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Abstract

The aim of this work is to extract the architecture of biopolymer networks from 3D images.
This is motivated to further understand non-affine regimes, found during network formation
and in low-density biopolymer networks, where the geometry of a network has a fundamental

role in defining its mechanical properties.

Firstly, developed image analysis tools were extended to 3D and contributed to
high-performance open-source libraries for image analysis. These developments in isotropic
wavelets will help in extracting realistic networks by removing spurious noise generated

during image acquisition.

Secondly, images of biopolymer gels from transmission electron microscopy (TEM), were
used to reliably extract the network architecture. The imaged material was also studied
with small-angle x-ray scattering (SAXS), and the comparison showed a strong agreement for

network-size features.

Thirdly, spatial graphs were extracted from the image. A one-to-one map is provided between
image and graph, keeping all the geometric information from the image. This then opened

the door to using analytical tools from the complex networks field to characterize images.

Finally, statistical distributions extracted from three graph properties were used to reconstruct
a completely in-silico network using a simulated annealing technique to generate new networks.
This can be used as a computational exploration tool of how network behavior depends on

network architecture.
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1. Introduction

1.1 Soft matter and biopolymers

Soft matter, also known as complex fluids, is a subfield of condensed matter, comprising
systems which organize at many different length scales, into many forms and classify as
something in between the ordered solids and disordered liquids. Its conformation is heavily
influenced by thermal fluctuations in the energy scale comparable to the room temperature.
This characteristic allows conformational changes where complex behaviour can occur, life as

the extreme example.

Soft matter includes liquids, colloids, polymers, foams, gels, granular materials, surfactants,
liquids crystals and some biological materials. Pierre-Gilles de Gennes, who has been called
the “founding father of soft mater” received the Nobel Prize in physics in 1991 “for discovering
that methods developed for studying order phenomena in simple systems can be generalized

to more complex forms of matter, in particular to liquid crystals and polymers”[1]

The biological soft materials span as well different length scales: from sugar chain structures
to active gels inside cells. In the lowest scale the biopolymers are found, which are classified as

polysaccharides (cellulose, pectin), polynucleotides (RNA, DNA) or polypeptides (proteins).

Most biopolymers are considered semi-flexible, something in between rigid rods and completely
flexible (loose) chains. To formalize this distinction two parameters are introduced that
characterize a polymer chain: the persistence length £, which is the typical length scale for
the decay of tangent-tangent correlations, and the contour length L., which is defined as the

maximum end-to-end distance of a linear polymer chain.

A chain is considered flexible when ¢, << L., and rigid when the opposite holds. Completely

flexible chains exhibit a purely entropic elastic response, and rigid filaments display no entropic,
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but purely enthalpic response. Semi-flexible biopolymers have a similar magnitude of ¢, and
L.. This kind of filaments do not form loops or knots, but they are flexible enough to have
thermal bending fluctuations|2|. They behave like rods at scales smaller than ¢, and like

random coils in larger scales where the entropic behavior dominates.

1.2 Semiflexible single chains: WLC model

Single semiflexible chains can be modeled with great success with the worm-like chain (WLC)
also known as the Kratky-Porod model [3, 4]. This model describes the single chain as an

idealized curve that resists bending. Such bending deformations are described by the following

K ot
Hbend = 5 /d5|83|

where £ = k, is the bending modulus, t is a unit tangent vector along the chain and s

Hamiltonian:

is the coordinate of the position along the backbone. In the WLC model, the persistance
length is related with the bending modulus via: ¢, = 2, /((d — 1)kpT') where d is the space

dimensionality.

For nearly straight filaments % can be expressed via the transverse deviation u(x) of the chain
from its straight conformation. % = u”(x). If the chain is under a tensional force from one
end (and the other end fixed), a term Heyternat = —fL can be added to the Hamiltonian, with
L being the end to end distance. The Hamiltonian with this force fp in transverse coordinates
is

1

L.
H:/ da [slu"? + [l ] (1.1)
2 0

where L. is the contour length of the chain. The applicability of equation 1.1 must be
questioned in some cases since it neglects excluded volume (steric repulsion effects) between
the chain constituents completely [5]. However, for very stiff polymer these excluded volume

considerations can be safely ignored.

Such a chain can respond to transverse and also to longitudinal forces by either bending

or stretching/compressing. The force-extension (FE) relationship can be explored further,
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decomposing u in Fourier series:
u(x) = Z ug sin(gx) (1.2)
q

with the wave vector ¢ = nm/L.. 1.1 can be rewritten as:

1

L L
_ "2 n2] _ e 4 2\, 2
H= 2/0 dl‘|:l€’u |+ fBlu] } 1 Eq (kq” + fBa")uy (1.3)

The equipartition theorem can be used to calculate the equilibrium amplitude:

<xm(§i> — Sk T (1.4)
where H is the Hamiltonian or energy function and x,, corresponds to the thermal equilibrium
for an ergodic system. A system is ergodic when the ensemble average (mean over all the
possible states) is equal to the time average (mean over all time steps). Also, the equipartition
theorem does not hold when the thermal energy kg7 is smaller than the quantum energy
spacing for a particular degree of freedom because the breakage of the energy continuum.
This strong requirement does not hold for many soft matter systems. The idea behind the
equipartition theorem is that the energy in thermal equilibrium is shared equally among all

its degrees of freedom.

Applying equation 1.4 to 1.3, the equilibrium amplitudes of the different Fourier modes ug?

satisfy:

(e 2%kpT

¢') = Le(kq* + fBg?) (15)

0L can now be calculated as the difference between the filament’s contour length and the

equilibrium length.

AL = /dm{\/ 1+ |0u/0x|? — 1} ~ ;/dz‘]au/amF = LCZq2u2 (1.6)
q

Using equation 1.5 and including a factor of 2 due to both degrees of freedom of the transverse

displacements from the straight conformation:

1

AL =keT ) T

q
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The result is most conveniently expressed in terms of scaled difference between the extension

at force fp and that at zero force[2|:

L2 @

0l = (AL)j—o — (AL)s, = 1.8
( >f—0 < >fB gpﬂ_z - n2(n2 +<,0) ( )
where ¢ = fgL?/kn?
Equation 1.8 can be inverted to yield a force-extension (FE) relation:|[6]:
kT 1 1 =z
_ oz 1.9
/(@) 6, 41 —a/L2 17 I, (1.9)

where the first term in brackets dominates at the high force regime, and the last two terms
—i + L% are added after the inversion of equation 1.8, to fit the linear elasticity observed
experimentally at low force regime [6]. This equation diverges as f ~ (z — L.)~2 as the end

to end distance approaches the contour length: x — L.

This force-response, as in the case of rubber elasticity for flexible chains, is dominated by
entropy at high forces. Because there are many bend configurations and only one that is
perfectly straight, stretching the chain reduces its conformational entropy and thus produces

an opposing force.

This force-extension curve of a single-chain is of central importance for homogeneous, and
isotropic networks with affine regimes. The mechanical response of a network with these the

mentioned characteristics can be derived from a single-chain force-extension curve [2].

This FE can be measured using optical tweezers or AFM. Optical tweezers are able to trap
and manipulate beads of micron size with high precision|7, 8]. Biopolymer chains can be
attached to these beads using linkage molecules, and then the force-extension of the chain
when the force is applied can be studied by the movement of the trap in the tweezers. The

extension is measured tracking the beads using microscopy.

Thanks to optical tweezers and Atomic Force Microscopy (AFM)[9] force-extension curves of
many biopolymers have been measured, e.g. DNA|6], polysaccharides|10] and others. At low
strain, the WLC model captures well the system behavior, but at higher forces, a Hookean
extension regime must be incorporated to account for enthalpic stretching beyond the contour

length. Such a model is called eztensible wormlike chain (EWLC)[11]:
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FIGURE 1.1: a Current optical tweezers configuration in our lab. b Exertion of force moving
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the polymer stained with fluorescence particles (double stranded DNA) to the beads, and
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fla) = 22
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T Yoy T oy o ER R (1.10)

where Ky is the elastic spring constant. Another model, the clickable extensible wormlike
chain (CEWLC) incorporates extra enthalpic components of the chain, for example taking into

account the conformational changes of sugar rings induced by high forces in polysaccharides|12].

1.3 Networks of semiflexible chains:

After the study of single chains, we have to study how all those chains interact with themselves,
with each other and with the media where they are. The WLC is a model for ideal chains
because the interaction between monomers of the chain are ignored. This is not a problem in
straight (i.e. stiff) chains, but would be unrealistic in coiled chains, which are better modeled
with a self avoiding walk, where distant monomers cannot occupy the same position, or with
the inclusion of an excluded volume, that takes into account the interaction between monomers

and the forbidden configurations.
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FIGURE 1.2: Force-extension curve of a CEWLC model from Ref. [4]. It fits the experimental
force-extension curve of a single polysaccharide (pectin) chain [12]

The way the monomers of the chain interact with other monomers or with the solvent has
been studied for long time. The Flory interaction parameter y which depends on temperature,

and pressure of the system, is a way to characterize it.

1

X = XMS — §(XMM+XSS) (1.11)

where x s is related with monomer-monomer interactions. xjss with monomer-solvent, and

xss with solvent-solvent interactions.

The relation between solvent, and monomers interaction can be classified using y:

1. Athermal. y = 0. Solvent is very similar to other monomers.

2. Good solvent. x < 1/2. Monomers of the chain prefer to interact with the solvent than

with other monomers.

3. Poor solvent. x > 1/2. Monomers prefer to be closer to other monomers. For example,

hydrophobic materials in water solvent.

4. Theta solvent. xy = 1/2. Occurs at a temperature 7' = ©, and corresponds to the exact
cancellation between steric repulsion and van der Waals attraction between monomers.
The excluded volume:

v=(1-2x)a’ (1.12)
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where a is the effective length between monomers, is zero in theta solvents, and chains

behave as nearly ideal.[13]

Also, the concentration of polymers has important effects on the system. The overlap threshold
parameter cx acts as an order parameter to distinguish dilute polymer solutions, where the
coils are separate, and more concentrated solution where the chains overlap. This threshold is
not sharp, it is more properly defined as a crossover between regions, but the scaling properties

of e¢x with concentration are essential.

1. Dilute. ¢ < c+. Chains can be studied as an ideal gas, with almost no interaction

between them.

2. Dense. ¢ > cx.

3 s still low

3. Semi-dilute. The chains do overlap but the polymer fraction ¢ = ca
¢*x <K ¢ < 1. Since ¢ is small, the monomer-monomer interaction can be described very
simply, such as with the excluded volume parameter v in 1.12. In the case of dense

systems, more complex relations used in liquids/fluids systems are needed.

