 

random noise was added to the sequences. Mean noise was set to zero, with standard 

deviation σ between 0.01-0.04. These values cover the range of noise amplitudes typically 

found in our confocal experiments  

 

 

FIGURE 6. Optical flow computations on two computer-generated image sequences. A three-
dimensional sine-pattern with different degrees of noise (A) was used in the first experiment. The 
magnitude error (B) and angular error (C) versus the motions displacement are shown.  3D stack of 
the hearing organ with additional noise (D) was analyzed in the same way measuring magnitude 
error (E) and angular error (F). 
 

The results obtained by applying the optical flow algorithm to these image sequences are 

illustrated in Figure 6. This figure shows the artificially generated motion patterns (noise 

standard deviation was 0.025 in these images, which is above the level that we normally 

find in experiments (Figure 6A, D) and the amplitude and angular errors of the computed 

optical flow vector for both series (Figure 6B,C,E,F). The magnitude error is computed 
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with the following formula: �� �  
�����

��
, where 	
and 	�  denote the Euclidean norm of 

the magnitudes of the estimated and true motion vectors, respectively. 

The angular error is defined as the angle made by the estimated and exact 3D-displacement 

vectors, which is given by the formula: �� � cos���	
 · 	��. (Here • denote the dot 

product). 

For the sine pattern displacements ranging between 0.2 to 8 pixels the errors computed in 

the absence of noise were as expected very small. Increasing noise amplitude lead to an 

underestimate of the magnitude of the displacement vector, resulting in a downward shift 

of the error curves. The angular error for this sequence remained around 5º for 

displacements ranging between 1-9 pixels. Noise affected the vector directions by more 

than 10º only at very small or very large displacements. 

 The cochlear image is showing a sensory hair cells in situ (Figure 6D). The 

noise level is as mentioned earlier above the level we saw during actual experiments. An 

interesting finding is that these noise values generate almost perfect detection of 

displacement magnitudes. Lower noise levels (σ< 0.02) give good results for small 

displacements, however for larger motion (2-5 pixels) there is an overestimation of the 

motion. Higher noise levels result in good motion estimation for motion below 5 pixels, 

but as the displacements get larger the results get worse. From this we can conclude that 

the magnitude error seems to generate better results with some noise than without noise. 

Note that in both cases (sine pattern or cochlear pattern) the magnitude of the optical flow 

vectors in the presence of noise is smaller than that obtained for the noise free image. This 

effect has been described previously (Fermüller et al., 2001). 

The reason why the optical flow vector overestimates the displacement magnitude in 

absence of noise for the more complex hair cell pattern is unclear. It is however a 

consistent finding of these experiments, and a favorable feature of the algorithm in our 

case. 

 The angular error performed differently from the magnitude error. The 

estimation of vector orientation is performed best for noise-free image sequences. As 

expected, the more noise is added, the worse the result gets. However the error remains 

below 10º at all noise levels when the displacement is below 4 pixels.  
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Figure 7 shows the results of the algorithms performance in estimating intensity variations. 
As can be seen here, the algorithm can detect changes in intensity of a moving structure. 
Note that although the step by step estimate of brightness variation is not always accurate, 
the cumulated variation over the trajectories provides a reasonably good estimate of the 
actual brightness variation in the image sequence. Here again, the best performance is 
obtained with a moderate amount of added noise and for displacements smaller than 4 
pixels.  

4.3 THREE DIMENSIONAL MOT

To evaluate the trajectories of the three

the hearing organ, all trajectories have to be brought into the same orthogonal coordinate 

system. The coordinate system that we used as reference is shown in Figure 

defined as follows. The horizontal plane (

lamina. The L-axis, or longitudinal axis, is taken parallel to the cochlear coil and pointing 

towards the cochlea’s base. (Strictly speaking, the longitudinal axis should be seen as a 

curvilinear axis spanning the whole length of the cochlear spiral from apex to base.) The 

