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Abstract

Electron Tomography (ET) is uniquely suited to obtain three-dimensional reconstructions
of pleomorphic structures, such as cells or organelles. Recent advances in the recording
schemes improve the speed and resolution and provide new insights into the structural
organization of different specimens. However the low signal to noise ratio arising from the
radiation sensitivity of biological materials in conjunction with distortions introduced by
the limited tilt range of the sample in the electron microscope, hinders the application of
image processing methods for data analysis. Therefore a good signal improvement tech-
nique ("denoising" technique) is necessary. Additionally, the investigation of more complex
and rather thick objects increases the image complexity. Image simplification techniques
(interactive or automated) are necessary for separating the image into parts with similar
or coherent properties, which improve the visualization capabilities as a consequence of
focusing the 3D images on the parts of most interest and minimizing their size to the

features of interest.

The major objective of this work was the development and application of methods for
a quantitative evaluation and visualization of cryoelectron tomograms. A new noise re-
duction technique is proposed based on nonlinear anisotropic diffusion. It combines con-
ventional diffusion methods with the scaling index method, the latter used for steering
the filtering process. This diffusion technique shows a superior performance compared to
existing diffusion realizations, as well as to conventional methods typically applied in im-
age processing (e.g. low-pass filtering, median filtering). In addition, a novel approach
for segmenation was developed that combines the information provided by the scaling in-
dex method with morphological operators, and subdivides the pixels/voxels into different
categories according to the kind of structure to which they belong. Furthermore, a novel
approach for identification of macromolecular complexes is proposed. The identification
technique is not based on the similarity of the density values between input and target
volume, as is the case in template matching, but on the similarity of the calculated scaling
indices. The big advantage of this method is that it is very fast, since scaling index is

rotationally invariant.



Abstrakt

Die Elektronentomographie (ET) ermdglicht die drei-dimensionale Darstellung von pleo-
morphen Strukturen, wie beispielsweise Zellstrukturen. Die stetige Weiterentwicklung der
Methoden erméglicht einen Einblick in den strukturellen Aufbau von verschiedenen Unter-
suchungsobjekten. Da die Daten von den Elektronentomogrammen ein niedriges Signal zu
Rausch Verhéltnis haben und Rekonstruktionsartefakte aufweisen, letztere bedingt durch
den beschréankten Kippwinkelbereich, ist nur eine erschwerte Bildverarbeitung moglich.
Deshalb sind gute Methoden zur Signalverstirkung (Entrauschungsmethoden) notwendig.
Die zunehmende Komplexitiat der Untersuchungsobjekte erfordert den Einsatz von Seg-
mentierungsmethoden (interaktiven oder automatisierten) zur Aufteilung des Bildes in

verschiedene Regionen, welche zu einer Verbesserung der Visualisierungsmoglichkeit fithrt.

Das Hauptziel dieser Arbeit war die Entwicklung von Methoden fiir eine quantitative
Auswertung und Visualisierung von Kryo-Elektrontomogrammen. Hier wird eine neue
Entrauschungsmethode vorgeschlagen, die auf nicht linearer, anisotroper Diffusion basiert.
Es handelt sich um eine Kombination von konventionellen Diffusionsmethoden und der
Scaling Index Methode. Die Scaling Index Methode wurde in diesem Fall benutzt, um
den Filterungsprozess zu steuern. Diese kombinierte Entrauschungsmethode hat im Ver-
gleich mit entweder konventionellen Methoden wie zum Beispiel Tiefpassfilterung oder
mit anderen existierenden Diffusionsprozessen, viel bessere Leistung gebracht. Auferdem
wurde eine neue Methode zur Segmentierung entwickelt, die die Information der Scal-
ing Index Methode mit morphologischen Operationen kombiniert, und die Pixels/Voxels
entsprechend ihrer Struktur in verschiedene Gruppen einteilt. Weiterhin wird eine neue
Technik zur Lokalisierung und Identifikation von Makromolekiilen in Elektronentomogram-
men ist prisentiert. Sie basiert nicht auf der Ahnlichkeit der Intensititsgrauwerten von
zwei Volumen, sondern auf der Ahnlichkeit ihrer kalkulierten Scaling Indices. Der grofite
Vorteil dieser Methode ist ihre Schnelligkeit, da die Scaling Index Methode rotationsunab-

héngig ist.
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Chapter 1

Cryo-Electron Tomography of
Biological Specimens

1.1 Introduction

Living things, though infinitely varied when viewed from outside, are fundamentally simi-
lar inside. Nowadays, it is common knowledge that all living things are made of cells, and
that these units of living matter share the same machinery for their most basic functions.
Cells are generally microscopic and have a highly complex architecture. It is hard to see
their ultra structure, hard to discover their molecular composition, and harder still to find
out how the various components function. The interest of modern molecular biology is
focused on understanding the functions that take place inside the cell, performed by the
so-called "molecular machines" [Alberts, 1998|. Molecular machines are multicomponent
systems that are composed of macromolecules, mainly proteins. The structure of molecular
complexes can be derived from data obtained with high-resolution techniques such as X-
ray crystallography, nuclear magnetic resonance, or electron crystallography. Nevertheless,
such techniques require the biochemical purification of the macromolecule. On the other
hand, there are, particularly in Cell Biology, different forms of light microscopy that allow
the study of cellular structures and their dynamics in physiologically compatible environ-
ment. Unfortunately, the resolution in light microscopy is not sufficient for the structure

of macromolecules to be resolved.

Cryo-electron Tomography (CryoET) has the potential to bridge the gap between atomic

structures defined by X-ray crystallography and the more global patterns of organization
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that can be observed by light microscopy [Baumeister, 2002 [Baumeister and Steven, 2000].
This technique combines the power of 3D imaging with the preservation of the biological
material in near-physiological conditions to obtain structural information at molecular res-
olution, avoiding at the same time the risk of artifacts associated with chemical fixation,
staining or dehydration. Electron Tomography (ET) is based on a mathematical princi-
ple, that was first discovered by Radon [Radon, 1917] : A function can be reconstructed
from its projections, provided that a sufficient number of projections in different direc-
tions is available. This principle is used in all methods of three-dimensional (3D) electron
microscopy and was first implemented by DeRosier et al. [DeRosier and Klug, 1968] and
Hart [Hart, 1968]. In order to acquire projections from different angles, the sample has to
be mechanically tilted. The fundamental limitation in CryoET is the electron-dose that is
used. Because of the fact that frozen-hydrated biological specimens are very sensitive to ra-
diation damage, the tomogram has to be recorded under low-dose conditions, which results
in poor contrast, a low signal-to-noise ratio (SNR) and a limited number of projections. A
technical problem during the recording of a tomogram is the mechanical instability of the
specimenholder. It is not possible to achieve mechanical precision on a nanometer scale,
with the result that the specimen moves from its eucentric position during tilting. The
development of microprocessor-controlled microscopes together with appropriate programs
minimized the electron-dose, used for the necessary corrections, down to 3 percent of the
total dose [Typke et al., 1991][Dierksen et al., 1992]|Dierksen et al., 1993]. This allowed
the recording of the first tomograms of frozen hydrated specimens [Dierksen et al., 1995].
The additional introduction of energy filters improved the image quality and led to the
recording of the first tomograms of eukaryotic cells [Grimm et al., 1998]. Finally, the work
of Medalia et al [Medalia et al., 2002] impressively showed that it is possible to visualize

molecular machines like e.g. the 26S proteasome in the context of whole eukaryotic cells.

The technical developments and improvements in the field of CryoET in recent years
made it possible to record high-quality tomograms of biological pleomorphic specimens
as a matter of routine. CryoET is capable of answering significant biological questions by
the evaluation of tomograms, and for all of the reasons mentioned above is considered to
be the leading imaging technique for studying large, complex biological specimens with a

resolution of a few nanometers.
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Despite the improvements, the SNR, of the electron micrographs remains unsatisfactory.
Most of the electron tomographic reconstructions suffer from a very low SNR, which make
further scrutiny of the specimen very difficult. Therefore a good signal improvement tech-
nique ("denoising" technique) is necessary. Additionally, the investigation of more complex
and rather thick objects increases the image complexity. Image simplification techniques
(interactive or automated) are necessary for separating the image into parts with similar
or coherent properties, which improve the visualization capabilities as a consequence of
focusing the 3D images on the parts of most interest and minimizing their size to the
features of interest. This thesis is concerned with the improvement of visualization of 3-D
reconstructions in CryoET. Three image processing techniques have been developed and
implemented in the field of electron microscopy in order to improve the performance in
terms of signal reconstruction, processing time and visualization : (a) a hybrid approach
for nonlinear anisotropic diffusion, as a noise reduction method, (b) a Scaling Index Based
Segmentation (SIBS) for automatic segmentation, and (c) fast automated detection of ob-
jects using the scaling index information. They are mainly based on the Scaling Index

Method (SIM) and explore the applicability of the latter on tomographic data.

1.2 Transmission Electron Microscopy

1.2.1 Image Formation

Electron microscopy is the only technique capable of visualizing molecular structures in a
cellular context, with a resolution in the nanometer range. The performance of the visu-
alization is strongly dependent on the specimen preparation and the electron microscope
itself. The image formation is the result of the interaction of an electron beam with the
Coulomb potential of the specimen and the subsequent magnification by the objective lens.
Thin biological objects are weakly forward scattering phase objects; therefore the image is
approximately a projection of the density distribution, which is in its part linearly related
to the Coulomb potential of the specimen. The electrons interact with atoms by elastic
and inelastic scattering. In the case of bright-field electron microscopy, the contrast mech-
anism is actually a modification of the incident wave. Bright-field contrast is produced

either by intercepting the electrons scattered at angles larger than the objective aperture
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(scattering contrast), or by interference between the scattered wave and the incident wave
at the image point (phase contrast). In transmission electron microscopy (TEM) both
the elastically scattered and the inelastically scattered electrons contribute to the image
intensity; nevertheless for thin and weakly scattering specimens, as observed in biological

electron microscopy, the phase contrast gives the major contribution.

1.2.2 Contrast Transfer Function

As in the case of any optical instrument, the resolution limit is described by a point spread
function (PSF). A point-like input signal produces output that is spread over a certain
area of the image plane, and the distribution is described by the PSF. In the case of
phase contrast, the electron beam modulation is described in Fourier space with the phase

contrast transfer function (CTF).
PSF = F(CTF) (1.1)

The micrograph is a projection of the specimen’s electrostatic potential, convoluted with
the Fourier transform (symbolized by F) of the CTF, in which the CTF describes the
imaging conditions and the TEM properties. In other words, it characterizes the effect of
the instrument on the image formation and is independent of the particular specimen in

question:

CTF(f) = —2-sin (g (CgN3ft — ZAZ)\fQ)) (1.2)

where Cg is the spherical aberration constant, Az the defocus, A the wavelength of the

electron beam, and f the spatial frequency.

1.2.3 Electron Microscope

The electron beam generated by a field emission gun (FEG) is preferred to a conventional,
e.g. LaBg, cathode in order to decrease the damping of the CTF at high spatial frequencies
caused by spatial and temporal incoherence. The electrons are then accelerated with a
tension that usually ranges between 100-300kV. The condensor system creates a parallel
electron beam, which irradiates the specimen. The heart of the electron microscope is

the objective lens,the properties of which determine the quality of the image (Figure [1.1)).
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The intermediate and projection lenses serve to magnify the primary image produced by
the objective. The projection lens enlarges any defects of the objective lens, whereas
defects in the projector itself are not subject to subsequent significant magnification and
are thus not usually evident. The resulting image can be recorded by direct exposure of
a photographic film or digitally via a phosphorescent screen coupled by a fiber-optic plate

to a CCD camera.