In dilute systems, polymer chains flow through the solvent acting similar to a liquid state, in
the other hand, dense system are more like solids, but they are not completely frozen. The
transition between both regimes is called the gelation point. Th gelation is a connectivity
transition, where parts of the system becomes correlated by a path of inter-connexion. In the
gelation point, the chains stop flowing as a liquid. It can be thought as an incipient gel, where
a cluster of chains started to form (giant cluster), connecting the boundaries of the material.
This incipient gel will behave differently to a fully connected network, where the giant cluster

is connecting all the chains.

It is not easy to give a closed definition of gels[3, 13|, one of them that is particularly appealing
reads: the point in the phase space of parameters, where a significant correlation, between

two points in the spatial domain appears over a length scale of the system size.
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1.4 Bulk Rheology

1.4.1 Linear viscoelasticity

Any elastic material can be studied as a linear spring, whereby the extension (strain) ~ is
proportional to the applied stress o (force/area) : o = G’y , where G’ is called the elastic

modulus, and it is a measure of sample’s elasticity.

However, the material response to the force is not always that simple. Some materials such
as silk, rubber, and glass are subjected to a shear stress and the corresponding Hooke’s law
deformation occurs, however it is followed by an unexpected continuous deformation termed
as “creep”’. Upon removal of the shear stress, certain materials come back to the initial state,
while other are permanently deformed. The phenomena of a time dependant shear response is

called viscolelasticity. [14].

One way to study the deformation and flow of viscoelastic materials under strain, is to
externally apply a small amplitude sinusoidal strain: y(t) = g sin(wt). It can be expected

(not always, e.g. non-linear regime) that the stress output of the material will be:
o(t) = ogsin(wt + 0) (1.13)

This stress output can be analyzed by decomposition into two waves of frequency w, one in

phase with the strain, and the other 7/2 out of phase:

o(t) = o' (t) sin(wt) + o” (t) cos(wt) (1.14)

where tand = o”(t)/o’(t). This allows the definition of two moduli: G’ = ¢/(t)/~o and
G" = ¢”(t)/~o which are the elastic (i.e. storage) modulus and viscous (i.e. loss) modulus

respectively.

The stress can be expressed in terms of these two moduli:

"

o(t) = Gy sin(wt) + G" v cos(wt) = G'v(t) + ;”y(t) (1.15)
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G" has a physical meaning, it is associated with the energy dissipation per cycle of deformation,
G//

which provides and indication of viscous loss [14]. Note also that 7/ = - corresponds to the

dynamic viscosity, used to characterize stress-response in pure liquids.

1.4.2 Nonlinear behaviour: strain stiffening

At small strain the stress-response is linear, but when the strain amplitude is increased beyond
a certain point, non-linear responses arise. In this situation, the premise imposed in Eq.1.13
that the stress response is linear does not hold, however the qualitative study of G’ and G”

still provides information about the nature of the non-linearities. [2, 15-18].

Fig. 1.3 shows that most of the biopolymer networks share the same non-linear behaviour
at high strains: strain-stiffening. In plain words, the higher the strain is, the tougher the
material becomes, or the more you pull, the harder it is to pull more. The universal behavior
in biopolymers may have an evolutionary origin, due to the role of the strain-stiffening in

biological functions such as cell motility and mechano-transduction.

One way to study strain-stiffening experimentally is to use a large amplitude oscillatory shear
rheology (LAOS) [19]. This technique consists in pre-stress the network at a selected constant
strain, and then, study the frequency response applying other small amplitude sinusoidal

strain, as in the linear viscoelasticity situation.
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FIGURE 1.3: Elastic shear moduli versus strain from Ref.[2]. Strain-stiffening behavior in
different cross-linked biopolymer networks [15].
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The research on strain-stiffening in biopolymers is active [2, 18, 20-24]. Stiffening can result
from the response of the chain between cross-links, from alterations in the network structure,

or from both.

In a seminal paper, Storm et al. [2| showed that: for low to middle strains, under the
assumptions that networks are homogeneous, isotropic, and strain uniformly (affine
deformations), the strain-stiffening is primarily due to the longitudinal stiffening of the single

chains (i.e. the non-linearity of the force response curve such as Fig.1.2).

Z4 : shear

® reference
® affine
@ non-affine

X

FIGURE 1.4: Difference between affine and non-affine deformation of a network under shear.
Figure adopted from references [25, 26|

The affine deformation assumption (Fig.1.4) is well-known in network models for rubber
elasticity, and allows for a relatively simple description of the overall network response on the
basis of the behavior of a single filament. Predicting the viscoelastic response of networks
under the affine assumption can be considered straightforward from current literature [27].

But, this assumption does not hold for many systems.

The small-strain affine deformation assumption in two-dimensional networks of straight
filaments has been studied in great detail by Head, Levine, and MacKintosh [20, 28] and
Wilhelm and Frey [24], (Fig.1.5) who conclude that network deformation is non-affine for

compliant, low-density networks and affine for stiff, high-density networks.

Also, Chandran and Barocas [29] showed that non-affinity governs individual fibril kinematics

when the load transfer is from fibril to fibril, with no matrix of fibrils involved.

But non-affinity is challenging to model, and it is the goal of this thesis to provide a method
to extract network architecture from real images, to be used as a starting scaffold for the
many approaches to simulate dynamics of non-affine regimes, and dynamics with more actors,

such as cross-linking molecules.
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FIGURE 1.5: Figure from Head, Levine, and MacKintosh [28]. Diagram showing the various

elastic regimes in terms of molecular weight (L) and concentration (c). The solid line

represents the rigidity percolation transition, where rigidity first appears at macroscopic
level.

1.5 Network Structure

The information needed to fully describe a network structure is [30]:
1. Distribution in the distance between junctions/nodes, i.e. end-to-end distances.
2. Distribution in the fully extended length of fibers/chains/edges, i.e. contour lengths.

3. Network connectivity, i.e. degree of nodes, representing the number of neighbors or the

number of chains attached to a junction.
4. Orientation distribution, i.e. angles between adjacent edges.

I will go through the most used methods to emulate network structures used in dynamic
simulations that explore strain and stress responses, pointing the simplifications made, and

the associated limitations.

1.5.1 Mikado Networks

Ubiquitous in the recent past but still present, is to start the model with a random and
homogeneous initialization of the network, such as Mikado models [24, 31-35|, where fibers of
fixed length are thrown into a simulation box until a certain density of junctions/intersections

is reached (see Figure 1.6). Other models use similar random generation, but in 3D [36].
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FIGURE 1.6: Mikado network used as a starting scaffold for dynamics simulations, from
Ref. [31].

The distribution of end-to-end distances between junctions can be controlled adding more

fibers, but the homogeneous nature of the process inhibits long connections.

The contour length is imposed after the junctions are created, adding arbitrary bending points

in the existing chains.

The details of network connectivity are ignored, relying on a mean connectivity between 3

and 4 that is generated in the construction [34].

The angle distribution is derived from the process, but no extra relation with real networks is

provided. Pre-stressing the network can be used to change angles.

1.5.2 Lattice Models

Lattice models with different geometries, such as triangular and honey-comb in 2D, and
face-centered-cubic (fcc) in 3D have been used [34, 37-39]. The unrealistic connectivity
imposed by the fcc lattice in 3D (see Figure 1.7) is trimmed down to experimentally found

values by randomly deleting branches.

The end-to-end distances and the contour lengths can be fully controlled, but the connectivity
is compromised, the distribution might be too narrow for simple lattices, (honey-comb,

triangular), or rely on random dilutions for over-connected lattices (fcc) [34].
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a

FIGURE 1.7: Unit cell of a face-centered-cubic lattice, from Ref. [40]

1.5.3 Eight-chain Models

The eight-chain network model [30, 41| with a extremely simplified network connectivity
is able to successfully capture the mechanical properties of non-affine regimes under shear.
However, it is unable to capture other observed behaviours like negative normal stresses [42],
or to model networks with cross-link dynamics, and other micro-network events, which are out
of its scope. The eight, or even three-chain models, use non-linear single-chain force-extension
curve to model each of its chains, see Figure 1.2. When sheared, the chains can rotate (see

Figure 1.8).

In terms of the network structure, this model is surprisingly effective given its simplicity. The
main reason for its success is its ability to accommodate rotation response under shear, instead

of only stretching of fibers that would be the only response in the affine regime.

The eight-chain model coupled with single chain non-linear force-extension curves shows a
good example of how network architecture can have an impact in the mechanical response.
Similar simulations, but carried out with a fully detailed network architecture extracted
from real samples would be interesting. The network structure of these models are currently

over-simplified:

The distribution of end-to-end distances is a delta function, taking a mean distance for each
chain and same is true for the contour length. The connectivity is eight, or three for the
similar three-chain case. The angle between chains is fixed as well, and can be re-oriented

with pre-stress.
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1.6 Motivation

Non-affinity and network architecture are closely related, which is the main motivation
behind this work: establish analytical methods to study images with a view to gathering the
geometry of networks experimentally. Such geometries could then be used directly in dynamic

simulations methods, instead of relying on over-simplified network generators.

The well-established and trusted method to gather structural information about networks is
scattering, particularly small-angle x-ray scattering (SAXS). Extracting information such as
porous size and persistence length are possible with these techniques. However, because of
its averaging nature, it is impossible to gather more detailed information about the specific

geometry and connectivity of the network.

I will rely on gathering structural information directly from images taken from a range
microscopy techniques depending on the size of the biopolymer under study. One of the
concerns of this approach, shared specially among the scattering community is how trustable
the images are, i.e. if they provide a true representation of the material taken into account
that the sample has been modified for the requirements of microscopy preparation. This will
be answered, providing a way to compare SAXS data with images, setting the scale at which
both techniques give similar results and providing a size range where image features can be

trusted.

But before, and in order to study network geometry reliably, an image analysis tool-set will
be provided with algorithms that can be applied to volumetric data, such as tomography and
stacks of images. State-of-the-art wavelet analysis algorithms will be extended into 3D using
a high-performance computing language, which will aid in our task of gathering the network
architecture from images. Hence realistic in-silico networks will be generated informed by

real 3D images. These in-silico networks with full details, can then be used by theoreticians
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as starting points for non-affinity modeling, instead of the currently used over-simplified
architectures. We finish by providing a method to reconstruct these networks fully in-silico,
just with statistical distributions gathered from the networks extracted from real images. This
will allow the exploration of optimal network architectures for different processes to be carried

out in-silico, but rooted on networks found in nature.

The research question that this work aim to answer is:

e How realistic network architectures can be reliably extracted from 3D images?

The main motivation is to go beyond simplistic models for theoretical approaches, using

instead real geometries extracted from images.