R-axis, or radial axis, is taken perpendicular to the longitudinal axis and or

inner hair cells towards the outer hair cells. The T

to the reticular lamina and pointing upward. The resulting (

referred to as the radial frame in this thesis. 
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HREE DIMENSIONAL MOTION PATTERN OF THE HEARING ORGAN

To evaluate the trajectories of the three-dimensional motion of the cellular structures of 

the hearing organ, all trajectories have to be brought into the same orthogonal coordinate 

ordinate system that we used as reference is shown in Figure 

defined as follows. The horizontal plane (z=0) is taken to be the plane of the reticular 

axis, or longitudinal axis, is taken parallel to the cochlear coil and pointing 

wards the cochlea’s base. (Strictly speaking, the longitudinal axis should be seen as a 

the whole length of the cochlear spiral from apex to base.) The 

axis, or radial axis, is taken perpendicular to the longitudinal axis and oriented from the 

inner hair cells towards the outer hair cells. The T-axis, or transverse axis, is perpendicular 

to the reticular lamina and pointing upward. The resulting (L,R,T)-coordinate system is 

referred to as the radial frame in this thesis.  

of the algorithms performance in estimating intensity variations. 
As can be seen here, the algorithm can detect changes in intensity of a moving structure. 
Note that although the step by step estimate of brightness variation is not always accurate, 

ulated variation over the trajectories provides a reasonably good estimate of the 
actual brightness variation in the image sequence. Here again, the best performance is 
obtained with a moderate amount of added noise and for displacements smaller than 4 

EARING ORGAN 

dimensional motion of the cellular structures of 

the hearing organ, all trajectories have to be brought into the same orthogonal coordinate 

ordinate system that we used as reference is shown in Figure 8, and is 

=0) is taken to be the plane of the reticular 

axis, or longitudinal axis, is taken parallel to the cochlear coil and pointing 

wards the cochlea’s base. (Strictly speaking, the longitudinal axis should be seen as a 

the whole length of the cochlear spiral from apex to base.) The 

iented from the 

axis, or transverse axis, is perpendicular 

coordinate system is 
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FIGURE 8. A confocal image of the sensory hair 
cells of a guinea pig cochlea, showing three 
rows of outer hair cells. The hair bundles are 
weakly stained. The axes inserted show the 
transverse-radial-longitudinal coordinate system 
we apply to our image stacks. 
 

The image seen in Figure 9A is a near radial confocal section through the organ of Corti 

showing the bodies of outer hair cells with their apical stereocilia bundles. Figure 9B shows 

a more oblique view, where the three rows of outer hair cells are seen with clearly 

delineated hair bundles. The estimated motions of the first row outer hair cell apex in 

response to a quasi-static pressure load applied to the preparation are plotted in Figures 9C 

and D. For the preparation shown in A, the displacement in response to positive scala 

tympani pressure was largest in the transverse direction (here: y-axis) with an amplitude of 

~1.5µm. 

 

 

FIGURE 9. Two different preparations of the organ of Corti (A and B) together with their 
pressure-evoked trajectories for longitudinal and radial displacement, respectively (C and D).    
Scale bars 10 µm. 
 

The radial and longitudinal displacements were smaller, with amplitudes of about -0.5µm 

and -1µm, respectively. The longitudinal displacement (along the cochlear coil) was thus 
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significant, and directed towards the cochlear apex for positive scala tympani pressure. 

Despite the different orientation of the preparation shown in Figure 9B, the estimated 

trajectory of OHC apices had very similar properties once referred to the radial coordinate 

system, with the largest displacement measured along the transverse axis. In this case the 

applied scala tympani pressure was negative, resulting in a negative transverse displacement 

(pointing downward) and a positive longitudinal displacement (pointing towards the 

cochlea’s base). These results further demonstrate the reliability of the optical flow 

algorithm for measuring 3D cochlear motion patterns. Notably, the motions of the 

pressure-evoked cellular structures of the hearing organ are seen to be clearly significant 

along the three axes of the radial frame. An interesting finding of this analysis is the 

observation of a negative longitudinal displacement (towards the cochlea’s apex) of OHC 

apices in response to a positive scala tympani pressure. 