1.2.4 Energy Filtering

Energy filtering is a viable way to circumvent the effects of the chromatic aberration of
the Transmission Electron Microscopes, thus increasing the contrast [Lucic et al., 2005].
Energy filtering allows the selection of electrons with a specific kinetic energy for imag-
ing. The mode of imaging which is most useful for low-dose applications is "zero-loss"
energy filtering, where the energy selecting window is positioned at the energy of the pri-
mary beam, selecting only unscattered and elastically scattered electrons for imaging. The
effect of zero-loss filtering becomes obvious in the case of thick specimens (0.2-1 um).
Energy filters operating in zero-loss mode eliminate all inelastically scattered electrons
from the images, thereby reducing the image intensity and increasing the image contrast
[Grimm et al., 1996]. This is why energy filters are indispensable for tomography of whole,
ice-embedded cells [Grimm et al., 1997] [Grimm et al., 1998]. The effect of energy filtering

is illustrated in Figure [1.2

1.2.5 CCD Camera

Cooled charge-coupled device (CCD) cameras offer a number of advantages in recording
images in electron microscopy. The immediate availability of the images acquired with
a CCD camera in a digital format allows further real time image processing. In one im-
portant respect however, the use of photographic film has superior properties: the spatial
resolution of CCD detectors so far are inferior to film. A solution to the limited resolution
problem could be given by the latest developments in CCD cameras with large-area chips
containing up to 4096x4096 pixels. Additional advantages of the CCD devices are the
excellent linearity between input electron exposure and the output signal and their large

dynamic range.
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Electron source

Condensor lens

Specimen holder
Objective lens

Diffraction lens

TV-camera

: GIF
' - ' CCD-camera

Figure 1.1: Scheme illustrating the CM300 TEM located in Martinsried. This instru-
ment is equipped with a Gatan post-column energy filter (GIF) and a CCD camera.
The picture is taken from [Schweikert, 2004].
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In a CCD camera for electron microscopy, the electrons are first converted into photons
by means of a scintillation screen at the entrance of the camera. The photons are then
transported via fiber optic elements to the CCD chip, where the signal (image) is pro-
duced. The CCD chip is cooled to —35°C in order to prevent the signal from the influence

of thermally generated electrons.

1.3 Noise Model

The major noise contribution is associated with the illuminating beam (also called particle
noise). The number of particles k in a given area (e.g., pixel) follows a Poisson distribu-
tion P(k,\) = )‘k—lf -e~, with the variance 62pge ~ . Considering A as the expected
signal, the signal-to-noise-ratio (SNR = %*m = ’\—)\2 = ) is proportional to A. In
the case of bright-field imaging of a weakly scattering objects, the expected signal is given
by AX = X\ — X, where X is the mean value of the expected values of all pixels. Assuming

that A\ < A, the noise becomes signal-independent and therefore the approximation of

additive Gaussian noise is valid |Hegerl and Hoppe, 1976|. Other noise sources, e.g. noise

of the recording system etc., can then be assumed as additive and normally distributed.

For various imaging techniques the noise can be closely modeled as additive Gaussian and

Figure 1.2: Digital micrographs without (a¢) and with (b) energy filtering. Images a and
b are Thermoplasma acidophilum images courtesy of C. Kofler, MPI Biochemistry,
Martinsried.
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signal-independent [Donoho, 1993| [Donoho, 1995].

The signal reconstruction problem for this case is formulated in the following way: Let
y be the noisy observation (projection images) of x (object under scrutiny), degraded by
the noise n, such that

y=A -x+n,

A (imaging process) represents a transformation matrix describing a linear operation ap-
plied to the object. The estimate T from y has to be determined such that the remaining
noise in T is sufficiently low and T resembles x sufficiently closely. Depending on the im-
age processing task and the specimen under scrutiny, the noise sources vary. Apart from
the typical noise sources listed above, missing information as in the case of 3D electron

microscopic reconstructions can introduce distortions.

1.4 Specimen Preparation

In electron tomography a very important step before the acquisition of the tomographic
data is the preparation of the specimen. The task of specimen preparation methods is
to stabilize and preserve the structural information of the biological sample. In electron
microscopy, several preparation methods have been developed to increase the contrast and
improve the signal-to-noise ratio. The preparation techniques used here can be separated

into stained and frozen-hydrated samples.

The negative staining preparation is frequently used for single particle analysis. A heavy
metal solution e.g. uranyl acetate is applied to the specimen, in order to fix it and enhance
the contrast. Although this technique can provide high contrast and protects, at least to
some extent, the specimen from collapsing, the resolution is limited due to the granulation
of the heavy metal used. Additionally, structural changes (e.g. flattening) can appear.

This applies also to stained cells or tissues.

In Cryo-electron microscopy the specimen grid, on which an aqueous solution contain-
ing the specimen is applied, is rapidly plunged into liquid ethane, whereupon the thin

water later vitrifies. The rapid cooling rate prevents the water from turning into cubic ice.
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Figure 1.3: Principles of electron tomography: The reconstruction of an object from a
series of transmission projections that are taken from different directions is commonly
referred to as tomography. The picture is taken from [Nickell et al., 2006].

The grid is subsequently transferred to liquid nitrogen and mounted in the cryoholder of
the electron microscope. The advantages of this technique are that the sample is kept in
a near-to-native state and protected to some extent against radiation damage. However,

the contrast of these samples is very low.

1.5 Electron Tomography

1.5.1 Projection Theorem

A transmission electron micrograph is essentially a projection of the specimen in the di-
rection of view. As illustrated in Figure in order to produce a three-dimensional

representation of the structure, it is therefore necessary to combine information from a

number of different projected views [Crowther et al., 1970].

The projection theorem [Hoppe and Hegerl, 1980] [Rosenfeld and Kak, 1982| states that

the Fourier Transform of a two-dimensional projection of a three-dimensional object is
identical to the corresponding (perpendicular to the projection’s direction) central section
of the three-dimensional transform of the object (Figure[l.4)). The three-dimensional trans-
form can therefore be built up plane by plane using the transforms of different projected

views of the object.
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Figure 1.4: The projection P of an object in real space (left) corresponds to a central
section S of the Fourier-Transformation of the object (right) and vice versa.

1.5.2 Tomographic reconstruction

The relationship between section and projection follows immediately from the form of the

Fourier transform. The Fourier Transform of a single finite object f(x,y,z) is given by :
oo o0 o .
Fu,v,w) = / / / flz,y, 2) - e 2riluztvytez) aqy dy (1.3)
—00 J =00 J —0O0

Tilting the object around the y-axis results in a translation invariance in the tomographic
reconstruction, such that the reconstruction can be performed as a series of 2-D recon-
structions in slices perpendicular to the tilt axis. The projection of the object along the

z-axis when rotating the object in an angle o around the y-axis is given by :

pol@) = [ " @)z (1.4)

where
T cosa 0 sina T
y | = 0 1 0 Y (1.5)
z —sina 0 cosa z

With u = Rcosa and w = Rsina the Fourier Transformation of the projection is

acquired :
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Po(R) = / pa(T)e AT = / / f(x, z)e  Prifi(zcosatzsina) qp.q, — F(Rcosa, Rsina)
(1.6)

—c0<R<400, O<a<mw

that corresponds to a plane in the Fourier space. By recording projections over the whole
angle range 0 < o < 7 it is possible to fully describe the object in the Fourier space and

reconstruct it.

In practice, a different algorithm, namely weighted or filtered back-projection is mainly
used for reconstruction in electron tomography, due to its simplicity and general applica-
bility [Koster et al., 1998|. With this algorithm, the recorded images are multiplied with a
ramp filter in the Fourier domain, transformed back into real space and inversely projected

into the reconstructed volume. The reconstructed object is given by:
2 e’} o
flz,2) = / / P,Re*™ 2 Rda (1.7)
0 Jo

For —oo < R < 400 and 0 < a < 7 the reconstructed object can be obtained from:

f(x,z):/ Po(xcosa+ zsina)da (1.8)
0
where
P.(Z) = / P,|R|e*™ 2R (1.9)
—00

In Figure [1.5] the 0° projection and a 2-D XY-slice of the tomographic reconstruction of a

Dictyostelium cell are shown.

1.5.3 Dose Limitations

One of the main limitations in CryoET is the radiation damage of the biological specimens.
Exposure of specimen to the electron beam leads to ionization, breaking of chemical bonds,
and formation of free radicals. Although these processes are not temperature dependent,
the resulting damage, loss of mass, and diffusion of free radicals is temperature dependent.

For this reason the total electron dose has to be kept below a critical limit with the price of
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Figure 1.5: Tomogram of a Dictyostelium cell. a) 0° projection, and b) 2-D XY-slice
of the reconstruction. The image is taken from |[Medalia et al., 2002].

a very low SNR that results in poor contrast. Radiation damage is greatly reduced when
the specimen is investigated at liquid nitrogen temperature, —196°C. Further cooling to
liquid He temperature (4 K) is advantageous for thin samples used in electron crystal-

lography, but it is not clear yet if this also true for thicker icy layers used in CryoET

[Dubochet et al., 1988]. In general, for our applications, a cumulative electron dose of ap-

proximately 50e~ /A2 has turned out to be a reasonable choice.

Because of the large number of projections required for the reconstruction, one might sus-

pect that a very high dose will accumulate during the collection of the data set. According

to the dose fractionation theorem |Hegerl and Hoppe, 1976| the electron dose required to

visualize structural details close to the resolution limit in a 3-D image is about the same as

that for a 2-D image obtaining the equivalent information. This theorem was confirmed by

McEwen |[McEwen et al., 1995]. However, the advantages of a visualization in 3-D is that

fine details become separated while they overlap in 2-D and thus will usually be obscured

be other specimen features.

1.5.4 Missing Wedge

One of the biggest problems in CryoET is the problem of the "missing wedge". The compu-

tation of a distortion-free 3-D reconstruction from a single axis tilt series would require that
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all projections of the sample over a full (£90°) tilt range are available [Barnard et al., 1992].

Unfortunately, physical limitations of the available holders allow a tilt range of £70° with
the result that the reconstruction will suffer from imperfections. The main distortion in-
troduced by this limitation is the elongation of features in the direction of the angular gap
(F igures and. In the case of single axis tilting, the missing projections are arranged
in Fourier space as a wedge of missing information that cannot be retrieved. This missing

area in a sphere in Fourier space with radius r, has a volume of :

The missing wedge problem can be reduced by using a rotational holder. The idea is to

merge two tilt series recorded at orthogonal tilt axis [Mannella et al., 1994] [Penczek et al., 1995]|.

After the recording of the first tilt series, the specimen is rotated 90° in the microscope
and a second tilt series is recorded. The missing wedge now becomes a missing pyramid,

reducing the amount of missing information.

Figure 1.6: Scheme illustrating how the electron dose affects the signal-to-noise ratio.
a) original, b) using 256e~ per square pixel, ¢) using 64e~ per square pixel, d) using
16e~ per square pixel, e) using 4e~ per square pixel, and f) using 2e~ per square pixel.
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Figure 1.7: Reconstruction of the objects shown in (a) by using b) only 1 projection,
¢) 3 projections at angular steps of 40°, d) 5 projection at angular steps of 20°, e) 13
projections at angular steps of 10°, and f) 25 projections at angular steps of 5°.

1.5.5 Automatic Data Acquisition

Due to mechanical imperfections of the goniometer, the tilt axis during the data acquisi-
tion is not completely stable and may move several hundred nanometers when the object is
tilted. Because manual adjustment generally requires extensive exposure of the specimen
to the electron beam, the automation of the acquisition process was crucial to acquiring

tilt series under low-dose conditions.

In order not to lose the specimen area under investigation during recording of a tilt series,
image shifts and focus changes have to be measured and corrected. The automated acquisi-
tion of a tilt series requires three basic steps [Dierksen et al., 1992]: tracking, autofocusing,
and exposure (Figure . In the tracking procedure, a micrograph is recorded prior to

the final exposure using a very low dose. Image shifts are measured by determining the
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Figure 1.8: Reconstruction of the image of Einstein using a) 36 projections from —90°
to +90° with angular step of 5°, b) 24 projections from —60° to +60° with angular step
of 5°, ¢) The missing projections build a wedge of missing information in Fourier space
that cannot be retrieved.

peak position in the cross-correlation function of the recorded micrograph with a reference
image that was recorded previously. The autofocusing step compensates for the change
of defocus because of specimen movement in the beam direction. The amount of image

shift, measured by means of cross-correlation, is proportional to the defocus and can thus

be used for focus correction |Koster et al., 1989||Koster and de Ruijter, 1992|. In the third

step, a 2-D image, i.e. one projection of the tilt series is recorded. The three steps are

repeated until the maximum permissible angular tilt range is covered.