2. Isotropic and Steerable Wavelets in
N Dimensions. A multiresolution

analysis framework

2.1 Motivation

In our quest to extract structural information of biopolymer networks from microscopy images
we need to pre-process these images to get rid of intrinsic noise and spurious information
that arises from the different microscope techniques. One of the sharpest tools in this area is
wavelet analysis, but most of the software in this field is only available in scripting languages,
(especially the commercial Matlab) so it is not available for high-performance applications
or to export to wider communities. Also, it is usually only implemented for 2D images. In
this chapter we describe the implementation of isotropic wavelets for the c++ image analysis
library Insight ToolKit (ITK), which is open source, the most used library for medical image
analysis and the best tool to handle volumetric images, providing mechanisms and helpful

abstractions that allow to develop algorithms and apply them to 2D and 3D images.

We will use the wavelet phase analysis introduced here as a denoiser for 2D images in the next
chapter and later on in the thesis, it will aid in the binarization of 3D images in preparation

for the extraction of graph parameters.

2.2 Abstract

This document describes the implementation of the external module I'TKIsotropicWavelets,
a multiresolution (MRA) analysis framework using isotropic and steerable wavelets in the

16
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frequency domain. This framework provides the backbone for state of the art filters for
denoising, feature detection or phase analysis in N-dimensions. It focuses on reusability, and
highly decoupled modules for easy extension and implementation of new filters, and it contains

a filter for multiresolution phase analysis.

The backbone of the multi-scale analysis is provided by an isotropic band-limited wavelet
pyramid, and the detection of directional features is provided by coupling the pyramid with
a generalized Riesz transform. The generalized Riesz transform of order N behaves like a
smoothed version of the Nth order derivatives of the signal. Also, it is steerable: its components
impulse responses can be rotated to any spatial orientation, reducing computation time when

detecting directional features.

This chapter is accompanied with the source code, input data, parameters and output data
that the author used for validating the algorithm described in this paper. This adheres to
the fundamental principle that scientific publications must facilitate reproducibility of the

reported results.

2.3 Wavelet Multiresolution Analysis

2.3.1 Introduction

This module is a generalization to N dimension for ITK of the work made by: [43-49].

Learning about wavelets from research papers is not easy. The topic is rich and deep, the
same tool has spanned different research fields, from theoretical physics, to seismology and
signal processing. Yves Meyer has won the Gauss Price (2010), and Abel Price (2017) in
Mathematics for “his pivotal role in the development of wavelets and multi-resolution analysis”.
The detection of Gravitational waves with the LIGO experiment involved the use of wavelets

to analyse the signals.

Stephan Mallat [50] had also a fundamental role in developing the Multiresolution Analysis

(MRA) and making the implementation available for applications.

The steerable framework [43, 44] is widely used in applications to rotate the filter bank to any

direction, avoiding expensive computations.
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We will also implement more recent work [46-48| that uses the Riesz transform (a natural
generalization of the Hilbert transform for N dimensions) to provide a generalization and

extra flexibility to the steerable pyramid.

2.3.2 Motivation: spatial and frequency resolution

Wavelets share the same motivation as the short-time FFT, or the windowed Fourier transform:
get a representation of the signal/image/function that is well localized in the space and
frequency domains. The Heisenberg Uncertainty principle applies here (where it is called the
Heisenberg-Gabor limit: At- Af > ﬁ) limiting the simultaneous resolution of a signal in
time-frequency domains. The Fourier transform, which is the representation of the signal in
the basis of harmonic functions {sin(f), cos(f)} Vf € R, is completely localized in frequency

Af =0, but has global support in space, i.e infinitely de-localized in space At = oc.

A few examples to illustrate the concept: In a discrete case, such as an image, this means
that the FFT has the highest resolution on frequency, but where, in the spatial domain, a
specific frequency is only known to occur ‘somewhere’, bounded by the size of the image
(Figure 2.1, 2.2a). Or in signals occurring only in one time-lapse: they can’t be differentiated
from the same signal occurring continuously, so they will share similar spectra representation
(Figure 2.1). In the same line, non-stationary signals which frequency depends on time will
give a spectrum where all those frequencies are represented, but there is no information about

when, in time, the change of frequency occurred.
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FIGURE 2.1: The changes over time/space of a signal are not captured by the FFT.
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The short-time FFT adds spatial/time localization dividing the original signal in small,
consecutive segments, and applying the FFT to each of those. The problem with this
approach, besides being computationally expensive, is that events shorter than the time
window are still not resolved and that the width of the segment is constant (Figure 2.2b).
Would it be possible to have better spatial resolution for some components of the frequency

spectra, such as high frequency components (Figure 2.2¢)?

f f f
t t t
(A) Fourier Transform, time (B)  Windowed-FFT  or (c) Discrete Wavelet
resolution is the duration of Short-Time-FFT, fixed width Transform. Adaptive window,
the signal. window better time resolution at

high frequencies.

FIGURE 2.2: Simultaneous spatial and frequency resolution of different transformations.
At, Af

2.3.3 Wavelet transformation

Consider the following wavelet decomposition Vf € La(RY)

f@) =YY (fvsn)di(@) (2.1)

s€Z lezd

The family of functions {1s;} is a wavelet frame (Def. 2.2), constructed by means of

translations and dilations (Def. 2.1) of the mother wavelet function 1).
Vsa(@) = [det(A)| "2 (A%z 1) (2:2)

Each dilation, defined by the dilation matrix A, squeezes or stretches the mother wavelet,
acting as a change of scale. The translation operator moves and centers the location of the

mother wavelet 1. If the dilation matrix is diagonal with the same dilation factor a in all
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dimensions, A = aZy, then Equation 2.2 becomes:

Ysi(@) = o Pp(a’w — 1) (2.3)

The mother wavelet function has to have finite energy 1 € Lo(RY), ie [% |ip(z)|Pda < co.

Definition 2.1 (Dilations and Translations). Given a function f € R we define the dilation

and translation operators|51]:

Dilation: Dof(z) = la| Y2 f(x/a) for a € R\{0}
Translation: Ty f(z) := f(x —b) forbe R

R? generalization:
Given f € Lo(R?), f : R = R, & € R?, the dilation scalar a is replaced by a dilation matrix
A = aZ,; [52]. The dilation matrix A is expansive, having all its eigenvalues |\;| > 1, so it is
invertible. For the translation operator, the scalar b is replaced for the vector b.

Dilation: Daf(x) := \det(A)]il/zf(Am) A expansive matrix

Translation: Tpf(x) := f(x —b) for b € R?

Definition 2.2 (Frame). A family of functions {¢x }rezq is a frame of Ly(R?) if and only if

there exists two positive constants A, B < oo such that:

AIIFIP < D 1w, £)IF < BIFIP, VS € La(RY) (2:4)

kezd

The frame is tight if A = B. If A = B = 1 we have a Parseval frame that satisfies the

decomposition /reconstruction formula:
= (on: ) b,V € La(RY) (2.5)
kezd

which has the same form as the expansion using an orthonormal basis, however in the frame

generalization, the family ¢, may be redundant.
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2.3.4 Wavelet Pyramid

A band-limited pyramid is created by applying, at each level, a low-pass filter hg and
downsampling by a scale factor of two, see Figure 2.3a. Because the wavelet frames are tight,
we can get perfect reconstruction applying the inverse pyramid from Figure 2.3b. In Figure 2.3
we use two levels and two high pass subbands A1, ho. The results of this pyramid are the detail
coefficients dy j,, where s € {1,...,Levels}, and h € {1, ..., HighPassSubBands}. Note that
these details are in the frequency domain, if the original image was given in spatial domain,
an inverse Fourier transform for each dj, must be performed to get the wavelet coefficients in

the spatial domain.

ha +— dio

2 hy +— 621,1
f ho — d2p2

hO @ hi F— d21
ho prprox

(a) forward/analysis.

dAl,l h1 4@7 f

di,2 ha
da,2 ha

f Approx @ ho

(B) inverse/reconstruction.

FIGURE 2.3: Forward 2.3a and Inverse wavelet 2.3b two-level pyramid with two high pass
sub-bands.

Usually in the literature the only one high-pass sub-band is used, the wavelet filter bank
consists then in one high pass filter and one low pass filter (see Figure 2.4). The advantages

of the subbands is that they provide more frequency resolution [46], at expenses of more
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computation time, and also they might generate spatial domain distortions due to multiple

sharp cutoffs. For phase detection (see the application in Figure 2.9), they are fundamental.

HP |— d1
f { HP |— dy
-
LP Fapprox
FIGURE 2.4: Forward wavelet pyramid with a classic two level filter bank and only one
sub-band, HP is the high pass filter, and LP low pass

2.3.5 Isotropic wavelets

These wavelets are non-separable in Cartesian coordinates, depending on ||w||. Isotropic
wavelets have the same mother wavelet for each scale. All of the four implemented wavelets
fulfill the conditions of Prop 2.3, their shapes differ in the spatial decay, and vanishing moments.
Which one is better depends on the application, and developing new wavelets is a research
topic. The advantage of isotropic wavelets is that they are steerable, but in order to get
directionality features, the wavelets are coupled with other filters that gather directional

information, such as the Riesz transform, see section 2.4.

The present requirement that the mother wavelet is isotropic constraints the wavelet-design.
The goal is to generate a tight wavelet frame and have perfect reconstruction with the inverse

pyramid.

Proposition 2.3. Conditions for the mother wavelet i to generate a tight wavelet frame
[46-48]:
Let h(w) be a radial frequency profile such that:

1. (Band-limitedness): h(w) = 0,Vw > 7.

n(((am) ) w)

IfA=aTy: Yy |h(@w)]> =1. [46, 53]

2

2. (Riesz Partition of Unity): >, =1.

3. (Vanishing Moments): dzz(:d)

0:0,f0rn:O,...,N.

If the mother wavelet ¥ is defined by (w) = h(||w|), then it generates a tight wavelet frame
in Lo(R?), where ¥ is the ND Fourier transform of 1.
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Condition 2 guarantees that the tiling from all the scales fills the frequency domain, see

Figure 2.5.

VOW, variance-optimal wavelets [49] :

\/1 tan (k(1 + 2log, 22)) T

2 " 2 tan(k) » we [1’5[
h(w) = 1t 14 2logy ¢
@=1 [1_wn(ss2lms)
2 2tan(k) 2
0, otherwise

\

where & € [0, g] is found to be 0.75

Held [46] :
w T T
2 n\q __ ) R
cos( Tq (27r)) w 6]4 2]
. w T
h(w) = { sin (27an(§)> y W 6]5777]
0, otherwise

where ¢, is a polynomial function of order n

Simoncelli [44, 54] :

Shannon:

0, otherwise
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F1GURrE 2.5: Tiling of the frequency domain by isotropic wavelets when the dilation factor
is 2. All the wavelets fulfill the conditions from Proposition 2.3. The mother wavelets are
represented at ¢ = 0.
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FIGURE 2.6: Shape of SubBands when HighPassSubBands = 5, sub-bands increase the
frequency resolution, but can generate extra artifacts in the spatial domain due to the sharp
frequency cut-offs.