 

 

FIGURE 10. 3D models 
reconstructed from an inner 
hair cell (A) and an outer 
hair cell (B). The red wire-
frames indicate the original 
position of the cells. The 
gray wire-frames represent 
the deformation of the cells 
computed on the output 
from the optical flow 
algorithm map. 
 

Figure 10 illustrates the deformation affecting sensory hair cells under a quasi-static 

pressure stimulation applied to the organ. The 3D-models reconstructed in this figure 

correspond to the positions of an inner hair cell (A) and an outer hair cell (B) before and 

after a pressure changed occurred in scala tympani. The initial hair cell models (in red) 

were constructed by manual segmentation of the 3D-image stacks. The reconstructions 

representing the moved models (in gray) were computed according to the output of the 

optical flow algorithm. In the case of the inner hair cell (Figure 10A), displacements occur 

in all directions, the largest being along the radial direction (overall the deformations were 

however small). For the outer hair cells (Figure 10B) a large displacement is seen in the 

radial direction, with smaller transverse and radial deformations. Note that this radial OHC 

displacement is actually very large (of the order of the cell’s diameter). 

The OHC displacements along transverse and longitudinal directions appear more realistic. 

In particular these displacements were larger at the base of the cell than at its apex, 
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indicating that bending of the OHC body occurred. Clearly more work would be needed 

to obtain a more reliable and reproducible models of hair cell deformation. However, these 

model reconstructions illustrate the potential of the approach for estimating this 

deformation over the whole hair cell bodies in a near intact p

organ. 

4.3.1 SOUND-EVOKED MOTIONS OF THE

A natural development of the above study analyzing the three

cochlear structures evoked by quasi

3D motion patterns of hair cells in 

next presented study (Paper III). Together with confocal microscopy and custom software 

for fast resampled imaging (see Methods), a series of image sequences was acquired, 

allowing to capture the tim

one cycle of motion. The results of this study are summarized in Figures 1

 

FIGURE 11. Tuning curve and 3D vibration trajectory of OHCs measured in situ. (A) A confocal 
section of a resampled image stack showing OHCs under sound stimulation. Scale bar 5µm
Trajectories computed for the points indicated in white in A, for a stimulation at 300Hz and 95 dB 
SPL. The dotted and solid trajectories correspond to the second and third rows
respectively, projected onto the (L,T)
direction. (D) Mechanical tuning curve obtained from the same preparation for a 
300Hz and 75 dB SPL. Scale bar 5µm
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indicating that bending of the OHC body occurred. Clearly more work would be needed 

reliable and reproducible models of hair cell deformation. However, these 

model reconstructions illustrate the potential of the approach for estimating this 

deformation over the whole hair cell bodies in a near intact preparation of the hearing 

VOKED MOTIONS OF THE HEARING ORGAN 

A natural development of the above study analyzing the three-dimensional deformation of 

cochlear structures evoked by quasi-static pressure stimulation was to investigate the actual 

3D motion patterns of hair cells in response to sound stimulation. This is the object of the 

next presented study (Paper III). Together with confocal microscopy and custom software 

for fast resampled imaging (see Methods), a series of image sequences was acquired, 

allowing to capture the time-resolved vibration pattern of the hearing organ of Corti over 

one cycle of motion. The results of this study are summarized in Figures 1

Tuning curve and 3D vibration trajectory of OHCs measured in situ. (A) A confocal 
resampled image stack showing OHCs under sound stimulation. Scale bar 5µm