1.6 Structure of this Thesis

In this thesis, three image processing techniques have been developed and implemented
in the field of electron microscopy in order to improve the performance in terms of signal
reconstruction, processing time and visualization. They are all based on the scaling index

method, which is introduced and explained in the following chapter.

In Chapter 3 a new noise reduction (denoising) technique is proposed based on nonlinear
anisotropic diffusion. Diffusion methods for signal reconstruction became widely applica-
ble due to their well-established mathematical properties and their general well posedness.
Several different methods have been proposed, mainly focused on edge detection and edge
preservation, but none of them became applicable for highly degraded data. A new ap-
proach has been developed, which combines conventional diffusion methods with the scal-

ing index method. The scaling index method in this approach is used as an alternative
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Figure 1.9: Scheme illustrating the steps followed during the automatic data acquisi-
tion.

to steer the diffusion process. This diffusion technique shows good performance compared
to conventional methods typically applied in image processing (e.g. low pass filtering, me-
dian filtering). The SNR improvement is demonstrated by means of cross correlation and

Fourier shell correlation functions.

In Chapter 4, SIBS (Scaling Index Based Segmentation) is presented as a novel approach
for automatic image segmentation. Automatic grouping and segmentation is a challenging
problem in the image-processing field. This technique is based on the structural informa-
tion provided by the scaling index method. The scaling index is a number assigned to

each voxel, which characterizes the dimensionality of the structural feature to which the

voxel belongs [Jamitzky et al., 2001]. The large amount of noise present in the tomograms

required further processing of the segmentation results with morphological operators. This
method can be used either for 2-D images or for 3-D volumes. Additionally, there are not
many parameters that have to be determined, so it is also suitable for non-experienced

users. Application examples in 2D and 3D are presented.

It is one goal of tomography of whole cells to derive a cellular atlas of macromolecular

complexes. Therefore, an approach is presented in Chapter 5 for detecting individual
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macromolecules. This technique is also based on the information provided by the scaling
index method. It shows equally good performance compared to existing cross correla-
tion techniques with the advantage that it is much faster. Examples of artificial data are

presented.
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Chapter 2

Scaling Index Method

To interpret tomograms with maximum efficiency a decomposition of the data into their
structural components is required. The information of the local structural properties in a
tomogram, represented by a set of pixels/voxels, is of great importance and can be used
in many different ways for further processing of microscopy data. It can be used as a
noise identification tool that would be very useful for filtering noisy data, in order to en-
hance the signal. It can also be used as a segmentation tool for classifying objects present in

an image/volume into different categories, according to the structure to which they belong.

The scaling index method (SIM) is a method to extract structural information from
arbitrary data sets. Regarding electron tomography it can be used to characterize a
voxel of a tomogram by its structural surroundings. In this chapter, the SIM is intro-
duced and explained with simple examples. In addition to the classical scaling index

[Jamitzky et al., 2001], the weighted scaling index [Rath et al., 2002| is presented as well.

2.1 Different Types of Scaling Index

2.1.1 Classical Scaling Index

The classical scaling index method originates from the theory of fractal geometry and is
briefly explained as follows. Consider an image of size NxM pixels. For every point (z,y)
in the range 0 < z < N and 0 < y < M there is defined a discrete gray value g(z,y). Thus
each pixel contains space and gray-value information that can be encompassed into a set

of three-dimensional vectors p = [z,y, g(x,y)]. The image can then be regarded as a set
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Figure 2.1: Conversion from a 2-D image to a 3-D representation in space.

of points p; in 3-D space (Figure [2.1). In the case of 3-D data, volumes are converted to

four dimensional (4-D) vectors.

A topological index, the scaling index «, is then defined for every point p; in the space
of corresponding higher dimensions by the following procedure : count the number N of

points located inside a sphere with radius r around the point p; :
N(pi,r) =Y O(r = |pj — pil) (2.1)
J

In this equation © is the Heaviside function with:

1 ifz >0
9(“7):{ 0 ifz<0 (22)

For many cases and wide scaling regions, one finds
that as r increases, the number of points in the
sphere is approximately given by the power law

|[Jamitzky et al., 2001|:

N(pi,r) ocr® (2.3)

Figure 2.2: Scheme illustrating the different dimensionality of point distributions. a)
a point-like structure, b) a line-like structure, and c) an area-like structure. Image
taken from [Jamitzky et al., 2001].
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In order to assess the value of o we consider two spheres with radii ;1 and r9. Suppose
there are N7 points lying in the sphere with radius r; and N points lying in the sphere
with radius ry around p;. If relation [2.3]is strictly valid, the power-law index « is given by

the expression :

o — log(N (pi,r2)) — log(N (pi, 1))

f 2.4
logrs — logry (24)

This scaling index a measures the local topology of an image. By using an appropriate
scaling range (71, 72) it turns out that points which are part of clumpy structures will be
represented by a-values close to 0. Points which are embedded in straight lines are identi-

fied by values of around 1, points in a flat distribution by values around 2, and so on.

N shows how different is the specified pixel from its surroundings, in relation to gray
value differences and coordinate differences. The coordinate differences are for every pixel
the same and thus can be described by a distance matrix (Figure . If N is big, this
means that the gray values are similar. If N is small, this means that the specified pixel
differs greatly from its surrounding pixels. In Figure there are three test images (a,
¢, and e) and the corresponding calculated scaling indices (b, d, and f). Image (a) con-
sists of constant gray-values. Consequently, only the coordinate distances contribute to
the calculation of the scaling indices (grayvalue; — grayvalue; = 0) and the scaling index
image also consists of constant values. Close to the borders of the image some artifacts
can be observed, due to the limited neighborhood of the pixels used for the calculation of
the scaling indices. In the particular example the scaling indices were calculated for r; = 2

and 79 = 4, so Equation [2.4] becomes:

oy — 0INPi 4) = log(N(pi, 2)) _ log(49) — log(13) _ | o
logd — log2 logd — log2
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Figure 2.3: Distance matrix used for the calculation of the scaling indices.

[r1,72]  Value

(2,4) 1.9143
As expected for other pairs of radii, the results were similar. (3,5) 2.0108
(3,6) 19622

(5,10) 1.9685

Assuming a uniform distribution, the
number of points within a circle of radius r
is proportional to 7 - 2

-/

r

-
.

Points belonging to a uniform distribution take scaling index values around 2. This follows

N

immediately from Equation for N =7 - r?:

o log(N2) — log(Ny) _ log(m) + 2log(r2) — log(m) — 2log(r1) _ 2 (log(rg) — log(r1)) _
" log(ry) — log(r) log(ra) —log(r1) log(re) —log(r1)

In the case of a line-like feature, N increases linearly with r. In Figure[2.5| as the window
marked by a gray frame grows, the number of zeros contributing to the Scaling index value

increases linearly. Each time we have 2r + 1 zeros, so the scaling index a will have a value
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Figure 2.4: Simple SIM examples.
indices (b,d, f), respectively.

Test images (a,c,e¢) and their calculated scaling

_g§§_|255| 255| 0 ‘255 255 ngg_
255 255 | 255| 0 | 255 | 255 255
255 255 | 255| 0 | 255 | 255 @ 255
255 255 | 255| 0 | 255 | 255 @ 255
255 255 | 255| 0 | 255 | 255 @ 255
255 | 255 | 255 | 0 | 255 | 255 | 255 |
255 |255 |255 0 | 255 | 255 | 255

Figure 2.5: Image of a one pixel thick line.

around 1. Here are some values from the test image in Figure for a pixel belonging to

the white line with the following [r1, 73] combinations :

[r1,72]  Value
(2,4)  0.8840
(3,5) 0.8842
(3,6) 0.9329
(5,10) 0.9397
(9,13) 0.9529

In the case of noisy pixels, the scaling index « takes a value > 2. This is explained in the

following example : an image composed of constant gray-values (Figure ) is represented

by a plane in 3-D space (Figure[2.6b). Assuming two spheres with radii 1 and 79 (11 < 72),

the number of points included in the spheres is proportional to -2 (Figure ), thus the

scaling index takes the value of 2. In the case where noise is added to the image (Figure
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Image in 3-D space
(perspective view)

Figure 2.6: Scheme illustrating the influence of noise to the scaling index value.

Image in 3-D space
(side view)

2.6d), the variations of the gray-values correspond to translations of the points along the

z-axis in 3-D space (Figure ) These translations have as a result that some points

are excluded from sphere with radius r;, while they are still included in the sphere with

radius ro (Figure ) In that case the nominator in Equation increases compared to

the case of no noise (log N (p;, 1) decreases while log N (p;, r2) remains nearly unchanged),

while the denominator remains constant and scaling index « takes values greater than 2.

Mona Lisa is used here as a test image. In Figure the histograms of the calculated

scaling indices are presented for selected pairs of radii. In Figure the same example

is presented, this time with Gaussian noise added, showing that the noise causes a shift

of the histogram to the right. The values of the scaling index have increased, which is

expected because of the presence of noisy pixels in the image.

General properties of Scaling Index

e Reverse Contrast invariance

The scaling index algorithm does not take gray values into account, but only gray-
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Figure 2.7: Calculated scaling indices for the test image, Mona Lisa a) Mona Lisa
image b) histogram of the gray values of the image in (a). Histogram of scaling indices
for ¢) [r1,r2]=[2,4], d) [r1,72]=I[3,5], €) [r1,72]=]5,8], and f) [r1,72]=]5, 10].
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Figure 2.8: Calculated scaling indices for the test image Mona Lisa with gaussian
noise added a) Mona Lisa image with gaussian noise b) histogram of the gray values of
the image in (a). Histogram of the scaling indices for c¢) [r1,r2]=][2,4], d) [r1,72]=]3, 5],
e) [ri,m2]=[5,8], and f) [ri,r2]=[5, 10].
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value or contrast differences, therefore it is reverse contrast invariant. The pairs of

images (c,d and e,f) in Figure demonstrate that property.

e Gray level shift invariance
The scaling index is gray level shift invariant. We may shift the grey level range by

an arbitrary constant C, and the calculated scaling indices will remain unchanged.

¢ Rotational invariance
The scaling index method classifies objects present in an image or a volume, according

to the kind of structure to which they belong, and regardless of their orientation.

2.1.2 Weighted Scaling Index

The Weighted Scaling Index Method is a modified version of the Scaling Index, proposed
by Réth [Rath and Morfill, 1997]. In this case the Heaviside function is replaced by a
Gaussian distribution. Consider a set of N points P = {p;},i = 1,..., N. For each point,
the local weighted cumulative point distribution g is calculated. In general form this can

be written as:

N
o= (pi,r) =) s (d(pi,D;)) (2:5)
j=1

where s, (e) denotes a shaping function depending on the scale parameter r and d(e) is a

distance measure.

The weighted scaling indices o (p;,r) are obtained if we set in Equation ry = r and

ro = r + Ar and take the limit for Ar — 0:

o (Bl = lim BN+ Ar)) = log(N(P 7))

Ar—0 log(r + Ar) — log(r) (2.6)

but

log(r+Ar)—log(r) = log(r-(l—I—%))—log(r) = 1og(r)+log(1+%)—log(r) = AT (2.7)



2.1. Different Types of Scaling Index 27

for Ar < r, log(1 + %) can be approximated by %

and

log(f(r+ Ar)) —log(f(r)) = log(f(r)+ Arf'(r)) —log(f(r)) =

—log(f(r) - (1+ ﬁ) F(r))) — log(£(r)) =
—log((r) +log(1-+ 75 (1)) = log((r)) =
_Arfl(r)
== (2.8)
from [2.7 and 2.8 Equation [2.6] can be rewritten:
ArN'(r) 'y .
o (pi,r) = Alqi}go NA?) - Alilllo 7n]\]f\([r()) - NE?TN(E’T) (29)

In principle, any differentiable shaping function and any distance measure can be used for
calculating a. In our experiments, we use the Euclidean norm as distance measure and a

set of Gaussian shaping functions. So the expression for g simplifies to:
— *(i)q . — =
o=@ r) =Y e\, dij=|p -5 (2.10)

Now Equation [2.9| can be rewritten:

S () ()

_ =t ‘ (2.11)

!