2.4 Riesz Transform

The forward or analysis wavelet pyramid outputs a set of wavelet coefficients with information

about each scale. A steerable filter |44, 46, 48] can be applied to the output of the wavelet

pyramid. This is the main purpose of the isotropy of the mother wavelet, the steerable filter

is used to select the orientation where the feature of interest is maximum.

There are mathematical constraints in the steerable filters that can be coupled with the

wavelet pyramid. Read more: [48, 55]|.
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One of the transform that can be coupled to the pyramid is a Riesz transform R of order

N=1
Rif(x)
Ri(@)=| o RI@) =) (2:6)
Raf(x)

where d is the image dimension and the number of components of the Riesz transform of

order N =1. j =+/—1 and F, F~! are the forward and inverse Fourier Transform.

The Riesz transform is the generalization of the Hilbert transform for ND. The Hilbert

transform H is used to generate the analytic signal in 1D.

fa(@) = f(x) + 7H [ (2)

, o . L (2.7)
Hf(@)=(hxf)@) = Hflw) =—jsgn(w)f(w) = —jmf(W)

2.4.1 Monogenic Signal

There is no direct generalization of the analytical signal in ND, but we can generate a signal
with similar properties, called the Monogenic signal using the Riesz transform of order 1[45,
56]. The Monogenic signal is a set formed by the original signal and the D-components of the

first order Riesz transform.

fa = {f?ny-..,Rd} (28)

The amplitude A and the phase P at each location of the Monogenic signal are:

A(x0) = \/f(x0)? + Ar(x0)> (2.9)
where Ag(xq) = vazl Ri(x0)?

P(x¢) = atan2(Agr(xo), A(x0)) (2.10)

The Monogenic signal can be used to perform local phase analysis for feature detection in ND.
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2.4.2 (Generalized Riesz Transform

The Riesz transform will map any frame of Ly(R?) into another one [46, 57]. This mapping
property allows to couple the Riesz transform of any order with the wavelet pyramid and if
the wavelet function is isotropic, to get perfect reconstruction when performing the inverse
transform. The Riesz transform of order N generates a vector containing smoothed directional

Nth derivatives.

We will summarize the multiindex notation introduced in [48].
Consider n = (n1,...,ny) a d-dimensional multiindex vector, where the n; entries are non-

negative integers. And then define the following operators and operations:

1. Sum of components: |n| = Z?Zl n; = N.

2. Factorial: n! = nqlng!---ny!

n

3. Exponentiation of a vector z = (z;, - ,zg) € C% 2™ =21 2}4

N f(=)

4. Partial derivative of a function f(x),x = (z1,...,24) € R%: 0" f(x) = T o
1 Y%

Riesz transforms can be connected to the partial derivatives [48]:

n!

R™(-A) 7 f(x) = (-1 0" f ()

n!

[n|

where (—A)7 is the fractional Laplace of order . From [48]: “Since the inverse of (—A)=2 is
an isotropic low-pass-filtering operator, the net effect of the higher order Riesz transform is to

extract smoothed version of the derivatives of order N of the signal of interested.”

The number of components of R depends on the order of the Riesz transform N, and the

dimension of the signal d:
(N+d-1)!

M =pWNd) = =i

(2.11)

2.4.3 (Generalized Steerable Framework

Simoncelli [44] coupled the multi-resolution analysis using wavelets with the steerable concept
developed years before [43]. A steerable framework can be used with polar separable functions.
In this case, the radial part of the function has to be calculated only once, and the polar part

has only to be computed in those directions that constitute a basis of the space. After this, the
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filter can be oriented, or steered to any direction, using a weighted linear combination of the

basis. This approach gives a directional analysis but keeping it computationally performant.

The steerable framework can be combined with wavelets when these are isotropic, which
implies polar separability. Simoncelli’s framework has been used in a lot of 2D applications.
Freeman in seminal work [43] wrote a generalized version for any dimension, but it was lately,

Chenouard and Unser [46-48] who used rotation matrices in 3D.

Definition 2.4. A function f is steerable in three dimensions if it can be expressed as:

M
f(R:l}) = Z km(R)gm(x) (2'12)

m=1

where = (x1, 22, x3) is any 3D vector in Cartesian coordinates and R is any rotation matrix
in three dimensions. {gm, }m=1..a is the set of primary functions, ie , a basis, and {kn, }rn=1..1

is a set of interpolation functions with M < oc.

2.5 Implementation Details

2.5.1 Summary

Most of the filters in this module require input images in the dual space (frequency domain).
If working with regular spatial-domain images, a itk:ForwardFFTImageFilter has to be
applied. The decision is based on performance and accuracy, avoiding expensive convolution

operations and also multiple Fourier transforms.

Also, because we work in the frequency domain, we add a itk::FrequencyShrinkImageFilter
and a itk::FrequencyExpandlmageFilter without any interpolation. The shrinker chops the
high frequency pixels of the image. And the expander adds zeros in the higher frequency bins.
These filters require input images to be Hermitian —note that the output of a forward FFT on
a real image is Hermitian.

General FrequencyExpanders and FrequencyShrinkers that can be applied to non-Hermitian
complex images are not implemented, although some preliminary work can be found in

https://github.com/phcerdan/ITKIsotropicWavelets/pull/31 based on [5§].


http://www.itk.org/Doxygen/html/classitk_1_1ForwardFFTImageFilter.html
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFrequencyShrinkImageFilter.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFrequencyExpandImageFilter.h
https://github.com/phcerdan/ITKIsotropicWavelets/pull/31
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2.5.2 Frequency Iterators

Every filter that uses the frequency value of a pixel can be templated with a
itk::FrequencylmageRegionIterator.

These kind of iterators add the functions GetFrequencyBin(), GetFrequencyIndex() to a
regular itk:ImageRegionlterator, helping to abstract the complexity of the frequency layout
into the iterator. The layout determines the order and location of the frequency bins: zero
frequency —DC component—, Nyquist, low/high, or positive and negative frequencies. The
layout changes depending on the parity of the image, the forward Fourier transform algorithm
chosen, or if the frequencies have been shifted ( itk::FFTShiftlmageFilter).

Also these frequency iterators have data members: FrequencyOrigin, FrequencySpacing,
holding metadata information about the frequency domain.

ITK puts a strong emphasis in the Imagelnformation or metadata on spatial domain images:
Origin, Spacing, Direction, Index. There are strong requirements when dealing with images
with different metadata, for example, multiplication between two images is only possible
when they have compatible Imagelnformation.

Although, when applying an itk:ForwardFEFTImageFilter, the output image, which is now in
the frequency domain, still have metadata referring to the spatial domain, but nothing about

the frequency origin, or spacing between frequencies.
There are three classes of FrequencylmageRegionlterator:

o FEFTLayout: itk::FrequencyFFTLayoutImageRegionlterator

This iterator assumes that the frequency image has a “standard layout”. Different

libraries, such as VNL, FFTW, numpy.fft, generate this layout. Each image dimension

is divided in two regions, holding positive and negative frequencies.

- ZeroFrequency: The index holding the zero frequency value is at the origin [0, ..., 0]
(upper-left, corner).

- Nyquist: When size N is even, the positive Nyquist frequency is located in the middle,
index N/2, and the negative Nyquist is not stored. When N is odd, there is no
Nyquist frequency, but most positive frequency is at index (N — 1)/2, and most
negative frequency is at index (N + 1)/2.

The first index after the origin corresponds to the positive lowest frequency, say 0.1Hz.
If this is the index 1, the latest index N — 1 corresponds to the least negative frequency

—0.1Hz.


https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFrequencyImageRegionIterator.h
http://www.itk.org/Doxygen/html/classitk_1_1ImageRegionIterator.html
http://www.itk.org/Doxygen/html/classitk_1_1FFTShiftImageFilter.html
http://www.itk.org/Doxygen/html/classitk_1_1ForwardFFTImageFilter.html
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFrequencyFFTLayoutImageRegionIterator.h
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e ShiftedFFTLayout: itk::FrequencyShiftedFEFTLayoutlmageRegionlterator
The standard layout can be confusing to reason about, a common alternative is to shift

the zero frequency bin to the center of the image via itk::FEFTShiftlmagelilter.

e Regular: itk::FrequencylmageRegionlterator.
This iterator is for images that were taken experimentally in the frequency domain.
GetFrequency() here is just a wrap of TransformIndexToPhysicalPoint, and
GetFrequencyBin is equal to GetIndex. It assumes that the image metadata refers to
the frequency domain, so FrequencyOrigin and FrequencySpacing are equal to the
regular Origin and Spacing. Iterators with GetFrequency() functions are needed for

other classes in the module.

This abstraction will hopefully facilitate the implementation of further filters manipulating

images in the frequency domain.

2.5.3 Wavelet Transform

See subsection 2.3.4. The Wavelet Transform is templated over one of the IsotropicWavelet
functions from subsection 2.3.5 chosen by the user through a
itk::Wavelet FrequencyFilterBankGenerator. The generator uses the function to generate an

image or a filter bank.

We can compute the maximum levels that an input can accept with the
ComputaMaxNumberOfLevels, right now the implementation needs inputs of the form s
where s is the scale factor chosen for peforming the multiresolution, and M is an integer.
Even though this condition is restrictive, we can resize any input using
itke:FETPadlmageFilter, or if the user pipeline involves neighbor iterators, prefer

itk:: FETPadPositivelndexImageFilter, implemented in this module, that avoids setting

negative indices.

The itk::Wavelet FrequencyForward generates a set of coefficients generated after applying the
high pass filters hpang for each level, and an approximation (the result of applying the cascade

of low pass filter hg).

The wavelet coefficients from the forward pyramid can be manipulated to perform further
image analysis, for example edge detection, denoise, phase analysis for feature detection, etc.

These extra analysis should be independent of the multiresolution framework.


https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFrequencyShiftedFFTLayoutImageRegionIterator.h
http://www.itk.org/Doxygen/html/classitk_1_1FFTShiftImageFilter.html
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFrequencyImageRegionIterator.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkWaveletFrequencyFilterBankGenerator.h
http://www.itk.org/Doxygen/html/classitk_1_1FFTPadImageFilter.html
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFFTPadPositiveIndexImageFilter.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkWaveletFrequencyForward.h
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After any manipulation, we can perform an inverse pyramid to reconstruct the image. Doing
this requires plugging the modified wavelet coefficients into itk::WaveletFrequencylnverse. If
the wavelet coefficients are not modified by any further analysis, we get exactly the same

image as the original image that we input to the forward pyramid.

2.5.4 Riesz Transform

We have a itk::RieszFrequencyFunction, implementing a Generalized Riesz Function [48]
of any order N > 0. This function receives an input € R?% and outputs a vector of M
Riesz Components, see Equation 2.11. To generate images from this function, we use
the itk::RieszFrequencyFilterBankGenerator. To rotate or steer the result of the Riesz
transform,use itk::RieszRotationMatrix. Please be aware of the use of the multiindex notation

in these classes, see subsection 2.4.2.