Trajectories computed for the points indicated in white in A, for a stimulation at 300Hz and 95 dB 
SPL. The dotted and solid trajectories correspond to the second and third rows
respectively, projected onto the (L,T)-plane. (C) The same trajectories projected onto the (R,T) 
direction. (D) Mechanical tuning curve obtained from the same preparation for a 
300Hz and 75 dB SPL. Scale bar 5µm. 
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indicating that bending of the OHC body occurred. Clearly more work would be needed 

reliable and reproducible models of hair cell deformation. However, these 

model reconstructions illustrate the potential of the approach for estimating this 

reparation of the hearing 

dimensional deformation of 

static pressure stimulation was to investigate the actual 

response to sound stimulation. This is the object of the 

next presented study (Paper III). Together with confocal microscopy and custom software 

for fast resampled imaging (see Methods), a series of image sequences was acquired, 

resolved vibration pattern of the hearing organ of Corti over 

one cycle of motion. The results of this study are summarized in Figures 11 and 12. 

 

Tuning curve and 3D vibration trajectory of OHCs measured in situ. (A) A confocal 
resampled image stack showing OHCs under sound stimulation. Scale bar 5µm (B) 

Trajectories computed for the points indicated in white in A, for a stimulation at 300Hz and 95 dB 
SPL. The dotted and solid trajectories correspond to the second and third rows OHCs, 

plane. (C) The same trajectories projected onto the (R,T) 
direction. (D) Mechanical tuning curve obtained from the same preparation for a stimulation at 
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FIGURE 12. Peak-to-peak amplitudes of the transverse displacements plotted against the 
corresponding longitudinal (A) and radial (B) displacements of OHCs at their 
the linear relationship between the transverse, radial and longitudinal components.
o correspond to second and third OHC rows, respectively.14 different examples derived from 5 
preparations at 11 frequencies of stimulation were used. The starting point of the trajectories are on 
the top of the OHCs bodies, close to the stereocil
Hz with 95 dB sound pressure level.
  

4.4 STRUCTURE OF OUTER HAIR CELL L

The aim of the last study presented (Paper IV) was to describe the three

structure of the outer hair cells’ pillars that link the plasma membrane to the specialized 

cytoskeleton of these cells. The structure and size of these pillars was investigated by three

dimensional electron tomography. When looking at two

micrographs of the OHC lateral wall, we see layers of membrane sacs, the subsurface 

cisterns positioned under the plasma membrane which is also visible. The rippled shape of 

the plasma membrane results in variations of the width between the membrane and the 

cisterns. Analyzing the distance between the plasma membrane and the cisterns for three 

different cells we obtained values between 24

called the cortical lattice, appears as an electron dense material closely aposed to the 

subsurface cisternae and facing the plasma membrane. The pillars, that we are mainly 

interested in here, are attached to the cortical lattice and fill the gap between this lattice and 

the plasma membrane. A precise determination of the pillars’ length would require

knowledge of the exact attachment points of the pillars to the cortical lattice and the pillar, 

which is difficult to obtain, because the pillars actually appear to be imbedded in the 

cisterns. In most cases, the pillars and the cortical lattice spanned a

between the membrane and the cisterns. The pillars usually appeared in the subsurface 

cistern but in a few cases part of the pillars appeared to lie between cisterns. Neighboring 

pillars present much variability in structure, e.g. th
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OF OUTER HAIR CELL LATERAL MEMBRANE PILLARS 

The aim of the last study presented (Paper IV) was to describe the three-dimensional 

lls’ pillars that link the plasma membrane to the specialized 

cytoskeleton of these cells. The structure and size of these pillars was investigated by three

dimensional electron tomography. When looking at two-dimensional transmission electron 

of the OHC lateral wall, we see layers of membrane sacs, the subsurface 

cisterns positioned under the plasma membrane which is also visible. The rippled shape of 

the plasma membrane results in variations of the width between the membrane and the 