The exponent ¢ controls the weighting of the points according to their distance to the
point for which « is calculated. For small values of ¢, points in a broad region around p;
contribute significantly to the weighted local density o (p;,r). With increasing values of g,
the shaping function becomes more and more a step-like function, counting all points with
d;; < r and neglecting all points with d;; > r. In this study, we calculate o for the case

q=2.
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An advantage of the weighted version of the scaling index in comparison to the classi-
cal scaling index is that now the user has to define only one radius instead of two. The
parameter r determines the length scale on which the structures are analyzed. Obviously
the value of « strongly depends on the choice of r. If r approaches zero, each point "sees"
no neighbors due to the sharp decrease of the shaping function with increasing distance
dij = ||pi — pjll, so each point forms a point-like structure (o = 0) with itself as only
member. If r has the length scale of the structures to be analyzed, one obtains the full
spectrum of « values belonging to different structural elements. If r is further increased the
differences of the structural elements become less pronounced whereas edge effects begin
to play an important role. Thus the frequency distribution narrows and shifts to lower
values of a (for a detailed example, refer to section 4.1). The second parameter that has
to be determined is the gray-value range. It may be necessary to normalize the gray values
gi so that x,y, and g are within a comparable range. One possible normalization is given
by g = g(N/128). In all of the examples presented in this work, g ranges from 0 to 128. A
small or large scaling simply determines which is the most dominant feature in the vector
dij (Equation . For a detailed example demonstrating the influence of the gray-value

range on the scaling indices, the reader is referred to section 4.1.
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Chapter 3

Nonlinear Anisotropic Diffusion

Although great effort has been made for tomographic data collection and three-dimensional
reconstruction, visualization of tomograms is cumbersome due to the low-dosage and low
contrast imaging conditions that can be used for the tomography. The consequences are
that the signal is not directly accessible, since it is buried in noise (SNR<0 db). An
interpretation of the 3D images using surface- and volume-rendering techniques is difficult
due to the noise sensitivity of the rendering algorithms. A denoising algorithm suitable for
such applications must be able to preserve as much signal as possible while reducing the

noise sufficiently.

Anisotropic Nonlinear Diffusion (AND) is currently one of the most widely used
noise reduction techniques in the field of computer vision [Weickert, 1998a]. This technique
takes into consideration the local structure of the image/volume in order to perform noise
reduction on the basis of global signal properties. Conceptually, AND can be considered as
an adaptive gaussian-based filtering technique in which, for every voxel in the volume, an
anisotropic 3D Gaussian function is computed whose sigmas and orientations depend on
the local structure. AND has already been introduced and assessed in the field of CryoET
[Frangakis and Hegerl, 2001] [Fernandez and Li, 2005], and in fact has been crucial in some

of the most recent breakthroughs |Griinewald et al., 2003].

In this work a novel hybrid diffusion approach for AND-based denoising is presented
that combines AND with the SIM. The scaling index is a number assigned to each voxel,
which characterizes the dimensionality of the structural feature to which it belongs. The
information provided by the SIM is used in order to drive the diffusion process. Qualitative

and quantitative measures are used for assessing the spectral signal reconstruction perfor-
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mance on synthetic and biomedical volumetric images. The method performed very well
compared to conventional noise reduction methods (e.g. gaussian and median filtering) as

well as to other different types of diffusion and to the bilateral filter.

3.1 Diffusion Types

The evolution of an image I = I(x,t) processed by a diffusion technique can be described

with the following partial differential equation (PDE):
I, = div(G - VI) (3.1)

where VI is the gradient with respect to the coordinate vector x in a space of arbitrary
dimension N, I; denotes the derivative related to the processing time ¢, and G is a tensor
called diffusivity, designed to steer the direction of the diffusion process. The diffusivity is

a quadratic, positive semidefinite matrix, with dimension V.
3.1.1 Linear Diffusion

In the simplest case, G is a diagonal matrix with equal and constant elements g and the
equation becomes linear. The general diffusion equation (equation [3.1)) can be rewritten

for the linear case in the following form:
I, = gAI (3.2)

The resulting linear isotropic diffusion corresponds to Gaussian real space filtering with a

variance that increases with time 02 =2 ¢ - t.

3.1.2 Nonlinear Isotropic Diffusion

In order to improve on the linear isotropic diffusion, especially with respect to edge preser-
vation, Perona and Malik used a monotonically decreasing function g(I) instead of a con-
stant g, such that the diffusion flux was minimized over edges [P.Perona and Malik, 1990]
|[Perona and Malik, 1987]. This nonlinear, yet isotropic process results in intraregional
smoothing between well-preserved edges and avoids the overall blurring that is typical for

linear diffusion. They solved a partial differential equation (PDE) of the form:

I; = div(g(VI)VI) (3.3)
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with a scalar diffusivity:

(3.4)

where « is user defined and contrast dependent.
Apart from discretization problems, this approach is still limited by the isotropy of the
equation: only the intensity of diffusion flux can be controlled but not its direction. This

results in a preservation of noise along the edges, a highly undesirable property.

3.1.3 Nonlinear Anisotropic Diffusion

In the nonlinear, anisotropic case the diffusivity G has non-diagonal elements different
from zero. The direction information is gained from the structure tensor Jg = VI - VIT
or from its average over a small 3D volume J,, = Jo * K,,, where K, is a Gaussian
filter with variance op. The eigenvectors v; of J and the corresponding eigenvalues u;
characterize the local structural features of the image I within a neighborhood of size
O(or). Each eigenvalue p; reflects the gray level variance in the direction of the eigenvector
v;. The first eigenvector vi corresponding to the eigenvalue up is a local average over the
directions of maximum variance. The eigenvalues are non-negative since the structure
tensor is positive semidefinite. In the case of a non-averaged structure tensor (op = 0),
the relations vy = % and pg = |VI |2 hold, while all other eigenvalues are equal to zero.
The structural information expressed in the eigenvalues u; and eigenvectors v; is used to

define the diffusivity tensor.

A(p, pia, p3) 0 0
G = [ Vi V2 Vi ] 0 )\Q(Nl,ug,,u,g) 0 . [ Vi V2 Vi ]T
0 0 As(pe1, p2, p13)
(3.5)

The parameters \; steer the diffusion flux in the direction of v;.

The major problem is how to define the diffusion tensor such that the basic structural
features of the object are preserved. For instance, the question arises as to how to choose the
A; values such that a line-feature is processed with a 1D diffusion flux and a surface-feature
with a 2D diffusion flux. The application of the wrong flux would produce artifacts in the
former case, such as a unidirectional broadening of the line (e.g., sword-like structures)
and in the latter case, the shape of the surface would not be revealed. A solution to this
problem could be given with the second eigenvalue pe, which is capable of detecting the

kind of the local geometric feature. Unfortunately, in the case of very noisy data, this local
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information is very uncertain. Therefore, only a 1D diffusion flux (A1 = Ag) is applied

[Frangakis and Hegerl, 2001].
3.1.4 Coherence and Edge Enhancing Diffusion

In his 2D setup, Weickert has proposed two different realizations of diffusion processes,
namely coherence enhancing diffusion (CED) and edge enhancing diffusion (EED). Ex-
tending the CED method from 2D to 3D the parameters are chosen such that:
e
M=X=a and M =a+(1—-a)-e m-r? (3.6)
with user-defined global parameters o and C' [Weickert, 1998b]. Usually a small value has
to be assigned to . For o — 1 the approach converges to Gaussian filtering, realized per-
fectly for « = 1. The amount of flux in the orientation of smallest variations perpendicular
to the gradient is determined by the difference p1; — 3. This difference is large for flowlike
structures (e.g., parallel lines running in the same direction as in a fingerprint) due to a
high variance in one direction and consequently such structures are extremely enhanced.
Areas containing only noise are characterized by p1 =~ puo = p3 and therefore remain un-
modified. With CED the diffusion flux can be steered in the preferred local orientation
and can thus, as an example, be used to connect interrupted lines.
The second approach called edge enhancing diffusion (EED) is based on the eigenvectors

of the non-averaged structure tensor Jy and uses

)\1 = /\2 = and /\3 =1 (3.7)

1+ 55
Due to 1 = |VI|?, this approach is equivalent to the method proposed by Perona and

Malik. Therefore, edges are preserved and smoothing the areas between these edges reduces

the noise.

3.1.5 Scaling Index used for filtering

The scaling index can be thought of as a quality indicator for each pixel. According to
its value, it could be possible to classify the pixels into different categories. This could
lead to an improvement of the quality of the image by filtering only the noisy pixels and
preserving the rest. The noisy pixels would be selected by thresholding the scaling indices

appropriately. Experiments have shown that scaling indices above 2.4 refer to noisy pixels.
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The first attempts to improve the quality of an image were made in the sense of selecting
the noisy pixels by thresholding the scaling indices and then applying filter operations to
the selected group of pixels. The selected pixels were filtered either by average or by median
filter. The result of the filtering was cross-correlated with the original test image and the
calculated cross-correlation coefficients were used as a criterion for the performance of the
filtering operation. Figure shows several filtered images created using different filters

and different kernel sizes.

In the table below, the Cross-Correlation Coefficients (CCC) of the used filters are pre-
sented, and it is clear that the scaling index compared to the other filters did not perform
so well. Although the same threshold was chosen for both scaling index methods (SIM and
WSIM) during the filtering operations, WSIM performed a little better (CCC 0.9326, still
not satisfactory). The reason is that the use of one radius allows more precise control over

the method. The filtered images are shown in Figure

Method Size of the neighborhood | CCC

Wiener Filter 3x3 0.9111

Median Filter 3x3 0.9066

Lowpass Filter - 0.9074

Scaling Index Average Filter 3x3 0.8461
Weighted Scaling Index Average Filter 3x3 0.9326

3.2 Scaling Index Based Diffusion

One of the very first experiments performed with the scaling index was its comparison to a
gradient operator with respect to recognition of structures. For this experiment the image
of Mona Lisa was used as a test image. As illustrated in Figure [3.3] while in the case of no
noise both methods succeed in identifying the structural components of the image, in the
case with noise, the scaling index method outperforms the gradient operator. Scaling index
manages to detect features of the face of Mona Lisa even in the noisy image, whereas in
the gradient image only the contour of the head is recognizable. Despite the unsuccessful
combination of the scaling index information with basic filters, this experiment proved that

scaling index could be used effectively for filtering.
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Figure 3.1: Different filters and threshold values applied to the noisy image of Mona
Lisa a) average filter with kernel 3x3 for [ri,72]=[5,10] and threshold > 3.6, b) aver-
age filter with kernel 3x3 for [r1,r2]=I[5,10] and threshold > 2.5, ¢) average filter with
kernel 5x5 for [ri,r2]=[5,10] and threshold > 3.6, d) median filter with kernel 3x3 for
[r1,72]=[5,10] and threshold > 3.6, ¢) median filter with kernel 3x3 for [r1,r2]=I[5, 10] and
threshold > 2.2, and f) average filter with kernel 3x3 for [r1,r2]=[5,10] and threshold
< 0.5 & threshold > 2.2.
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Figure 3.2: Mona Lisa image filtered by a) wiener filter, b) median filter, ¢) low-pass
filter, d) scaling index average filter for [ri,r2]=[5,10] and a < 0.5 & «a > 2.2, and €)
weighted scaling index average filter for r =8 and o < 0.5 & o > 2.4.
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The information provided by the scaling index method was used for driving more com-
plex filtering algorithms. Based on the idea of combining the advantages of EED and CED
|[Frangakis and Hegerl, 2001], a scaling index based approach of NAD was implemented and
is explained as follows: since the scaling index classifies pixels according to the structure
to which they belong, it can be used as a trigger for switching between the two diffusion
versions. EED is applied when the scaling indices lie between 0.7 and 1.2, indicating that a
line-like structure is present, and CED otherwise. In this way, edges will be preserved and
enhanced, whereas homogeneous surfaces and noisy areas will be smoothed. For calculating
the scaling index based diffusion, the program of Frangakis [Frangakis and Hegerl, 2001]
was used, with the necessary modifications made for importing the scaling index criterion.
The parameter setting for the hybrid diffusion, as well as for the scaling index based diffu-
sion was done according to the suggestions presented in that paper. In all of the examples
in this chapter, the presented images are normalized for +30 , where ¢ is the variance of

the images.