2.5.5 Structure Tensor

Given an array of inputs, itk::StructureTensor [48] computes the linear combination (or
direction) of inputs that maximizes the response for each location in the image. Instead of
only measuring the response at the pixel of interest, it takes into account a local neighborhood.

148].

u(xp) = arg max / g(x — xq) ]Iu(x)|2
[ull=1JRd

I is the required std::vector of input images. These images might be the output of a directional
filter to an image (for example, directional derivatives from an image) or the basis of a steerable
filter, such as a RieszImageFilter. Instead of just selecting the max response from the vector
at every pixel, it uses the response over a local neighborhood, specified using an isotropic
Gaussian window g(x). This approach is more robust against noise. The user can control the
radius and sigma of this Gaussian kernel. Estimation of the local orientation this way results

in an eigen-system with matrix:

[J(x0)]mn = Z 9(x — x0) I [x] I, [x]

x€Z4


https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkWaveletFrequencyInverse.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkRieszFrequencyFunction.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkRieszFrequencyFilterBankGenerator.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkRieszRotationMatrix.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkStructureTensor.h
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where I,,, I, are input images, m,n € 0, N — 1 and N is the total number of inputs. ¢ is a

Gaussian kernel.

The solution of the EigenSystem defined by J are the N EigenValues and EigenVectors. The
output of StructureTensor is a 2D Matrix of size (N,N+1), where the submatrix (N,N) are the
EigenVectors, and the last column (N+1) are the EigenValues. The orientation that
maximizes the response: w is the EigenVector with largest EigenValue, which is is the Nth
column of the output matrix. We can use the calculated direction u to get a new image with
max  response from the inputs at each pixel with the function
ComputeProjectionlmageWithLargestResponse(), or any other direction from other eigen

vectors with ComputeProjectionlmage.
Also we can compare eigen values to study the local coherency of each pixel:

. )\N(XQ) — A
x(xo) = AN (%0) + A(x0)

where Ay (xg) is the largest eigen value at pixel xo , and A(xg) = Zf\gl Ai(xp) is the

average of the other eigen values.

2.5.6 Phase Analysis

This module also implements a base class itk::PhaseAnalysislmageFilter, and a specialization
itk::PhaseAnalysisSoft ThresholdImageFilter that applies a soft-threshold technique to ignore
low amplitude values. The example application 2.10, uses a Monogenic signal to study the

local phase of each wavelet coefficient to perform multi-scale feature detection [55, 56].

2.6 A guided example:

I recommend the reader interested in extending this module looks to the tests for more usage

options.


https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkPhaseAnalysisImageFilter.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkPhaseAnalysisSoftThresholdImageFilter.h
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2.6.1 Input in the frequency domain.

The input for the itk::WaveletFrequencyForward has to be a complex image of a float/double
pixel type. If the image is not in the frequency domain already, apply a

itk::ForwardFFTImageFilter to get it.

Some FFT algorithms only work for specific image sizes, for example, the size has to be a
power of two. You can apply a itk:FEFTPadlmagelilter to pad the image with zeros to reach
the required size. However, this filter sets some padded areas with negative indices, which
can generate problems with neighbor iterators. As a work around, this module introduces

itke:FETPadPositivelndexImageFilter to avoid negative indices.

2.6.2 Choosing an isotropic wavelet

Choose a mother wavelet from the options available 2.3.5, and create a
itk::WaveletFrequencyFilterBankGenerator with the type of the mother wavelet as a template

parameter.

typedef itk::HeldIsotropicWavelet< PixelType, ImageDimension>
WaveletFunctionType;

typedef itk::WaveletFrequencyFilterBankGenerator< ComplexImageType,
— WaveletFunctionType >

WaveletFilterBankType;

2.6.3 Forward / Analysis

Perform the wavelet transform based on input levels and high-frequency sub bands.
ComputeMaxNumberOfLevels is a static class function to calculate the max level. Currently,
the size of input image has to be a multiple of two, but the implementation has the member
m_ScaleFactor for future extension and relaxation of this constraint. Use

FFTPadPositiveIndexImageFilter for padding the image with zeros for a valid size.

typedef itk::WaveletFrequencyForward< ComplexImageType, ComplexImageType,
— WaveletFilterBankType >

ForwardWaveletType;


https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkWaveletFrequencyForward.h
http://www.itk.org/Doxygen/html/classitk_1_1ForwardFFTImageFilter.html
http://www.itk.org/Doxygen/html/classitk_1_1FFTPadImageFilter.html
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkFFTPadPositiveIndexImageFilter.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkWaveletFrequencyFilterBankGenerator.h
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typename ForwardWaveletType: :Pointer forwardWavelet = ForwardWaveletType: :New();
forwardWavelet->SetHighPassSubBands( highSubBands ) ;
forwardWavelet->SetLevels(levels) ;

forwardWavelet->SetInput (fftFilter->GetOutput());

2.6.4 Inverse / Reconstruction

Before applying the inverse wavelet and obtaining a reconstructed image, you want to modify
the wavelet coefficients first. The design of the framework has tried to decouple both pyramids,
so we can focus on algorithms that deal only the wavelet coefficients, on not with the details

of the multiresolution framework.

Right now, only a phase analysis filter has been developed, but there are plenty of room for
more, see section 2.7. Set the same options used in the forward pyramid. And set the modified
wavelet coefficients. If you don’t modify them you will reconstruct the original image in the

frequency domain.

Perform the wavelet forward with a suitable image:

#include "itkHeldIsotropicWavelet.h"

#include "itkVowIsotropicWavelet.h"

#include "itkSimoncellilsotropicWavelet.h"

#include "itkShannonIsotropicWavelet.h"

#include "itkWaveletFrequencyFilterBankGenerator.h"

#include "itkWaveletFrequencyForward.h"

const unsigned int ImageDimension = 3;
typedef double PixelType;
typedef std::complex< PixelType > ComplexPixelType;

typedef itk::Image< ComplexPixelType, ImageDimension > ComplexImageType;

// Set the WaveletFunctionType and the WaveletFilterBank

typedef itk::HeldIsotropicWavelet< PixelType, ImageDimension >
WaveletFunctionType;

typedef itk::WaveletFrequencyFilterBankGenerator< ComplexImageType,

— WaveletFunctionType >
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WaveletFilterBankType;

// WaveletFrequencyForward
typedef itk::WaveletFrequencyForward< ComplexImageType, ComplexImageType,
— WaveletFilterBankType >
ForwardWaveletType;
typename ForwardWaveletType: :Pointer forwardWavelet = ForwardWaveletType: :New();
forwardWavelet->SetHighPassSubBands ( highSubBands ) ;
forwardWavelet->SetLevels(levels);
forwardWavelet->SetInput (fftFilter->GetOutput());

forwardWavelet->Update() ;

// Result of the wavelet decomposition.
typename ForwardWaveletType: :0OutputsType analysisWaveletCoeffs =

forwardWavelet->GetOutputs() ;

With the wavelet coefficients in hand (in the frequency domain), perform a decoupled filter,

phase analysis, denoising, feature detection, etc:

// Manipulate coefficients for your purposes:

// Denoise, phase analysis, etc...

typename ForwardWaveletType: :0OutputsType modifiedWaveletCoeffs;

for( unsigned int i = 0; i < forwardWavelet->GetNumberOfOutputs(); ++i )

{

aWaveletCoefficientFilter->SetInput( analysisWaveletCoeffs[i] );
aWaveletCoefficientFilter->Update();

modifiedWaveletCoeffs.push_back( aWaveletCoefficientFilter->GetOutput() );
}

And then plug back the modified coefficients to the inverse pyramid to get a reconstruction.

// Inverse Wavelet Transform
typedef itk::WaveletFrequencylInverse< ComplexImageType, ComplexImageType,
— WaveletFilterBankType >

InverseWaveletType;
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typename InverseWaveletType::Pointer inverseWavelet = InverseWaveletType::New();
inverseWavelet->SetHighPassSubBands( highSubBands );

inverseWavelet->SetLevels( levels );

// inverseWavelet->SetInputs( forwardWavelet->GetOutputs() );
inverseWavelet->SetInputs( modifiedWaveletCoeffs );

bool useWaveletFilterBankPyramid = true;
inverseWavelet->SetUseWaveletFilterBankPyramid( useWaveletFilterBankPyramid );
inverseWavelet->SetWaveletFilterBankPyramid(

— forwardWavelet->GetWaveletFilterBankPyramid() );

inverseWavelet->Update();

// The output of the inverse wavelet is in the frequency domain.
// Perform an InverseFFT to get a real image.
typename InverseFFTFilterType::Pointer inverseFFT = InverseFFTFilterType: :New();

inverseFFT->SetInput( inverseWavelet->GetOutput() );

// Write or visualize the reconstructed output.

writer->SetInput (inverseFFT->GetOutput());

2.6.5 PhaseAnalyzer

Here we show the results of the test itkRieszWaveletPhase AnalysisTest with a couple of optical

illusions images, a checker board and a Hermann grid.


https://github.com/phcerdan/ITKIsotropicWavelets/blob/5c9f8db0718164675eecd6b134e66d4015394ff8/test/itkRieszWaveletPhaseAnalysisTest.cxx
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Edward H. Adelson

(A) Original (B) Intensity thresholding

FIGURE 2.7: The original image looks like a regular check-board, but it isn’t. Pixels in the

regions A and B have the same intensity value (129), however our vision system performs local

phase analysis that allows us to treat A,B regions as different, keeping a global checker-board

structure. 2.7b uses a non-linear map of intensity-color to enhance the irregular checker
board structure.



Chapter 2. Image analysis 38

(D) Levels: 4 (E) Levels: 5 (F) Levels: 6

FIGURE 2.8: (Results of the phase analysis (with soft threshold) for different number of
scales in the wavelet pyramid. The input image is a checker-board of size 5122512).
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(A) Level: 6, HighPassSubBands: 1 (B) HighPassSubBands: 2 (¢) HighPassSubBands: 3

(p) HighPassSubBands: 4 (E) HighPassSubBands: 5 (F) HighPassSubBands: 10

FIGURE 2.9: Using six scales (Level: 6), results for different number of high frequency
sub-bands.
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A) Hermann Grid
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(B) Levels: 8 (max), HighPassSubBands: 1(c) Levels: 8 (max), HighPassSubBands: 10

FI1GURE 2.10: The optical illusion generated by 2.10a the Hermann grid is generated by the
local phase analysis of our vision. 2.10b is the result of a phase analysis with the Monogenic
signal for a wavelet pyramid of 8 levels and only one high pass sub band. 2.10c is the same
pyramid but with 10 high pass bands to increase the frequency resolution. Both results use
Simoncelli wavelet, but there is not much difference using Held, or Vow mother wavelets.
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(A) 3D image of actin biopolymer network. (B) Wavelet phase analysis.