Analyzing the distance between the plasma membrane and the cisterns for three 

different cells we obtained values between 24-35 nm. The OHC membrane skeleton, 

called the cortical lattice, appears as an electron dense material closely aposed to the 

and facing the plasma membrane. The pillars, that we are mainly 

interested in here, are attached to the cortical lattice and fill the gap between this lattice and 

the plasma membrane. A precise determination of the pillars’ length would require

knowledge of the exact attachment points of the pillars to the cortical lattice and the pillar, 

which is difficult to obtain, because the pillars actually appear to be imbedded in the 

cisterns. In most cases, the pillars and the cortical lattice spanned about half the distance 

between the membrane and the cisterns. The pillars usually appeared in the subsurface 

cistern but in a few cases part of the pillars appeared to lie between cisterns. Neighboring 

pillars present much variability in structure, e.g. they can appear symmetric and long with 
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low density at the center or broader with a different symmetry. This structural variability 

was seen in the three-dimensional reconstructions as well.  In a tangential view of the 

membrane, the pillars show up as electron-dense spots of a diameter approximately 10 nm, 

arranged in pairs with center spots spaced by about 32 nm. The space between the plasma 

membrane and the subsurface cisterns does not appear uniform but shows complex 

variations in density. The surface of the plasma membrane itself shows similar density 

variations. 

 The pillar structure show large variability, however some basic features seem 

to be the same for all; the structure is shaped like a doughnut that forks, with a low central 

density and a maximal width around 20 nm, which is found near the cortical lattice. It is 

connected at the base to the subsurface cistern. 

 The cause of the significant variability seen in the three-dimensional 

reconstructions of the individual pillars is unclear. One plausible and exciting explanation 

would be that this might reflect variation in the molecular conformation of the pillars 

along the cortical lattice. This would be an important observation due to the potential role 

of these structures in transmitting forces generated by prestin. We cannot exclude, 

unfortunately, that the variability seen reflect distortions due to the variability in the 

imaging conditions. However this possibility seems unlikely due to the fact that different 

pillars reconstructed from the same image (for which imaging conditions were in principle 

the same) displayed the same kind of variability as those reconstructed from different 

images.  
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5 DISCUSSION  

Adaptive image restoration for deep biological imaging 

The approach that was developed here is to apply deconvolution to confocal images 

acquired deep in biological tissues (here the hearing organ) by using an adaptively 

estimated PSF that naturally takes into account the optical distortions introduced by the 

sample under study. The proposed method not only allows significant improvements in 

the results of deconvolution; it also makes the whole deconvolution process easier to 

apply, since no measurements separate from the image are acquired, and the screening 

algorithm that we use for estimating the in situ PSF is largely automatized.  

 Moreover no specific constraint is imposed on the imaging system, apart 

from linearity and shift-invariance. Therefore the method is not limited to confocal 

microscopy and should work as soon as the PSF-like structures can be detected in the 

image, provided that a good fitting model of the system’s PSF is available. This makes the 

approach very flexible, and applicable to a wide range of imaging systems. Although we 

aimed here at developing a PSF extraction procedure both practical and simple to apply, 

the idea of extracting the PSF from the acquired image could be extended in principle to 

cases where dot-like structures are not present in the sample. In such cases, other 

structures would have to be used to provide the information necessary to reconstruct the 

PSF model. 

 Other approaches of adaptive PSF estimation and deconvolution for 

biological imaging have been proposed. A particularly interesting approach, that has been a 

great inspiration to the one developed here, was described in (Kam et al., 2001). This 

method consists of using a separate image providing an estimate of the optical index 

variations within the sample (such as obtained for example by differential contrast 

microscopy), followed by optical ray tracing computation (Sharma, 1982) to reconstruct 

the PSF. An advantage of this approach is that it is applicable in the wide-field microscopy 

context. One limitation is however that the reconstructed PSF will be sensitive to errors in 

the mapping of sample induced optical index variations, and it may be hard to really assess 

these errors. Especially it is unclear how to assess which errors will be relevant and which 

are not. An appealing feature of our approach is the ease with which it can be applied, and 

the few assumptions that it makes on the imaging system and on the sample. Since the 

extracted PSF is obtained by definition with exactly the same imaging conditions as for the 
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acquired images, it naturally summarizes all relevant optical distortions introduced by the 

sample.  