3.3 Results

3.3.1 Simulated Data

In order to study the properties of the denoising algorithm, it was applied to a simulated
tomographic reconstruction of a hollow sphere containing blobs of different size and a
vertical thin line. Figure [3.4] shows slices through the tomogram, which was calculated by
weighted back-projection from projection images in the angular range from —60° to +60°
with an increment of 6°. The thin line perpendicular to the XY-plane is represented as a
dot. As can be seen in the 3-D representation of the dataset (Figure , deformation on

the top and bottom of the sphere has been introduced, due to the missing wedge.

The scaling index based approach turns out to be superior to conventional filters, like
Gaussian low-pass filter or median filter. The Gaussian filter produces a blurred image
where fine details like the thin line inside the sphere disappear (Figure ), whereas the
median filter preserves the line better than the Gaussian, but fails in smoothing the back-
ground (Figure ) With edge enhancing diffusion the edges are better preserved, as

the diffusion flux is smaller in places with large gradients. Nevertheless, lines and curves
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Figure 3.3: Comparison between Scaling Index and Gradient Operator a) image of
Mona Lisa, b) image of Mona Lisa with noise added, c¢,d) gradient operator of the
images a and b respectively, e, f) weighted scaling indices for r = 8 of the images a
and b, respectively.
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Figure 3.4: Simulation of tomographic data a) original volume consisting of a hol-
low sphere containing a vertical thin line indicated by an arrow, b) Reconstruction
calculated by weighted back-projection.

Figure 3.5: Simulated dataset filtered by a) gaussian filter, b) median filter, ¢) EED,
d) CED, e) hybrid diffusion. and f) scaling diffusion.
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tend to become thicker, losing their initial sharpness (Figure[3.5c). A "staircasing" effect is
observed. Places with nearly the same gray value create a small plateau, which differs with
a significant gradient from the environment. In the case of coherence enhancing diffusion
the line features are preserved and enhanced, but the rest of the image is not smoothed
enough (Figure[3.5{d). The hybrid approach [Frangakis and Hegerl, 2001] combines the ad-
vantages of the latter two methods (Figure ) The scaling index based diffusion (Figure
3.5f) achieves a similar result. A significant noise reduction is achieved in the image with

parallel preservation of high frequency features.

In order to measure the similarity between the original noise-free signal and the denoised
version of the degraded signal, the Fourier Shell Correlation (FSC) was used. FSC com-
pares two scenes i, j by the similarity of their correlation coefficients in rings or shells in
the Fourier domain [Saxton and Baumeister, 1982]. This measure is aimed at deriving a
score for similarity that is independent of the sampling density at each spatial frequency.

The FSC is defined as:

>, EE

J'Elf,f+AS]

S OEP Y AP

frelf, f+Af] Felf, f+Af]

FSC(f) =

where f denotes the spatial frequency and Af the thickness of the shell. F;(f’) and Fj(f’)
are the complex Fourier coefficients of the two images ¢ and j in Fourier space and * de-

notes the complex conjugate.

In Figure the CCC for the different denoising methods are plotted and in Figure [3.7] a

3-D visualization of the denoising results is presented.

3.3.2 Spiroplasma melliferum

In the following, the scaling index based diffusion is applied to real tomographic data.
The first example for the applicability of the hybrid diffusion approach is a Spiroplasma

melliferum cell, the cytoskeleton of which consists of filamentous structures. The qual-
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Figure 3.6: Plot of the FSC coefficients for the different denoising methods applied
to the simulated dataset. f, is the Nyquist frequency.

Figure 3.7: Iso-surface representation of the simulated data filtered by a) Gaussian
filter, b) median filter, ¢c) EED, d) CED, ¢) hybrid diffusion, and f) scaling index based

diffusion.
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ity of representation of the filaments will be used as a criterion for the judgement of the
performance of the respective method. CED, EED, and the hybrid model are used for

comparison.

The results after application of either EED or CED confirm the properties described in
the previous example. As seen in Figure [3.8) EED produces the typical staircase effects,
and the connectivity of the filaments is not improved or even preserved. It shows a be-
havior basically opposite to CED. In this case, almost no noise reduction has taken place;
nevertheless, the connectivity of the filaments is improved significantly. The hybrid model
combines a very good noise reduction of the background with a good representation of the
filaments. The scaling index diffusion does not smooth the background so much, but it
preserves the thin parallel filaments inside the cell better. 10 iterations were performed for

each diffusion process.

3.3.3 Comparison of Scaling Diffusion with the Bilateral Filter

The Bilateral Denoising Filter was first proposed for denoising of electron tomograms by
Jiang [Jiang et al., 2003]. The kernel of a bilateral filter is composed of an inner product
of two low-pass filters in real space [Tomasi and Manduchi, 1998]. The first of these filters
is a normal low-pass filter, which basically averages the neighboring pixel intensity values
with decreasing weights for pixels at larger distances. The second one is also a type of low-
pass filter, except that the weights for the neighboring pixels are derived from the pixel
intensity value differences to the center pixel intensity value instead of geometric distances.
Therefore, the larger the pixel value difference, the smaller the pixel’s contribution during
averaging. This second filter component characterizes the bilateral filter as non-linear,

thereby distinguishing it from conventional Gaussian filters.

The scaling index method and the bilateral filter have one thing in common: both use
the same similarity or affinity criterion between pixels. Affinity weights between two pixels

(voxels) with index ¢ and j are given by :

|Ix; — x; |2 I — L%
w;j = exp {—1202” exp —HZ202]” (3.9
D 1
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Figure 3.8: Filtering of S. melliferum. 2-D XY-slices of the original tomogram (a,b)
filtered by c¢,d) EED, ¢, f) CED, g,h) hybrid model, and i, ;) scaling diffusion.
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where x; = position, I; = intensity of pixel i, op and o; are range parameters for space

and intensity to be defined by the user.

Scaling index can be realized with the use of these affinity weights (Equation . Scal-
ing Index, as a filter response, could be considered as the locally weighted distance in 4-D
space. On the other hand, the bilateral denoising filter also makes use of the same affinity
weights in order to calculate the locally weighted intensity as filter response (Equation

3.11)).

N
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(3.11)

Synapses

For the comparison of the two algorithms, two tomograms of excitatory synapses from a
synaptosomal fraction were used. The reconstructions were calculated by weighted back-
projection from projection images in the angular range from —54° to +62° with an incre-
ment of 2°. In Figure[3.9)a 2-D XY slice of each tomogram is shown as are their respective
filtered versions processed with the bilateral filter and scaling diffusion. In both examples,
the filtered images processed with the scaling diffusion have sharper edges than the ones
processed with the bilateral filter. The background appears to be much smoother in the
case of scaling diffusion compared to the case of the bilateral filter. The bilateral filter

calculations were done using the EMAN package with parameters o1 = 2 and g9 = 0.12.
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Figure 3.9: a,b)XY-slices of two tomograms containing synapses, ¢, d) XY-slices of the
tomograms processed with the bilateral filter, and e, f) XY-slices of the tomograms
processed with scaling index based diffusion.
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Figure 3.10: Consecutive 2-D XY-slices (numbers 40-49) from an individual ribosome
complex denoised by different methods a) original, b) Gaussian filter, ¢) median filter,
d) bilateral filter, and e) scaling diffusion.

Ribosome Complex

Direct measurement of the performance of denoising methods on real data is not possible
because the true signal is unknown. Therefore, an indirect method to obtain quantitative
comparisons is utilized. A certain class of biological specimen can be identically reproduced
(such as specific macromolecular assemblies). In order to reveal the structural information
of the specimen, a noise reduction procedure based on averaging is used. Instead of referring
to a single copy of the specimen, a high number of identical copies of it (up to several
thousand) is recorded. Averaging over multiple instances (after registering them to a
common coordinate system) reveals the structural information (reference Saxton 1982).
Each individual instance is considered as a single realization of the same statistical process.
Therefore, adding n equivalent signals increases the SNR by a factor of \/n when assuming
additive, signal-independent noise. The averaging technique can be considered as an ideal,
artifact-free noise reduction method. However, the averaging method is not applicable to
unique structures (e.g. cells). Nevertheless, reproducible structures in conjunction with

averaging can be used in order to evaluate the performance of the denoising methods.
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Figure 3.11: Reference of a ribosome complex created by averaging 400 chosen par-
ticles a) consecutive 2-D XY-slices (numbers 42-50) of the averaged template, b) iso-
surface representation of the averaged template.

In this example an individual ribosome complex was selected and denoised with Gaussian
filter, median filter, bilateral filter and scaling diffusion filter (Figure|3.10]). As reference, a
ribosome complex that was created from averaging around 400 particles was used (Figure

3.11)).

The denoised ribosomes were correlated to the averaged template and the FSC is presented
in Figure[3.12] The scaling index based anisotropic diffusion outperforms the other denois-
ing methods for almost all frequency signal components, and mainly for the range from 0.3

to 0.5.

3.4 Discussion

Imaging methods in biology can suffer from a high noise level, severely aggravating the vi-
sualization and interpretation of these data. Especially in CryoET, filtering techniques are
necessary to allow visualization and interpretation of the information about the supramolec-
ular organization of biological specimens. In this work, an algorithm for filtering cryotomo-
grams based on AND has been described. The approach is based on a hybrid combination
of EED/CED denoising that is driven by the structural information obtained with the

scaling index method.

In all of the examples, the method performed very well in enhancing the signal. Edges
were preserved while the background was smoothed, increasing the contrast. It clearly

outperformed conventional methods like Gaussian filtering or median filtering. Since the
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Figure 3.12: Plot of the FSC coefficients for the different denoising methods applied
to the ribosome complex. f, is the Nyquist frequency.

hybrid diffusion and the scaling index based diffusion are both are based on a combination
between CED and EED, they performed equally well. Their difference is the way in which
the decision for switching between the two types of diffusion is made. In the case of the
hybrid model, a noise estimation is required from the user by defining a subvolume of the
input volume that contains only noise. The decision about which diffusion type is going to
be used is then based on the variance of this subvolume. The advantage in the case of the
scaling index based diffusion is that this decision does not require any user interaction and
is based on the local properties of the image/volume. All pixels/voxels with a scaling index
value above a fixed threshold are identified as noisy pixels/voxels. In all of the examples
presented in this work, the threshold value for the scaling index was set to 2.4 (the reader
is refered to Section 3.1.5). As seen in the FSC diagrams, for the case of scaling diffu-
sion, the best performance is obtained on data that predominantly contain low frequency
signal components. The bilateral filter also outperformed the conventional methods, but
compared to the scaling diffusion, produced poorer results as far as the contrast and edge

preservation are concerned.
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Chapter 4

Automated 3-D Image Segmentation
using the Scaling Index Method

The segmentation of an image can be defined as its partition into different regions, such
that the affinity between pixels belonging to the same region is higher than that between
pixels of different regions [Russ, 1995]. Thereby, affinity must be quantified by defining ad-
equate measures based on pixel properties. In a segmented image, the elementary picture
elements are no longer pixels or voxels but connected sets of pixels. Once the image has
been segmented, measurements are performed on each region and relationships between
adjacent regions can be investigated. Image segmentation is therefore a key step towards

the quantitative interpretation of image data.