FIGURE 2.11: Biopolymer network (actin) 3D image enhanced and denoised using phase
analysis with the Monogenic signal, with a wavelet pyramid of 4 levels and 4 high pass
sub-bands using Simoncelli isotropic wavelet.

2.7 Conclusion and future work

This work provides ITK with a multiresolution analysis based on wavelet decomposition using
isotropic and steerable wavelets. Also it provides utilities to work in the dual or frequency
domain: Frequency iterators, shrinkers and expanders. It also provides a sub-sampler without

interpolation, and a expander with zeros that work in any domain.

As an application, we showed in Figure 2.10 a local phase analyzer using the wavelet coeflicients

based on [46].

Future work will be easier to implement with the tools already developed. Some work will
only require plumbing operations together in a new filter, for example, creating a specific class
for the Simoncelli Steerable Framework [44], and the more general Steerable framework using

Riesz transform [48], that will use the already implemented itk::RieszRotationMatrix.
More applications that will require extra work but use the same wavelet backbone are:

e Denoising algorithms can be developed using the exposed wavelet coefficients, for example:

Gaussian Scale Mixture Models (GSM)[58], or SURE-LET |[59].

e Feature detection without using template matching in an efficient way [60].


https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkRieszRotationMatrix.h
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Implementation of these algorithms will provide state of the art solutions based on wavelets
to a wider audience, and I am happy to link them from the External Repository, https:
//github.com/phcerdan/ITKIsotropicWavelets to have a reference of wavelet solutions for

ITK.

Already implemented but not used in any application yet are: itk::RieszRotationMatrix,
providing a steerable framework for the General Riesz Transform [48]. And itk::StructureTensor,

a local estimator of the direction —steer— with the highest contribution [47].

As a note for the user trying to choose the appropriate mother wavelet, it is application
dependant, but usually from the four implemented, you can assume that Simoncelli, Held
and Vow will be similar when using the monogenic signal for phase analysis and bright

enhancement.

2.8 Acknowledgements

I would like to thank Jon Haitz Legarreta for improving tests and documentation of the

module.


https://github.com/phcerdan/ITKIsotropicWavelets
https://github.com/phcerdan/ITKIsotropicWavelets
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkRieszRotationMatrix.h
https://github.com/phcerdan/ITKIsotropicWavelets/blob/master/include/itkStructureTensor.h

3. Validation of Transmission
Electron-Microscopy Imaging:

Comparison with SAXS

3.1 Motivation

We were able to study a set of polysaccharide networks samples acquired by two methods,
transmission electron microscopy and small-angle x-ray scattering to show that even if the
preparation of the sample required for the image acquisition modified small length-scale
features, network-scale information above 20nm can be trusted, as it compares well with the

results obtained from unmodified samples studied with scattering.

In the spirit of open and reproducible research, the software developed for this study performing

radial integration of Fourier transform of images and its visualization, is publicly available.

3.2 Abstract

Polysaccharide gels assembled from the anionic biopolymers pectin and carrageenan have been
studied using transmission electron microscopy (TEM). Gels were formed in several different
ways: for pectin, hydrogen bonding was used to form junction-zones between strands, while for
carrageenan systems several different ion types were used to form ionotropic networks. Using
this approach, several distinct network architectures were realized. In addition to preparing
gelled samples for electron microscopy, a set of samples was taken without performing the

additional treatment necessitated by the TEM measurements, and these were studied directly

43
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by small-angle x-ray scattering (SAXS). Taking careful consideration of the relative merits of
different image sizes and available processing techniques, the real-space images acquired by
TEM were used, via radial integration of the Fourier transform, in order to produce simulated
scattering patterns. These intensity-versus-wavevector plots were compared with the results of
SAXS experiments carried out on the unadulterated gels using synchrotron radiation. While
information regarding chain thicknesses and flexibilities was found to be modified by labeling
and by changes in the dielectric constant and mechanical properties of the surroundings in
the TEM, the studies carried out here show that careful protocols can produce datasets where
information acquired above around 20 nm is broadly consistent with that obtained by SAXS
studies carried out on unadulterated samples. The fact that at larger length scale the structure
of these water-rich networks seems largely preserved in the TEM samples suggests that 3D
TEM tomography experiments carried out with careful sample preparation will be valuable
tools for measuring network architecture and connectivity; information that is lost in SAXS

owing to the intrinsic averaging nature of the technique.

3.3 Introduction

Visualizing structures smaller than the wavelength of visible light is an important goal of
benefit to a plethora of scientific disciplines, as recognized by the recent award of the Nobel
Prize in Physics for developments in near-field imaging. Structural studies can be performed in
real or reciprocal space. In many cases reciprocal space techniques, (scattering or diffraction),
can be performed down to atomic length-scales using electrons, neutrons or x-rays. However,
for some systems real-space information is paramount due to the difficulty of retrieving
phase information in the reciprocal domain without extra experimental effort. Such phase
information can provide valuable insights into the spatial arrangement of constituents. Spatial
information is especially important when studying systems such as dispersions and polymer
networks. The study of polymeric networks in soft condensed matter research typically employs
real-space microscopy techniques due to the fact that the detailed spatial architecture can play
a critical role in giving rise to the bulk mechanical |23, 61| and transport [62, 63| properties of

the system, while scattering techniques average over heterogeneities in network connectivity.

Fibrillar proteins such as actin and collagen have been at the center of extensive studies into
the underlying structure-function relationships in these complex materials [37]. Typically these

systems assemble into networks on length-scales where suitably stained individual strands can
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be visualized with wide-field fluorescence or confocal microscopy. Images of networks obtained
in this way are generally considered to be minimally perturbed and faithful representations of
the unstained samples|64]. In contrast, networks assembled from polysaccharides typically form
architectures on length-scales reduced by around an order of magnitude compared with fibrillar
proteins and, as such, their real-space visualization relies heavily on electron microscopy (EM)
techniques. Recent technological advances have produced EM techniques that are generally
considered to faithfully preserve the structures of hydrated proteins without the requirement
for contrast agents [65]. However, for polymeric systems such as polysaccharides the limited
phase contrast offered by these biomolecules typically requires invasive sample preparation.
Even with systematic application the spectre of preparation artifacts is often raised. Despite
this, few studies have been carried out in order to assess the level of confidence that can
be assigned to different aspects of polysaccharide networks obtained using different EM

techniques.

Previous TEM measurements have been performed on a number of different polysaccharide
networks such as alginate, carrageenan and pectin[66-68] and in many of the different systems
significant qualitative differences between networks can be seen, although few quantitative

measurements have been performed.

In this work, several distinct network architectures were realized from two well-known gelling
polysaccharides; pectin and carrageenan; key structural polysaccharides in land and marine
plants respectively. In addition to preparing gelled samples for electron microscopy, a set of
samples was taken without performing the additional treatment necessitated by the imaging
measurements. These were studied directly by small-angle x-ray scattering (SAXS), and the

results compared.

3.4 Materials and methods

Pectin: The gelation method exploited herein has been described in detail previously
[69]. To summarize: a commercially available pectin sample that had a high degree of
methylesterification (DM) (78%) was modified using a processive pectin methyl esterase
(PME) extracted from oranges and sourced from Sigma, to obtain a block-wise sample with
DM of around 40%, and the resulting polymer freeze dried. The polymeric fine structure

was measured using capillary electrophoresis as described elsewhere [69]. Subsequently a
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solution was made by dissolving 0.02 g of the freeze-dried pectin in 1.5 ml of deionized water.
Next 0.16 g of glucono delta-lactone (GDL) was dissolved in water and mixed with the pectin
solution as quickly as possible, in order to minimize any hydrolysis of GDL occurring before
mixing, while being careful not to form bubbles. This solution was then loaded into the

requisite sample cells for TEM or SAXS.

Carageenan: lon-exchanged sodium kappa-carageenan samples were provided by Dupont.
Relevant salt solutions (30 mM KCI or 300 mM NaCl) were first made by dissolving the
required amount of salt in a volumetric flask and using millQ) water. The required amount of
dry carrageenan in order to produce 1% w/w solutions was then weighed out and subsequently
suspended in the relevant salt solution. The solutions were then heated to 60 °C while stirring
until all powder was dissolved. This solution was then loaded hot into the requisite sample

cells for TEM or SAXS and gels formed on cooling to room temperature.

TEM: Gels were fixed with 0.1% Ruthenium Red and phosphate buffered 2.5% glutaraldehyde
prior to dehydration in a graded ethanol series and embedding in an epoxy resin (ProCure 812,
ProSciTech, Thuringowa, Australia). Fixation mechanisms for aldehydes are known to some
extent from protein crystallographic studies, where in particular covalent bonding with lysine
residues is employed [70], but no comparable studies exist for polysaccharides. We found
that Ruthenium Red [71] was essential for maintaining sample integrity during dehydration.
We observed that this was due to the formation of a skin on the gel pieces. The role of
glutaraldehyde in preserving or altering structure is unknown but our observations suggest that
there is no effect on the bulk structure down to the level of individual molecules, where some
combination of fixation and staining changes the native morphology. Indeed, some deviation
from native structure must be expected due to the use of one or more of these reagents.
Sections with nominal thickness of 150 nm were cut with an ultramicrotome and post-stained
with 2% uranyl acetate prior to visualisation. Previous work using tomography to acquire
images from pecin gels in 3D [69] suggests that this post-staining is effective throughout the
section thickness. Imaging areas were pre-irradiated for 15 minutes at low magnification prior
to image acquisition. Two-dimensional micrographs were recorded on a JEOL JEM-1400
transmission electron microscope with a LaBg cathode operated at 120 kV under low-dose
conditions with synchronised beam blanking and acquisition. Projection images were collected
on a Gatan Ultrascan 2Kx2K CCD with a pixel size of 0.86 nm (nominal magnification of 12

000X).
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SAXS: SAXS experiments were performed at the Australian Synchrotron on the SWAXS
beamline where samples were prepared in ~1.5mm quartz glass capillary tubes (purchased
from Hampton Research or capillarytubes.co.uk) and irradiated with 11 keV radiation. For this
high-flux undulator-beamline, a slit was used to attenuate the beam and multiple (typically
10) 1 or 2 second exposures were averaged over in order to increase the signal-to-noise ratio.
The sample was translated between exposures in order to prevent beam damage. Scattered
radiation was collected using a Dextrus Pilatus 1M detector, with sample to detector distances

of 7179 mm and 719 mm.

Image Analysis: Using the FFT of real space images in order to obtain results that are
easily comparable to scattering data, (intrinsically measured in the reciprocal space), has been
utilized previously with two |72] and three dimensional images [73| for different systems. For
this study we utilize the Fourier transform of large two dimensional images (montages) in a
quest to access larger length scales (lower scattering vectors) than would be possible using

reconstructed three dimensional tomograms.