 Another interesting approach to adaptive image restoration is that of blind 

deconvolution (Holmes, 1992) in which the PSF is estimated along with the deconvolved 

image during the deconvolution process. Although very appealing, this approach also has 

limitations. Notably, it is usually difficult (especially in biological imaging) to define which 

constraints should be applied to the estimated PSF in order to make it converge to the 

correct one. Also blind deconvolution algorithms are usually slow to converge. Parametric 

blind deconvolution (Markham and Conchello, 1999; Pankajakshan et al., 2007), in which 

one uses a PSF model depending on a few parameters that can be estimated iteratively by 

the deconvolution algorithm, provides an interesting approach around this problem. Again 

the difficulty is to design a model appropriate for the actual imaging conditions of the 

experiments. The PSF extraction approach that we propose can in fact be seen as a useful 

tool for blind deconvolution, allowing one to use a much better starting guess for the PSF 

than would be provided by an ad-hoc theoretical model. 

 

Analysis of three-dimensional cochlear motion patterns by optical flow 

A new method to study three-dimensional motion of biological structures with confocal 

microscopy is presented in paper II, which is based on brightness-adjusted optical flow 

computation and the discrete wavelet transform. When imaging biological tissues using 

fluorescence microscopy, it is impossible to prevent bleaching completely. Therefore 

detecting brightness adjustments not caused by motion in the images is a very valuable 

tool. Changes in fluorescence may also occur due to physiological changes in the cells. All 

these variations in intensity hamper the capability to detect motion by optical flow 

computation, unless a brightness-adjusted algorithm is used. 

 The performance of our optical flow algorithm was evaluated with both 

computer-generated test sequences and confocal image sequences of the living hearing 

organ. These evaluations provided convincing evidence that the algorithm performs well, 

and can be used reliably to analyze 3D-motion in actual biological experiments. Depending 

on image properties (e.g. the complexity of image content) the algorithm performs slightly 

differently when noise is added to the image sequences.  For images containing a few 

spatial frequencies, adding noise leads to a gradual underestimation of the motion, an 

effect that has previously been described (Fermüller et al., 2001). 
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For images with more complex details and sharp gradients, as is typically the case in real 

imaging experiments, the situation seems more subtle. For the confocal images of cochlear 

structure that we considered, the optical flow algorithm overestimated motion when 

applied to the noise-free sequence. As a result, when adding noise to the sequence the 

magnitude error became actually smaller than for the noise-free image. The reason for 

such an effect is not clear. However, in all tested images the algorithm performed well 

(with less than 10% error for displacements in the range 1-6 pixels) as long as the noise 

level remains under a standard deviation of 2%. Apart from the magnitude error, we also 

studied the effect of noise on the angular error. We found that a smaller angle error was 

obtained, expectedly, in the absence of noise. 

 The optical flow algorithm that we use not only corrects for brightness 

changes not caused by motion, it allows in fact one to estimate these changes. The relative 

error for detecting step by step brightness changes appears larger than the errors on the 

motion vectors; nevertheless the algorithm still tracks the cumulative brightness variation 

over time pretty well (see Figure.7). This is a most interesting feature, which could be used 

in the future to follow physiological changes in sensory hair cells.  

Previous use of 3D optical flow algorithms for 3D motion 

Optical flow algorithms have found a numerous applications in biological imaging (a large 

number of publications concern the analysis of MRI images, but several interesting 

applications exist in the field of conventional optical microscopy, e.g. (Zoccolan et al., 

2001; Zoccolan and Torre, 2002). This in itself indicates that the approach provides a 

valuable tool for motion analysis, effective in many biological contexts of importance. One 

of the most recent applications (Danilouchkine et al., 2009) describes a two-dimensional 

optical flow method based on the Lukas-Kanade algorithm, one of the earliest proposed 

algorithms for optical flow (Lucas and Kanade, 1981). 