The most straightforward and perhaps easiest way to perform two-dimensional image seg-
mentation is to do it manually. Manual segmentation refers to the process whereby a user
delineates by hand the desired Regions Of Interests (ROI) in an image. The human eye’s
ability to deliver information to the brain and the brain’s capacity to process this infor-
mation and make decisions based on it, enables manual segmentation to deal successfully
with multiple selection criteria like continuity or similarity between objects. Except for the
fact that such a procedure is very time consuming, it lacks reproducibility and objectivity.
Especially in electron tomography, where the low-dose imaging conditions hamper the visu-
alization capabilities, a manual segmentation may fail, especially with respect to the third
dimension. Due to the high amount of noise or other overlapping objects, objects present
in a tomogram can be distorted and no longer recognizable. This is why a computer-based

3D image segmentation is an important task in the context of electron tomography.
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Denoising techniques are of great importance for any processing of cryo-electron tomo-
grams. In the case of a very low SNR, any segmentation attempt must be preceded by a
noise reduction procedure of the original map [Frangakis and Hegerl, 2002]. Segmentation
can, in principle, also work on non-denoised tomograms but due to the difficulty to set
correctly the segmentation parameters on noisy data, the segmentation result appears to

be very noisy and contains many unwanted features.

Image segmentation techniques can be classified into two broad families: the contour-
based and the region based approaches. The major difference between these techniques
is the decision criterion: local vs. global. Contour-based techniques make local decisions
(e.g. merge/split, stop/evolve), that can be proven premature. Region-based techniques
make the decision by defining a global objective function. The advantage thereby is that
decisions are made when information from the whole image is taken into account at the

same time.

The use of scaling indices for segmenting 2D and 3D images is a new approach in the
field of electron microscopy. This technique classifies the objects present in an image
into different categories, according to the structure to which they belong. The traditional
method of object separation is histogram thresholding, commonly used for surface render-
ing. Unfortunately there are many images in which no clear-cut definition of the histogram
peaks corresponds to distinct objects in the image. With scaling index, not only are gray
values and contrast between the feature and the environment taken into account, but also

the structural surrounding, in order to improve the segmentation result.

The following paragraphs present an introduction to the segmentation algorithm and the ef-
ficient controlling of its parameters, a report on applications of the method to the structural
analysis of frozen-hydrated cellular specimens, and a discussion concerning the handling

and efficiency of the method.
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4.1 Algorithm

4.1.1 Concept

A Scaling Index Based Segmentation method is proposed in order to improve visualization
and interpretation of data obtained by electron tomography. Based on the interpretation
of the scaling index as a measure for dimensionality, the pixels/voxels of an image/volume
are subdivided into different categories according to the kind of structure to which they be-
long. In this case the weighted version of the scaling index [Rath et al., 2002| was preferred
over the classical scaling index because of its simplicity with respect to parameter setting.
Using the weighted scaling index method in conjunction with morphological operators, the
approach was adapted to the field of electron microscopy, especially the 3-D density maps
resulting from tomographic reconstructions of frozen-hydrated specimens, the latter with

low-signal-to-noise ratio and missing-wedge distortions.

After the calculation of the scaling indices, appropriate thresholding creates binary masks
for each object group. It can be possible that one has to calculate the scaling indices more
than one time for different radii, if objects of different sizes are present. The selected ra-
dius determines each time the length scale on which the structures are analyzed and thus
should be associated with the size of the structures to be identified. Unfortunately, the
scaling-index values were influenced by the large amount of noise present in our data, such
that many small and spurious features were created in the binary masks. A refinement
in the resulting selection could be achieved by using morphological operators. By apply-
ing a subsequent combination of geodesic openings and closings it was possible to remove
most of the unwanted objects that are present because of the very low SNR. The choice of
the structuring elements used for the morphological operations depends on the structural

characteristics of the objects to be segmented.

Controlling the parameters

The scaling indices depend on two parameters that must be defined by the user: i) the

radius r and ii) the gray-value range of the image.
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Figure 4.1: Objects are characterized and classified according to which kind of struc-
ture they belong. Different regions in the histogram correspond to different categories
of objects.

The parameter r determines the length scale on which the structures are analyzed. Thus
the selection of r should be chosen to match the size of the structures to be identified. The
next example demonstrates the influence that the selection of r can have on the calculated
scaling indices. The test data-set consists of a volume that contains linear structures of

different thickness (Figure [4.2]).

In Figure the calculated scaling indices in both cases (with and without noise)
are presented for » = 2...15. It can be clearly seen that, in the beginning, when the radius
is small, only the small and thin objects are identified as lines. (Lines assume a scaling
index value around 1, and compared to the rest of the pixels, they appear darker). The
remainder of the thicker objects were identified as homogeneous surfaces. As the radius
increases, the thin objects are treated as small, noisy structures (high scaling index values)

and the thicker objects are progressively recognized as broad lines.

By thresholding the scaling indices, it is possible to classify the objects according to their
thickness. In the case of no noise, a threshold from 0.8 to 1.3 was selected for r = 2. As
expected, only the thinnest lines were selected (Figure ) For the case with noise, a
threshold from 0.8 to 1.3 was selected for r = 6 (Figure ) The two thick lines were
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Figure 4.2: Test data-set that contains rectangular objects with different thicknesses.

identified correctly but the performance of the identification procedure is unsatisfactory.
The borders of the objects seem to be poorly defined and there are also other, isolated
pixels present in the image, identified falsely as similar objects. The solution to noisy cases
is filtering of the data prior to calculating the scaling indices. By doing so in the particular
example (nonlinear anisotropic diffusion was used for filtering) it was possible to acquire

a more representative segmentation of the lines.

The second parameter is a scaling factor for the density values. As illustrated in Fig-
ure [4.6] the scaling factor could be described as a smoothing factor. In our applications,
the whole range of density values was scaled to values ranging from 0 to 128. This choice is
a compromise between WSI-maps that are smoothed too much, and those with too many

details, obtained by smaller or larger scaling, respectively.

4.1.2 Morphological Operators

Morphological operators aim at extracting relevant structures of the image considered as
a set through its subgraph representation [Soille, 2003]. This is achieved by probing the
image with another set of known shape called structuring element (SE). The shape of the
SE is usually chosen according to some a priori knowledge about the geometry of the

relevant and irrelevant image structures. "Irrelevant structures" implies either noise or
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Figure 4.3: Calculated scaling indices of the image [4.2h for radii a) r
r =15, and for image [4.2p for the same radii.
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Figure 4.4: By calculating the scaling indices for r = 2 and thresholding them from
0.8 to 1.3 it was possible to segment the thin lines. In the case of noise the result is
quite unsatisfactory.

Figure 4.5: Filtering of the data prior to calculating the scaling indices improves the
detection ability of the algorithm and refines the segmentation result.
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Figure 4.6: Different scalings affect the calculated scaling indices a) 2-D XY slice
from a Spiroplasma melliferum tomogram, b) 2-D XY-slice of a smaller subvolume of
the tomogram filtered heavily with N.A.D. Calculated scaling indices with » = 10 for
scaling ¢) [0...32], d) [0...64], e) [0...128], f) [0...256], g) [0...512], and h) [0...1024].
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Figure 4.7: Erosion ¢ of a set X by a disc B. The smallest component of X disappeared
since B never fits this component.

objects we would like to suppress. A SE is simply a small set used to probe the image
under study. Most morphological operators require the definition of an origin for each SE.
this origin allows the positioning of the SE at a given point or pixel : a SE at point x
means that its origin coincides with z. In our case binary, or so-called flat SE’s were used,
which means that no weights are associated with pixels of the SE’s. The shape and size of
the structuring element must be adapted to the geometric properties of the image objects

to be processed.
Erosion

The erosion of a set X by a structuring element B is denoted by ep(X) and is defined as

the locus of points x such that B is included in X when its origin is placed at x:
ep(X) = {x|Bx C X} (4.1)

This is illustrated in Figure £.7] for a 2-D image. Equation can be rewritten in terms

of an intersection of set translations, the translations being determined by the SE:

ep(X) = () Xp (4.2)
beB

Dilation

The dilation is the dual operator of the erosion. The dilation of a set X by a structuring

element B is denoted by dp(X) and is defined as the locus of points x such that B hits X
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Figure 4.8: Dilation d of a set X by a disc B. The two connected components of X are
connected by dilation: B always hits X when it is placed in the channel separating
the particles.

when its origin coincides with x:

dp(X) = {x| B[ X # 0} (4.3)

This is illustrated in Figure for a 2-D image. Equation can be rewritten in terms
of a union of set translations, the translations being determined by the SE:

dp(X) = | X b (4.4)

beB

According to the geometric properties of the objects to be processed in the image, a suitable
choice of the SE would lead to the classification of the objects according to their shape
and size. Erosion with the suitable SE would suppress all objects that are irrelevant to the
SE and then dilation with the same SE would reconstruct the eroded objects. Sometimes
after the dilation, the objects of interest are bigger than they were before performing any

morphological operators. In order to avoid creating such artifacts, geodesic dilation can be

used [Soille and Talbot, 2001]. Geodesic dilation involves two images: a marker image and

a mask image. By definition, both images must have the same definition domain, and the
mask image must be greater than or equal to the marker image. In a geodesic dilation, the
image if first dilated with the SE and then the result is forced to remain below the mask
image. The mask image acts therefore as a limit to the propagation of the dilation of the

marker image.

4.1.3 Implementation of the Algorithm

For the calculation of the scaling indices, a self-developed program in language C was

used. In the case of very big tomograms (with dimensions at least 512x512x256 voxels), a
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parallelized version of this program was developed by using the Message Parsing Interface
(MPI). All morphological operations, the watershed segmentation, as well as the texture

analysis were performed with the use of MATLAB.

4.2 Segmentation Results

In electron tomography, there are mainly two tasks for segmentation. The first task is to
achieve a foreground-background separation, e.g. when a whole cell has to be separated
from its environment (ice, carbon foil, gold bead, etc.). The second task is to achieve the
separation of a 3D image into distinct groups with similar properties e.g. gray values, or in
other words, to group pixels or voxels into subsets that correspond to meaningful regions

or objects.

The proposed method for automatic segmentation, according to the size chosen for the
parameter r, can be used either in the sense of a foreground-background segmentation
(example: Spiroplasma melliferum segmentation), or with hierarchically descending r, for
the segmentation of smaller features down to a molecular level (example: Dictyostelium

segmentation).

4.2.1 Simulated Tomographic Data

In order to study the properties of the segmentation algorithm, it was applied to a simulated
tomographic reconstruction of a hollow sphere with blobs of different size inside the sphere.
The gallery in Figure [£.9h shows consecutive slices along the z-axis through the tomogram
which was calculated by weighted back-projection from projection images in the angular
range from —60° to +60° with an increment of 6°. Deformation and contrast fading on
the top and bottom of the sphere are due to the missing wedge. For these data, separating
the sphere from its contents would be a typical task for segmentation corresponding to the
segmentation of the membrane of a cell. Thresholding the gray levels of the reconstructed
density map does not provide the desired result. However, appropriate thresholding of the
calculated scaling indices clearly separates the sphere from its contents (Figure ) By
calculating the scaling indices for a radius that matches the size of the smaller objects, the

internal objects are correctly segmented. In Fig. [£.9,f the tomogram is shown by surface
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rendering. Due to the missing wedge, the sphere is open on its top and bottom and slightly

deformed.

4.2.2 Spiroplasma melliferum

This new approach to image segmentation was applied to a tomographic reconstruction of
an ice-embedded cell of the bacterium Spiroplasma melliferum [Kurner et al., 2005] with
the aim to separate the body of this bacterium from its environment. The intensity values
of the body of the bacterium were distributed over the same range as those of the envi-
ronment and simple thresholding of the tomogram even after denoising could not result
in an acceptable segmentation (see Figure ,b). The result was a map of islands with
higher occurrence inside of the bacterium but no compact volume defining the body of
the bacterium as a whole. However, appropriate thresholding of the corresponding scaling
index image clearly separates the body, although many small spurious features are still
visible outside the cell as shown in Figure [f.10k. Most of these can be removed by sub-
jecting the scaling index map to four cycles of combined erosion and dilation operations
(Figure ) The few remaining structures outside are concentrated on the top and
bottom of the tomogram, reflecting the well-known missing wedge problem of electron to-
mography. After the separation of the bacterium from its environment, further processing
was performed in order to segment the membrane. By using erosion and dilation with
an anisotropic structuring element, in our case a linear structure in many different ori-
entations, the membrane could be isolated from the rest of the bacterium body (Figure
,f). The resulting mask could then be used to segment the bacterium for iso-surface
representation (Figure [4.11]).