In-house software! written in C-++11, utilizing the image analysis open source library ITK
[74], was used to measure the reciprocal-space properties of the images and directly compare
these to SAXS data. Following the principles of open science and reproducibility, the code
and data used in this article can be found in a public repository! under an MPL (free) license.
A terminal based executable for batch processing, and a graphical interface for visualization
of the analysis process are provided, as well as instructions of how to build the code to run on

different operating systems.

Fundamentally the measured pixel intensity in the images, I(r), at position r, is proportional
to the difference of refractive index I(r) o dn(r) to a good approximation, so that the power
spectrum P(k) of the Fourier Transform (Z{I(r)} = F(k)) (Eq. 3.1) is also proportional to

the scattering intensity S(k) (eq. 3.2) obtained by light scattering experiments |72].

P(k) = |F(k)? = / (1()1(0)) exp(—jk.7)dr (3.1)

v

P(k) < S(k) /(n(r)n(O)) exp(—jk.r)dr (3.2)

Eq. 3.1 uses the Convolution theorem F{I} - .Z{I} = Z{I x I}, with (I(r)I(0)) = [I(s —
r)I(s)ds.

"https://github.com/phcerdan /FFTRadiallntensity
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FIGURE 3.1: The Graphical User Interface (GUI) of the image analysis software developed
herein. A non-interactive interface is also provided for batch processing, along with python
scripts for plotting and manipulation of the generated data.

Here k is the angular reciprocal space vector:
k=2n-¢ (3.3)

Most digital Fourier Transform implementations work with non-angular £ variables, so it
is necessary to apply a factor of 27 to the image frequencies prior to comparing with the

scattering vector q obtained from SAXS defined by:
aT .
0= gl = sin(0/2) (3.4)

where A represents the wavelength of the light source and 6 the scattering angle.

3.5 Results and Discussion

Figure 3.2 shows a collection of TEM images acquired from (a) an acid-induced pectin
gel; and (b) and (c) carrageenan gels induced with potassium and sodium respectively, as
described in the experimental section (these are montages of 5x5 separate images). In order
to investigate the potential effects of the treatment required to prepare the samples for TEM,
SAXS experiments were carried out on the same unadulterated gel samples with a view
to experimentally measuring the structure of the biopolymer networks in reciprocal space
before TEM sample preparation, albeit on a global scale, see figure 3.3. Alternatively, the

Fourier transformation of the real-space images gathered by TEM after the sample preparation
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(Fig. 3.2) also yields the reciprocal space structure of the samples, this time post-preparation for
electron microscopy. Comparing the reciprocal space structures obtained from the real-space
micrographs with those directly measured in scattering experiments allows any differences
that have been introduced by the sample preparation involved in the TEM, or the exposure
to ionizing radiation, to be assessed as a function of length-scale. Rather than attempting
a detailed analysis of the scattering data, which typically requires empirical modeling from
initial assumptions, especially when scattering curves are relatively featureless, the focus here

is on the comparison of the TEM and SAXS data.

FIGURE 3.2: Montages of TEM images obtained from different polysaccharides, as described
in the text.

3.5.1 Qualitative Structural Features

The most striking difference between the three TEM images is the dense cluster-like associations
seen in the sodium carrageenan gel, while the other networks show architectures built from
more primitive rod-like structures. The self similarity of these cluster-like associations can
be quantified by applying fractal analysis to the corresponding scattering data, whereupon
the slope of a log-log plot of the scattered intensity versus q reveals the average fractal
dimension of the scatterers in the sample. The SAXS data is shown in figure 3.3 for the three
samples together with a power-law fitting for the different regimes where self-similarity was
observed. For the sodium carrageenan sample a low-q, a large length-scale, fractal dimension
of (1.93 + 0.02), an intermediate-q fractal dimension of (2.39 + 0.01), and a high-q fractal
dimension of (2.11 £ 0.02) were measured. The similar fractal dimensions obtained across all
measurable length scales testifies to the self similarity of this network over an extended distance
range in good agreement with the microscopy. In contrast, the TEM images from the pectin

and the potassium carrageenan networks both exhibit rod-like features in the micrographs.
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Correspondingly the SAXS data in the mid-q fractal regions do exhibit concomitant fractal
dimensions of close 1, indicating the presence of rod-like features. Indeed, least-squares fitting
reveals mid-q fractal dimensions of (1.27 £ 0.01) for pectin and (1.12 £ 0.01) for carrageenan
respectively, with the slight deviations from unity indicating some flexibility in the rod-like

regions.
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FIGURE 3.3: SAXS results for the three samples shown in the TEM micrographs of figure 3.2,
in the absence of TEM sample preparation. Black lines signify power law fitting, as is
described in section 3.1 of the text.

3.5.2 Consistency Between Techniques at Different Lengthscales

Figure 3.4 shows the reciprocal space data obtained by Fourier transformation of the montages
presented in figure 3.2, for all three gelled systems, compared with the experimentally measured
SAXS results. The absolute magnitude of the calculated data has been scaled in order to
match as closely as possible that obtained from the experimental SAXS data. It should be
noted that when performing the SAXS experiments, data is averaged over the scattering
volume determined by the beam and cell geometry, roughly 0.2x0.2x1.5 mm?, and that by
using combinations of camera lengths and beam-line energies, scattering vectors ¢ ranging
between [0.001,1] nm~! (corresponding to approximately [600,0.6] nm) are routinely available

at synchrotron facilities.
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It can be seen that above ~20 nm there is remarkably good agreement between the results
obtained for all three samples, over the range of different polymers and network architectures
(even when displayed on a logarithmic scale). This suggests that the electron microscopy
sample preparation method as described herein is minimally perturbing to results in this size
range and that TEM provides visual and SAXS-consistent information on the architecture
of polysaccharide networks. The extraction of the statistical properties of such architectures
forms part of our current work and will be reported elsewhere. Below 20 nm however it
appears that there are substantial differences in the SAXS and TEM-derived reciprocal
space representations, at least in two of the gels. Given that the SAXS data represent the
unperturbed gels, this suggests that analysis by classical transmission electron microscopy is
not suitable for structural studies of polysaccharide gels at the level of filaments and their
supramolecular arrangements. It can be hypothesized that such deviations are brought about
by some combination of fixing, contrasting and plastic embedding of the networks, and/or
changes to the resin that occur during exposure to the electron beam. The dehydration step
during which the gel is exposed to increasing concentrations of ethanol leads to a deswelling
of the network which, given the miscibility of ethanol and water, is believed to be isotropic
in nature. It is worth pointing out that the structural distortions to the network due to
beam exposure seem to be relatively small in comparison to the structural changes during

dehydration.

Exposure of the epoxy-embedded section to the electron beam is known to cause anisotropic
shrinkage in the x-y plane of the resin-embedded specimen section [75], while mass loss due to
outgassing of the polymer resin in vacuum causes collapse of the volume orthogonal to the
beam. Together, these beam-induced distortions are known to be complex, and they cannot
be corrected by simple stretching factors that address only isotropic distortions. According to
our measurements, the distortions observed at length scales > 20 nm appear to be remarkably
isotropic, indicating that the end result of the sample preparation steps prior to imaging
(dehydration, embedding, beam-induced changes) either cause negligible change to the gel
structure or more probably, a change of some magnitude that is directly proportional to the
native structure as shown by SAXS. This means that any quantification of the accumulated
changes that occur during EM sample preparation and analysis can be applied to the final
micrographs with confidence. Importantly, the same does not apply to length scales < 20nm,
where the electron-dense reagents used to provide amplitude contrast are unlikely to be

a perfect approximation of the fibre structure. Indeed the specificity of Ruthenium Red
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is not clear and even a single hexavalent cation has a diameter of approximately 1.13 nm
[76]. Furthermore, post-staining with uranyl acetate was found to be necessary to facilitate
image analysis. These observations suggest that the contrast agents are a primary source of

discrepancies between TEM and SAXS at the level of the network strands.

Cryo- electron microscopy of vitrified gels would conceivably solve some of these sample
preparation and imaging issues, and may yet prove useful in investigating the fine structure
of polysaccharide networks; however, cryo sample preparation (which circumvents the need
for chemical fixatives, dehydration and staining) must as a minimum contend with the
naturally high water content of the gels, which makes vitrification challenging. Furthermore,
polysaccharides are poor phase objects compared to e.g. proteins, making it difficult to generate
the image signal-to-noise characteristics required for computational analysis of network fine
structure. If vitrification of the gel was physically possible, cryo- negative staining would
avoid all of the problems mentioned except for non-natural contrast. As reported in this study,
the (predominantly amplitude) contrast generated by classical TEM is due to the stain rather
than the fibers, and the validity of this technique at high resolution depends increasingly on
the stain representing a faithful approximation of the fiber structure. Given the fact that
vitrification of these gels is likely to be very difficult to achieve, we suggest that computational
methods based on unwarping of the distorted structure (based on the movements of fiducial
markers, for example), will be more useful in interrogating the fine structure with the required
level of accuracy. If, however, staining artifacts contribute significantly to the inaccuracies,

consideration must be given to imaging the natural phase contrast of unstained fibers.

3.5.3 Image Processing

The effect of de-noising algorithms commonly used to aid in the extraction and segmentation
of network architectures, and in a range of broader image processing applications has also
been investigated. In particular, the use of a total variation (TV) regularization [77, 78|
and a wavelet based BLS-GSM algorithm [58, 79, 80] have been investigated. These filters
are anisotropic and attempt to reduce noise present in the high frequency domain, while
conserving edges of the regions of interest. The adjustable parameters that are manipulated in
these algorithms, routinely referred to as lambda in TV, and sigma in BLS-GSM, were chosen
in order to achieve the most significant reduction of high frequency speckles, while avoiding

blurring or modification of the high intensity structures. Figure 3.5 shows the analysis in the
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F1GURE 3.4: Comparison of data obtained from TEM best practice and SAXS. Good

agreement can be seen in the large network scale (at low ¢s). The shaded area shows the

upper ¢ range (smaller than 20 nm or equivalently 25 pixels). The top x-axis shows the
corresponding real-space length scale, where d = 27/q.

reciprocal space of the de-noised images, and reveals that while the application of the TV

algorithm in particular appears to improve the consistency of the TEM and SAXS data towards

lower length-scales still, especially for the carrageenan networks, significant modification of

the small-length data (<20nm) is produced through image processing, indicating that the

information obtainable from TEM below this length-scale is not so robust and should indeed

be treated with caution. On a positive note, the data in the large-length (low-frequency range)

is largely unaffected by the application of these algorithms and still agrees with that recorded

using SAXS. An example of the effects of de-noising in real-space is shown in Figure 3.6.
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FIGURE 3.5: Results obtained when applying two widely-used de-noising techniques: total
variation regularization (TV) and multi-scale wavelet denoising using a BLS-GSM algorithm.
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FIGURE 3.6: Visual comparison of the de-noised pectin TEM images (Fig 3.2a). (a) shows
a region from the unmodified original image, (b): de-noised image using a total variation
method [78] with A = 0.15, (¢) shows the same region after applying a multi-scale wavelet

approach using the BLS-GSM algorithm [58] with o = 28.4. Ounly high-frequency regions are
affected by de-noising algorithms, as reflected in the generated I-q plots shown in Fig 3.5a.
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3.5.4 Extracting Persistence Lengths