 Although the use of optical flow for three-dimensional biological imaging 

remains scarce, a few applications exist. Notably (Guerrero et al., 2004) used a dense scale-

space optical flow algorithm to analyze CT imaging sequences monitoring the growth of 

intrathoratic tumours. In the context of cochlear imaging, (Cai et al., 2003) have studied in-

plane cochlear motion patterns on their hemi-cochlea preparation using optical flow 

computation. Our study is the first to report three-dimensional optical flow analysis of 

cochlear motion patterns in the intact hearing organ. The use of a wavelet-based 

brightness-adjusted algorithm is also new in this context.  
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Three dimensional motion of the hearing organ 

The study of quasi-static pressure-evoked motion patterns of the hearing organ is a 

required step for understanding how the cellular structures of the hearing organ interact 

mechanically, and in particular how the sensory hair cells are being stimulated in situ. 

 The results presented in paper II show that the deformation of the cochlear 

partition is complex. In particular the simplified view of a rotation of the reticular lamina 

in the radial (R,T) plane, as usually assumed in cochlear models, is too crude. Hair cells 

move in fact in all three directions of the radial frame, and their apical trajectories has a 

significant longitudinal component. Note that such motion implies, in view of the 

geometry of the hearing organ, that a rather subtle three dimensional shearing of the hair 

cell bodies occurs. The results also show that the longitudinal displacements of OHC 

apices is larger than their radial displacements, and points towards the apex of the cochlea 

when the pressure change in scala tympani is positive (that is when the organ as a whole 

moves upward). 

 This is an interesting finding, which should be considered in light with 

anatomical arrangement of outer hair cells and their surrounding supporting cells, the 

Deiters’ cells. The Deiters’ cells, on which the OHC bases are sitting, possess long 

processes extending from the base of one OHC up to the reticular lamina in which they 

insert to form stiff junctional contacts with the apices of nearby OHCs. Interestingly, the 

apical insertions of these processes are situated closer to the apex of the cochlea than their 

bases. This results in longitudinal mechanical coupling that may promote motion directed 

towards the apex, and which has been proposed to affect the cochlear travelling wave 

(Geisler and Sang, 1995; Steele and Lim, 1999). Our results provide evidence that such a 

coupling, so far assumed only on anatomical ground, might indeed have significant effect 

on cochlear motion. 

 The results of paper III, where sound-evoked motion of the hearing organ 

are analyzed, support the findings of the pressure-evoked motion study. Even though the 

observed 3D motions of cochlear hair cells are complex, they are overall consistent with 

prior 2D-studies of the hearing organ motion in the radial plane (Fridberger et al., 2002; 

Fridberger and de Monvel, 2003; Fridberger et al., 2006; Tomo et al., 2007a). 

 In particular, the observed vibrations were larger for the third row of outer 

hair cells than for rows 1 and 2. This is likely a consequence of the anatomy of the 

cochlear partition, reflecting the fact that the third row of OHCs is located roughly 
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midway between the attachment points of the basilar membrane. This is thus the location 

of the cochlear partition expected to display the highest amplitude of motion. 

 Although the largest amplitude of motion of OHC apices under sound 

stimulation was again seen in the transverse direction (perpendicular to the reticular 

lamina), the displacements in both radial and longitudinal directions were most of the time 

of comparable magnitudes. Interestingly, we observed a clear linear correlation between 

the peak to peak amplitudes of transverse and longitudinal components of hair cell 

trajectories. When the cells moved towards scala vestibuli (upward transverse 

displacement), a simultaneous motion towards the cochlear apex in the longitudinal 

direction was observed, confirming nicely the findings of paper II. For the radial and 

longitudinal components, no clear correlation of this kind was seen, except at rather large 

motion amplitudes (>0.5 µm). 

 The reason for this difference is unclear. A possible explanation would be to 

assume that the precision of our optical flow algorithm was less good for motion in the 

radial direction, hence the larger observed variability. However, we do not consider this 

possibility as the most likely one. Indeed, the radial axis was never aligned along the optical 

axis of the microscope in our experiments. Most of the time it was rather well matched to 

the focal plane, in which resolution is highest and motion estimation thus expected to be 

the most accurate. Our conclusion is rather that the observed variability in the radial 

component of hair cell trajectories is genuine, and might reflect biological factors that 

affect cochlear motion more in the radial direction than in the longitudinal and the 

transverse ones.  