In order to demonstrate the efficiency of SIBS, the electron tomogram was also subjected
to alternative segmentation methods, namely watershed segmentation and an approach
based on texture analysis. In Fig. 1g the calculated label matrix is shown, identifying the
watershed regions. Due to the high amount of noise present in the tomogram, the result
of the watershed segmentation is the partition of the tomogram into a great number of
segmented labels. Thresholding of those labels (Figure ,b) will not produce the desired
result, which is separating the bacterium body. Although watershed segmentation is a

powerful technique for the separation of touching objects, is not so suitable for foreground-



4.2. Segmentation Results 60

Figure 4.9: Segmentation applied to a simulated electron tomogram of hollow sphere
with two blobs and a line inside. a) the gallery of slices through the 3D reconstruction
exhibits the artifacts arising from the missing wedge, b) slice of the filtered tomogram,
¢) calculated scaling indices, d) mask obtained by thresholding the scaling indices, and
e) surface-rendered representation of the segmented volume and the separated features
that were contained inside.
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Figure 4.10: Segmentation of S. melliferum a) 2-D XY-slice of the original tomogram
after denoising with N.A.D., b) segmentation by simple thresholding of the gray-values,
¢) calculation of the scaling indices for r = 20, d) binary mask after thresholding of the
scaling indices and processing with morphological operators, e, f) further processing
with anisotropic morphological operators in order to isolate the membrane from the
rest of the bacterium body.
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Figure 4.11: Iso-surface representation of Spiroplasma melliferum.

background segmentation of whole cells.

Finally we tried to segment the bacterium by using texture analysis. In our case a tech-
nique was used that is based on the local range of the intensities of the image. Such
statistical measures provide information about the local variability of the intensity values
of pixels in an image or voxels in a volume. As previously stated, simple thresholding
does not separate the bacterium body from its environment because many gray levels that
describe the bacterium body occur also in the background, due to the low contrast. On
the other hand, the texture of the background appears much smoother when compared to
the rough texture of the bacterium body, which means that the local range of values in the
neighborhood of a background pixel will be smaller than that in areas of rough texture.
As shown in Figure [£.12f, the bacterium body is separated from its environment, but the
selection is not as compact as when processed with the scaling index. The presence of
small spurious features in the background can be explained in terms of the high amount
of noise present in the tomogram. Again, these random features can easily be eliminated
by processing the selection with morphological operators, as shown in Figure [f.12d. The

analysis was performed in 3-D.

Two further S. melliferum tomograms were segmented successfully by SIBS. The first
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Figure 4.12: Alternative segmentation algorithms for S. melliferum a) calculated wa-
tersheds, b) binary mask from image in (a), ¢) texture analysis based on the local range
of the intensities of the volume, d) binary mask after processing with morphological
operators.

tomograms shows two S. melliferum cells adjacent to each other (Figure . By fol-
lowing the same segmentation strategy, the cells were separated from their environment
and then, by using anisotropic morphological operations, the membranes could be isolated
from the rest of the bacterium bodies. Finally, the segmented bacteria were visualized by
iso-surface representation (Figure [4.14)). In the second tomogram, there were two segmen-
tation tasks. First, to isolate the membrane from the remaining body of the bacterium
(Figure ), which was done by using a similar segmentation procedure as in the previ-
ous examples, and second to identify the globular complexes that were located in the inner
part of the body of the bacterium [Ortiz et al., 2006] (Figure [4.15¢). The complexes could
be identified by calculating the scaling indices with a radius that would match their size
(r ~ 5 voxels). The number of the ribosomes identified was very useful to get an overview
of approximately how many ribosomes are located in the bacterium and can be used as

input for other methods like template matching and cross correlation.
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Figure 4.13: Segmentation of S. melliferum a) 2-D XY-slice of the original tomogram
after denoising with N.A.D., b) segmentation by simple thresholding of the gray-values,
¢) calculation of the scaling indices for r = 15, d) thresholding of the scaling indices,
and e) final segmentation mask.
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Figure 4.14: Iso-surface representation of the S. melliferum presented in Figure |4.13

4.2.3 D:ictyostelium discoideum

The second example presents the segmentation of a peripheral region of a Dictyostelium
discoideum cell as obtained by tomographic reconstruction of a frozen-hydrated specimen

(Figure [4.16)). Peripheral region of such cells were successfully studied by cryo-electron to-

mography, with the aim to visualize the cytoskeleton in such regions [Medalia et al., 2002].

Since the cortical regions of this slime-mold are mainly enriched with actin filaments it
is likely that most of the filamentous structures visualized are composed of actin. The
globular molecular structures embedded within the cytoplasm are consistent with the size
of ribosomes, although independent proof is lacking. Automatic segmentation aims to sep-

arate the complexes from filamentous structures.

A semi-automatic but fully parameter-controlled segmentation of the same data was per-
formed in three steps (Figure . There were mainly three categories of objects present
in the tomogram: vesicles, globular complexes and filaments. By calculating the scaling
indices with radii that would match their dimensions, we obtained three different masks,

one for each category. Small spurious features or false identified objects could easily be
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Figure 4.15: Segmentation of S. melliferum. a) 2-D XY-slice of the original tomogram
after denoising with N.A.D., b) segmentation of the membrane by SIBS, c¢) localization
of the complexes present in the tomogram by SIBS, and d) iso-surface representation
of the segmented bacterium.
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Figure 4.16: XY-Slice of the tomographic reconstruction of D. discoideum a) original
data, b) after denoising with non-linear anisotropic diffusion.

removed by anisotropic morphological operators, because of the different dimensionality
of the objects (linear structures for filaments, point-like structures for globular complexes

and surface structures for vesicles).

In the case of manual segmentation, where it would be extremely time consuming to
segment separately every filament and every complex present in the tomogram, an area
segmentation was preferred. The binary mask of the filaments obtained by manual segmen-
tation is actually a 2-step process. The first step consists of a general selection of the area,
where filaments can be visually detected. In the second step, the filaments are segmentted
by simple thresholding. On the other hand, the mask generated by SIBS is a feature-
specific segmentation. As seen in Figure in the case of the manual segmentation,
additional complexes that are included in the selection area will be visualized, whereas in
the automatic segmentation case, only linear structures are segmented and visualized. In
Figure a 3D visualization of both segmentations is shown, where a close similarity

between the manual and the automated segmentation is evident.

Astonishing aspects of the potential given with the scaling index method are demonstrated

by further processing of the mask separating the filaments. Calculating the scaling index
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Figure 4.17: General selection compared with specific feature selection a) the red
marked area corresponds to the manually selected mask of the filaments. Appropriate
gray-value thresholding results in the final segmentation of the filaments (area marked
with green color), b) automatically selected mask of the filaments.

Figure 4.18: Iso-surface representation of the segmentation of D. discoideum. a)
manual segmentation, and b) SIBS.
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Figure 4.20: Iso-surface visualization of the branches and cross-links detected.

of a scaling index map may appear peculiar. In the present case however, the result is very
useful because this "second order" map presents the structural features with higher fidelity.
As expected, the scaling indices had the value of one (v &~ 1 along lines originally defined
by the filaments, but at points where two filaments are connected, the scaling index values
were higher. By setting an appropriate threshold, we could isolate the connections. We
found a total of 76 connections and all the connected filaments are visualized by an iso-
surface representation in Figure By analyzing the neighborhood of all connections in
the planes defined by the pairs of connected filaments, we classified them into 24 branches
and 52 crossings. Regarding the 8 neighboring pixels around a connection point, branches
are defined by 3 or less pixels and crossings by 4 or more pixels, each with a value of one.
This analysis could be extended by a further investigation of the angles occurring for these
connections. The existence of a variety of connections controlled by corresponding protein
complexes is well known in biology. The procedure described here could help to localize

and classify such structures in an automatic and more reproducible manner.
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4.2.4 Ignicoccus

SIBS was used in order to process a tomogram where a Nanoarchaeum equitans cell is

closely placed to a Ignicoccus cell |[Briegel, 2005] (Figure [4.21)). It is believed that these

two cells interact via thin filaments that traverse their membranes.

Figure 4.21: Different XY-slices of the tomogram showing in a) the double membrane
of the Nanoarchaeum equitans cell and in b, ¢) the membrane of the Ignicoccus cell.

In order to study the interactions between these two cells, it was very important to locate
and separate their membranes. Due to the missing wedge the borders were diffusing in some
points and, hence the need for an automatic computer-based method in order to segment
them. By calculating and thresholding the scaling indices, we could isolate the objects
that had a surface-like structure (membranes) from the rest. The created binary masks
were then multiplied with the original data and visualized by iso-surface representation as

shown in Figure [1.22]

4.2.5 Rhodopseudomonas viridis

Rhodopseudomonas viridis is an anaerobic, photosynthetic bacterium which forms lamellar,
partially stacked intracytoplasmic membranes (ICMs) called thylakoids, that contain the
photosynthetic core complexes. According to the amount of time that the bacterium is
exposed to light, these thylakoids change their shape and size. CryoET was performed in

order to visualize and study the formation of the thylakoid membranes.
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Figure 4.22: Iso-surface representation of the segmented membranes. Nanoarchaeum
equitans with red and turquoise color and Ignicoccus with blue color iso-surface.

The task of segmentation in this example was to isolate and segment the bacterial thylakoid
membranes. Calculation of the scaling indices for a radius that would match their thick-
ness, followed by thresholding, resulted in a mask that not only showed the arrangement of
the thylakoids in space, but also revealed connection between the thylakoids and the inner
membrane. The same segmentation concept was followed in the case of the outer mem-
brane. This time, the scaling indices were calculated for a bigger radius, since the outer
membrane is thicker than the thylakoids. Because of the noisy nature of the data, any
small, spurious features present in the segmentation masks were removed by anisotropic
morphological operators. The created binary masks were then multiplied with the original

data and visualized by iso-surface representation as shown in Figure [4.24]

4.3 Discussion

SIBS turned out to be a robust method for the segmentation of structural features in elec-

tron tomograms, in spite of the low signal-to-noise ratio inherent in such 3-D density maps.
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Figure 4.23: 2D XY-slice from the reconstruction of R. viridis a) original tomogram,
b) denoised with N.A.D., and c¢) calculated scaling indices.
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Figure 4.24: Iso-surface representation of the segmented thylakoid membranes. The
arrows indicate connections between the thylakoids and the inner membrane.
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Its great advantage is the flexibility in separating objects of different size. According to
the size parameter r chosen, it can be used either in the sense of a foreground-background
segmentation, e.g. when a whole cell has to be separated from its environment (example:
S. melliferum), or with hierarchically descending r for the segmentation of smaller features
down to a molecular level (example: Dictyostelium). In other words, the decision made
for the classification of each pixel/voxel during the segmentation is based on information

either of a local neighborhood for a small r, or of a more global neighborhood for a big r.

SIBS proved to be a very practical segmentation tool for membranes. The time con-
suming and subjective manual segmentations could be replaced by an automatic or a
semi-automatic but fully parameter-controlled scaling index based segmentation. Espe-
cially at points, where due to the missing wedge the membrane seems to diffuse with the
background, or where a membrane is connected to another membrane, SIBS could clearly

define its borders and separate one from the other.

It is also easy to handle because, for calculating the WSI, only two parameters have to
be defined by the user: the size parameter r and a scaling factor for the density values.
In our applications, the whole range of density values was scaled to values from 0 to 128.
This choice is a compromise between WSI-maps with too much smoothing and such maps
with too many details, obtained by smaller or larger scaling, respectively. The choice of
adequate morphological operators may require more experience and has to be directed by

the type of structure to be segmented.