 A larger variability in radial motion is in fact expected from the fact that it is 

the radial motion that is most crucial to hair cell stimulation, and hence the most likely to 

be affected by the active processes of the cochlear amplifier. These active processes are 

known to be very sensitive to various forms of trauma and they depend highly on stimulus 

frequency. If this explanation is correct, the radial component variability is explained by an 

increased physiological vulnerability, whereas the longitudinal and transverse components 

primarily reflect passive mechanics (stiffness, mass and friction). The three-dimensional 

motion of the organ of Corti in response to sound has previously been analyze in 

(Hemmert et al., 2000) using a different experimental setup. Our results are overall 

consistent with the findings of this study, in particular these authors also reported similar 

magnitudes for all three components of hair cell vibrations.  

 The present study constitutes a first step toward defining the three-
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dimensional vibration of the organ of Corti. It is limited by the use of an in vitro 

preparation in which the “cochlear amplifier” is not expected to be fully operating. Further 

work will be required in order to ascertain how the 3D pattern of vibrations that we 

observed is modified in vivo. 

Three-dimensional structure of the pillars 

Three-dimensional reconstructions on the pillars have provided new knowledge to 

structure and their connection to the cytoskeleton and the cell surface membrane. It can be 

concluded that the general features of the structure are in agreement with previous 

findings with some minor differences (Flock et al., 1986; Forge, 1991; Arima et al., 1991; 

Holley et al., 1992). However, the molecular characteristics are still unknown. It is generally 

thought that the pillars are a mechanical link that spans the gap between the cell membrane 

and cytoskeleton. This connection might be of functional relevance since it could involve 

prestin, a motor protein that is situated in the of the outer hair cells’ membrane. The cell 

membrane is considered to be a fluid structure and therefore some connection between 

the membrane and the rest of the cell would be required to transmit the force generated by 

prestin. Another suggestion for the pillars functions could be involved in the outer hair 

cells slower type of motility (Zenner et al., 1985). Slow motility relies on interactions 

between actin and myosin that are provided in the outer hair cells membrane. Cell skeleton 

contractions would lead to length changes of the cell and maybe these are transmitted to 

the cell membrane via the pillars. It is appealing to note that the cell surface membrane is a 

structure that varies in density and that the pillars often seem to connect where there is 

variation in density. The membrane might also include other structures that are interacting 

with the pillars. 

 

5.1 FINAL CONCLUSIONS 

This thesis presents yet further evidence that the development of imaging and image 

processing methods is a worthwhile path to follow for studying complex biological 

systems. Three-dimensional methods for image analysis do not only allow us to gain 

invaluable information about the structural organization of the living hearing organ. They 

also allow us to extract essential information concerning the function of this system and 

the dynamical mechanisms by which it works. The four studies presented here illustrate 

the relevance of imaging approaches at all scales of hearing function, from small but 
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essential molecular details to large cellular assemblies and the no less essential realm of 

systems biology. 

The main conclusions are: 

- Image adaptive PSF detection results in significant improvements of the 

deconvolution and the whole deconvolution process is more easily applicable and 

without any specific constraint imposed on the imaging system.  

- The optical flow algorithm for three-dimensional motion used in the present work 

is not only measuring the motions vectors by correcting for brightness changes not 

caused by motion, but also keeps track of these changes. This approach could be a 

valuable in future measurements of physiological changes in the hair cells. 

- A complex three-dimensional motion pattern is seen in the experiments of the in 

vitro preparation of the cochlea when under quasi-static pressure or sound 

stimulation. Our results allow a better characterization of this motion pattern 

- The three-dimensional reconstructions of the pillars provide new knowledge of 

their structure and the how they are connected to the cytoskeleton and the cell 

surface membrane.  
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