76

Chapter 5

Automated detection of
macromolecules from electron

tomograms using the Scaling Index
Method

Electron tomography is the only technique available that allows us to visualize the three-
dimensional structure of unfixed and unstained cells. Currently, the resolution obtained
in electron tomography of cellular structures is in the range of 4 to 6 nm. Nevertheless,
the goal of cellular electron tomography is not to obtain a high-resolution structure of
a particular macromolecule; the goal is to identify a molecule by virtue of its structural
signature and to locate it in the context of its cellular environment. The detection of
macromolecules is confronted with two major problems [Bohm et al., 2000]: i) The elec-
tron tomograms suffer from a very low SNR. Electron microscopic images of individual
biological macromolecules are usually not directly accessible to structural interpretation
because strong noise obscures the details of the objects examined. There are image pro-
cessing techniques that can be used for the enhancement of the signal. However, these
denoising techniques, although they improve the SNR, also modify the signal in a nonlin-
ear way, precluding quantitative postprocessing [Frangakis et al., 2001]. ii) The cytoplasm

is densely populated with molecules that often touch each other or overlap [Ellis, 2001].

In the case of single particle analysis, particles have to be detected in 2-D projection
images. This is usually done interactively, though automatic detection procedures are in

development . Here however, it is highly impractical to perform a particle detection based
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on visual inspection of the 3-D tomographic volumes, except for some large-scale structures.
Due to the very low SNR that characterizes the electron tomograms, a visual detection of
particles may fail, especially with respect to the third dimension. Furthermore, it would

also lack reproducibility and objectivity.

For this reason automated detection methods are preferred. These should be robust with
respect to a low SNR, varying object orientation, object deformations, background vari-
ations, and image distortions, and they should be able to cope with multiple occurrence
of the object. Template matching is a well known technique in image processing and has
already been used in CryoET for identifying macromolecular complexes. Provided that a
high resolution structure of the macromolecule is available, this structure can be used as
a template to perform a systematic search of reconstructed volumes for matching struc-
tures. The search is based on cross-correlation and is entirely machine based, not requiring
manual intervention. However, cross correlation is not rotationally invariant and requires
scanning of the whole angular range. This is a computationally ineffective approach, espe-

cially in the case of searching 3D targets in extended volume data.

A novel approach for identification of macromolecular complexes is proposed in this chap-
ter. The identification technique is not based on the similarity of the density values between
input and target volume, as is the case in template matching, but on the similarity of the
calculated scaling indices. The big advantage of this method is that it is very fast, since

scaling index is rotationally invariant.

In the first part of this chapter, the template matching technique is presented, with empha-
sis on different correlation functions and the creation of templates from X-ray crystallogra-
phy data. The next section describes the scaling index based correlation approach. Finally,
results calculated on simulated data are presented, followed by a discussion concerning the

applicability and efficiency of the method.
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Template Matching | Correlation Peaks Cell Atlas
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Figure 5.1: Scheme illustrating the strategy followed for identification of macromolec-
ular complexes in cryo-electron tomograms.

5.1 Template matching

Cross-correlation is a mathematical operation that involves two signals with the intention
to measure the degree to which the two signals are similar. Suppose that we have two,
two-dimensional discrete signals f(i,7) and ¢(i,7). The cross-correlation of f(i,j) and

9(7,7) is defined as:

Rpg(w,y) =3 ) f(0.5) 9@ =iy = j) (5.1)

In template matching, cross correlation techniques are used to measure the degree of over-
all similarity of the particles under scrutiny to structurally well-defined templates. These
templates are created from high-resolution structural data obtained by techniques as X-
ray crystallography, and nuclear magnetic resonance (NMR) spectroscopy. In the case of
electron tomograms of cellular structures, the orientation of the particles is expected to be
random. To yield the maximum of all cross-correlation coefficients, the whole angular range

needs to be scanned with each template. Therefore, the templates are rotated with a 10°

increment to account for every possible combination of Eulerian angles [Bohm et al., 2000].

The process is fully automated. After the detection of the particles, they are aligned and

averaged |Forster et al., 2005|. The consecutive steps in the template matching procedure

are illustrated by the scheme shown in Figure 5.1

In CryoET, the analysis of a whole tomographic volume containing several hundred parti-

cles that need to be compared with an array of different templates would require a huge
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Figure 5.2: Individual steps of reference preparation.

amount of computation time. For this reason, parallelized versions of correlation algo-
rithms are usually used. The correlation process can also be speeded up by an interesting
feature of the correlation function. The correlation function can be efficiently expressed
and computed in the Fourier space. If the Fourier transform of f(i,j) and g(i,j) are
F(u,v) and G(u,v) respectively, then the correlation operation in Fourier domain is sim-
ply a point-by-point multiplication. The previous, time-consuming operation with high
complexity is now replaced by two Fourier transforms, one multiplication and an inverse

Fourier transform.

5.1.1 Influence of the Missing Wedge

The missing wedge causes a serious problem for templates matching as it distorts the shape

of the observed macromolecules and introduces anisotropic resolution. In order to overcome

this problem a "constrained correlation function" is used [Forster et al., 2005|. Figure

illustrates the individual steps of reference preparation before the correlation is performed.
First the reference is rotated into an orientation (¢, ,6). Then it is Fourier transformed
and a wedge-shaped function is multiplied, corresponding to the imaging conditions of the
tomogram under scrutiny. Back in real space, the reference and the subtomograms are
masked. Then the mean value is subtracted and normalization according to the standard
deviation with the masked area is performed. Eventually, the cross-correlation function is

computed.
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Figure 5.3: Scheme illustrating the creation of a template from X-ray crystallography
data.

5.1.2 Template Creation

In order to correlate a structure obtained by other high-resolution imaging techniques with
electron microscope data, it is essential to approximate how this structure would appear
in an electron tomogram. A template is usually taken from an atomic-scale model of the
complex derived either by X-ray or electron crystallography, NMR, single particle recon-
structions, or any combination of these methods. To construct a template, the approximate
electrostatic potential has to be calculated from the atomic coordinates by summing the
total atomic numbers Z in each volume element. The resulting density is then convoluted
with the appropriate Contrast Transfer Function (CTF) and low-pass filtered at a spatial

frequency corresponding to the first zero crossing of the CTF of the electron microscope

(Figure [5.3).
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Figure 5.4: Scheme illustrating the scaling index based correlation. The correlation
peaks indicate the positions of the identified particles.

5.2 Scaling Index Based Correlation

The scaling index method classifies objects present in an image or a volume, regardless of
their orientation, according to the kind of structure to which they belong. A line will be
identified as a line-like structure regardless of whether it is horizontally or vertically placed
inside a volume. In this approach, instead of the gray values of an input and a target
image, the histograms of the calculated scaling indices are used for performing correlation.
The process is briefly explained as follows. The scaling indices are calculated using the
same radius for the input and target (template) volume. A subvolume with the size of the
target volume and centered at voxel k; is cut out from the input volume. The scaling index
histograms of the subvolume and the target volume are calculated and correlated. This is
repeated for all voxels of the input volume, such that a CCC is assigned to each voxel of
the tomogram. The main difference to template matching is that the 3-D correlation of the

intensity values between target and input volume for every possible orientation is replaced
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by a 1-D correlation between the histogram signals of the scaling indices of the input and
target volume. By comparing the histograms, it is not necessary to rotate the target in
different angles, since SIM can be considered as a rotationally invariant transformation.
This approach is very fast since only one correlation coefficient needs to be calculated for

each position.

5.3 Results

In order to explore the applicability of the algorithm in the field of electron tomography,
it was applied to a simulated tomographic reconstruction. The simulated data were gen-
erated by randomly positioning and orienting low-frequency filtered molecular structures
obtained by X-ray crystallography within a test volume. Two data-sets were produced by
weighted back-projection from projection images in the angular range of —70° to +70°
with 1.5° increment for the first data-set, and of —55° to +55° with 5° increment for the
second one. Pink noise was added to the volumes in order to decrease the SNR. Slices

through the simulated volumes containing the two types of molecules are shown in Figure

Two test molecules of similar size and shape were used: the 20S proteasome (721 kDa
[Groll et al., 1997]) and the thermosome (933 kDa [Nitsch et al., 199§]). Figure shows
iso-surface representations of the crystal structures of the test molecules, as well as the

histograms of the calculated scaling indices.

In this example the scaling indices were calculated for a radius = 8. This corresponds to
a size of 13 nm (pixel size equal to 1.6 nm), which approximately matches the dimenions of
the particles. The scaling index histograms of the target volume (template) was correlated
with the scaling index histograms of subvolumes of the input volume. The cross-correlation
coefficients assigned to each voxel are plotted in Figure for the case of the proteasome
template and in Figure [5.7p for the case of the thermosome template. These figures are
again histograms, however, they display the frequency of the CCC values. The pixels
could be classified according to the CCC into three groups: Group I consisting of pixels

that correspond to the molecular complex used for searching, Group II consisting of pixels
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Figure 5.5: 2-D XY-slice from simulated tomograms containing thermosomes and
proteasomes. a) volume created by weighted back-projection from projection images
in the angular range of —70° to +70° with 1.5° increment, b) volume created by weighted
back-projection from projection images in the angular range of —55° to +55° with 5°
increment.

S EEEEEEERE

Figure 5.6: Iso-surface representation of a a) thermosome, b) proteasome, and c,d)
their histograms of the scaling indices, respectively.
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Figure 5.7: Diagram showing the CCC’s derived from the correlation between the
histograms of the template and the subvolumes of the input volume for the case of a)
proteasome, and b) thermosome.

that correspond to a molecular complex, but not the one used for searching, and Group III
consisting of noisy pixels without any structure. Since Group I and Group II are clearly
distinguishable and not overlapping, the particles were identified correctly and clearly
classified. This was controlled by comparing the particle coordinates in Group I with the
coordinates of the particles pasted in the test-volume. All particles in Group I were correct.

The correlation process lasted only 3 minutes on a HP ¢8000 workstation.

This was not the case in the second example, where the missing wedge effect was stronger
(simulated data-set with angular range from —55° to +55° with 5° increment) and the
method did not perform so well. In Figure the histogram of the calculated CCC
is plotted for the case of the thermosome template. Although the algorithm succeeded
in localizing the particles, it failed to classify them into thermosomes and proteasomes,
since the CCC’s were not arranged into three distinct groups, as occurred in the previous
example, but were merged into two groups, corresponding to background-like and particle-

like voxels. Similar results were obtained using the proteasome template.

5.4 Discussion

Inevitably, the missing wedge is a limitation for this method. The arbitrary orientation of

the particles inside the tomogram lead to the consequence that each particle is differently
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Figure 5.8: Diagram showing the CCC’s derived from the correlation between the
histograms of the template and the subvolumes of the input volume for the case of
thermosome.

affected by the missing wedge. For each particle, the missing information in Fourier space
causes, according to its orientation, different distortions in real space. Under these circum-
stances, using a rotationally invariant correlation for a single template has little chance of
fulfilling its task. An improvement in the performance of the method could be achieved by
using double tilt-axis data, where the missing wedge becomes a missing pyramid, reducing

the amount of missing information.

Another limitation for the algorithm is the current resolution of the electron tomograms.
The 4-5 nm resolution that can be achieved nowadays with CryoET, in conjunction with
a pixel size of approximately 2-3 nm after binning, would result in the representation of a
macromolecule having the size of a proteasome by only 5x5x5=125 voxels in the tomogram.

This number of voxels is not sufficient for performing histogram correlation.

Since the scaling index based correlation is unable to determine the angles of the de-
tected particles, it cannot be used directly for template matching. It could be used prior
to correlation as a fast way to determine approximately the number of the particles present.
Nevertheless, one advantage of the method is that high contrast points cannot affect the

correlation result, since it is the scaling indices and not the gray values that are correlated.
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In the correlation algorithms used for template matching in CryoET, a common problem
is that membranes or other high contrast points are also treated as particles and a high
CCC is assigned them. Such detections are considered as false positives and have to be
manually removed after the correlation. In the case of the scaling index based correlation,
such structures would not affect the correlation process, since their structural dimension-

ality is different from the one of the templates.

Despite the current limited applicability of the algorithm in the field of electron tomogra-
phy, it would play an important role if the missing wedge problem could be minimized and
if the prediction for improved resolution (2 nm, [Nickell et al., 2006]) can realized. Nev-
ertheless,it could be ideal for locating objects in Magnetic Resonance Images (MRI), or
Computed Tomography (CT) images. Another field that this method could be applied is
the field of facial recognition. According to basic characteristics of a face (that are unique

for each face), it could be used to identify different faces.
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