In order to investigate the possible quantitative extraction of persistence lengths from the
TEM images acquired (Fig 3.2) they were analyzed directly using FiberApp [81]. This open-
source software, available for tracking and analyzing polymers, filaments, biomacromolecules
and fibrous objects, was used to estimate the persistence lengths of the network filaments.
Figure 3.7 shows the application of FiberApp to one of the acquired TEM images and the
extraction of a persistence length for the polymer chains between junction zones. While
the algorithm itself works well, as demonstrated by the quality of the fit of the data to the
worm-like chain model (Figure 3.7 (Insert)) a persistence length of some 140 nm is recovered.
In contrast, fitting the corresponding scattering data acquired by SAXS experiments recovers
a value of almost an order of magnitude less then this. (Specifically, SAXS results from
such pectin acid gels have been fitted previously to a model of flexible cylinders arranged
according to a fractal structure factor [69] and Kuhn lengths of around 9.75 nm were obtained.)
Considering that the scattering-determined value of the persistence length of the chains in
this polysaccharide network is less than ~20 nm, the fact that the value found in the samples
prepared for TEM is different is consistent with out contention that while features of the
unadulterated networks above ~20 nm are largely unaffected by the significant preparation

procedure, smaller features can be significantly perturbed.

It can be hypothesized that such changes in the measured stiffness of the filaments are brought
about by fixing, labeling and finally plastic embedding of the networks. It hardly seems

surprising that in a situation where the dielectric constant of both the alcohols used for
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exchange and the final embedding resin are significantly less than water, and indeed where
the mechanical properties of the embedding resin when cured are significant that the original

thermal fluctuations of the network fibers are now significantly hindered.
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F1GURE 3.7: A TEM micrograph with FibreApp tracking output shown in blue. The insert
shows the internal contour length vs mean-square end-to-end distance calculated from the
corresponding tracking parameters.

3.6 Conclusions

The structures of three different polysaccharide networks have been studied over length scales
from 1 nm to many microns, using SAXS and TEM imaging, revealing marked differences
between gels and consistency between techniques at a resolution > 20nm. The networks exhibit
different exemplary architectures: the sodium carrageenan gel is fractal in nature (consistent
with polyelectrolytic condensation) while in contrast the potassium carrageenan and pectin
samples were comprised of more homogeneous rod-like elements (consistent with the more
specific interactions). The studies carried out here show that despite the fact that extensive
sample preparation is needed to plastic-embed samples for TEM, careful protocols can produce
datasets where information acquired above around 20 nm is consistent with that obtained by

SAXS studies carried out on unadulterated samples. Information regarding chain thicknesses
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and flexibilities are clearly modified by labeling and by changes in the dielectric constant and
mechanical properties of the surroundings, manifesting discrepancies between the results of the
techniques. Further work is planned to characterise the network structure using SAXS during
the sequence of TEM preparation steps, i.e. fixation and dehydration. These experiments will
elucidate the structural changes induced by the TEM sample preparation and the results will
guide new strategies for sample preparations with the aim to reduce the induced structural
changes and enhance the image quality, leading to reduced requirements for image processing.
However, the fact that at larger length scale the structure of the pre-prepared water-rich
networks seem largely preserved in the TEM samples suggests that 3D TEM tomography
experiments carried out with careful sample preparation will be valuable tools for measuring
network architecture and connectivity; information that is lost in SAXS owing to the intrinsic

averaging nature of the technique.
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experiments, and the MacDiarmid institute for PhD studentships (PHC, BWM), and Raffaele
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4. Spatial Graph Extraction: Analysis
of microscopy images to obtain

network architecture

4.1 Motivation

The goal of this chapter this chapter is two folds: report denoising and segmentation methods
applied to 3D images of biopolymer networks, and from a binary image, obtain a spatial
graph representation of the material, which encodes the connectivity and geometry of the
network. The spatial graph abstraction can be used to characterize the network studying
statistical distributions of different properties of the graph, but also as a direct way to encode
the architecture in a format usable by computational models of network behaviour under

strain.

4.2 Introduction

The geometry or architecture of a biopolymer network impacts its mechanical properties and
biological functions. The goal of this chapter is to explain the algorithms and software used
to obtain an abstract representation, a Spatial Graph, of this architecture from volumetric

images taken from any microscopy technique.

A Spatial Graph (see Figure 4.1a), is a graph containing geometrical information about the

image from which it is extracted. It is defined by two sets:

58
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e A set of nodes or vertices (i.e. end-points or junctions), characterizing the spatial

position of chain junctions.

o A set of edges (i.e. links), connecting pairs of those nodes. The geometric information is

contained in a set of ordered edge points, reflecting the path of the connection.

The graph connectivity is described by an adjacency list Figure 4.1b, with extra labels

representing the position of nodes, and the set of edge points.

{1,0,0}
(©

AN
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graph G {
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(B) Adjacency list representing the graph with labels
517 containing the index position of nodes and edges points.

(A) Spatial Graph extracted from a set of voxels.
Numbers in circles represent each node id. In brackets,
the index position of each voxel.

FIGURE 4.1: Visualization of a Spatial Graph (4.1a) and the corresponding adjacency

list (4.1b). The graph is represented in blue, formed by nodes (voxels with id) and edges

connecting them. The voxel positions (in brackets in 4.1a) of nodes and edge points are
stored as labels in the adjacency list.

The following representation fully contains all the information needed to describe a network

structure, as described elsewhere [30]:

1. Distribution of the distance between nodes, i.e. end-to-end distances.
2. Distribution of the fully extended length of edges, i.e. contour lengths.

3. Network connectivity, i.e. degree of nodes: representing the number of other nodes

connected to it.

4. Orientation distribution. i.e. angles and direction cosines of angles between adjacent

edges.

Firstly, to accomplish a reliable extraction of the spatial graph from volumetric images, the
image processing analysis used to segment the biopolymer from images will be introduced,
this includes the pre-processing and denoising steps in section 4.3 and the binarization in

section 4.4.
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Secondly, the thinning or skeletonization algorithm developed for creating a thin (one-pixel

wide) image representation of the network in section 4.5 will be presented.

Thirdly, from the resulting thin image, the abstract representation in form of the described

Spatial Graph will be discussed in section 4.6.

Once extracted, any Graph property can be computed from our extracted spatial graph using
the tool-set of complex networks, from degree distribution to clustering coefficient. In addition
also the spatial information allows us to compute geometric quantities, such as distance

between nodes or angle between adjacent edges.

Finally, statistical distributions will be computed from our extracted graphs: degrees, end-to-
end distances, contour lengths and direction cosines, that capture, in an analytical form, the

network architecture (section 4.7.

Outline:

1. Denoising
2. Segmentation

e Binarization

e Hole Filling
3. Thinning / Skeletonization
o Critical Kernels Framework

4. Spatial Graph Extraction

4.2.1 Notation

The pixel, pixel position, or pixel index is defined as: p = (z,y,2) e V, where z € [0, X — 1],
yel[0,Y —1], z€[0, Z — 1] are the integer coordinates and V' C I? is the volume of the stack of
images V = {X x Y x Z}. With Z the number of images in the stack, and X,Y the size of

the 2D images.

Pixel value or pixel intensity refer to the value of the pixel in the corresponding image.

The value could be an integer, a boolean, or a real number, depending on the type of image:
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gray-scale, binarized or a distance map. The original gray-scale image [ is defined as:
I(p) : V. — G where G is a set of integers representing the gray-scale. G = {0,1,...,Gy} C I
where 0 represents black, Gjs pure white, and the others correspond to different gray-scale
values. Gy = 255 in 8 bits images, and Gy = 2'® — 1 = 65535 in higher quality images of 16
bits.

The binarized image B is defined as the map:
fB I — BT ‘

1 ifrl T
Br(p) = P)= (4.1)
0 ifI(p)<T

Where T e G is the threshold value of the binarization. The threshold can also be expressed
as a normalized intensity value Tpe[0,1] C R. If I,4, € G is the max value of I, then the
threshold is T' = round(Tp - Iz ) where the round function converts a real number into the
nearest integer. The binary threshold can also be characterized with a percentage of the

brightest gray-scale value involving cumulative histograms of I.

4.3 Denoising

Pre-processing the image to remove spurious noise is fundamental to obtain a good segmentation

of our network in the next step.

The wavelet tools developed in chapter 2 were used to perform a phase analysis [46] in
the image. This will equalize local brightness differences, and homogenize intensity values
of foreground objects. Then, an anisotropic denoising is performed, which avoids blurring

information in edges of objects.

Total variation regularization |77, 78] methods were applied to our 3D images, showing effective

denoising and maintaining sharp transitions between edges of objects and background.
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(A) Original (B) Total Variation A =1 (c) Wavelet based

FIGURE 4.2: Pre-processing the image (actin): denoising with wavelets and total variation
methods.

4.4 Segmentation

Segmentation refers to the extraction of the objects of interest from an image, discarding the
rest of information. When the image is composed by many different objects, with different
shapes and pixel intensities, complex approaches must be taken to reliably extract the objects
of interest. For example in biology the segmentation might want to extract only cells of certain

type from an image with many other actors.

In our case, our images are only composed by biopolymers, so our segmentation is easier, it

reduces to a binarization task: separate background and noise from the biopolymer objects.

Easier doesn’t mean easy though, grouping all the information into two clusters is inherently
hard. The goal is to find an intensity value that acts as a threshold for the two groups. If
the intensity along the image is not bright-normalized, it might happen that objects with
absolute lower intensity are lost. This is the reason why a local approach using a region
growing algorithm is preferred, where first seeds in the middle of our object of interest are
selected, and then, the algorithm will grow those seeds to fill the whole region of interest

based on intensity differences between neighbor pixels and the seeds.

Any binarization filter is seriously affected by noise present in the images. That is why the

pre-processing and denoising step is fundamental to get a reliable result from this process.
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4.4.1 Binarization

The gray levels of pixels belonging to an object are substantially different from the gray levels

of the background. Thresholding is a way to separate objects from the background.

Sezgin and Sankur [82] is a good review about the subject. The output of the thresholding
process is a binary image, whose one state will indicate the foreground objects, while the

complementary state will correspond to the background.

(A) Input Image - Original

(D) Tp=0.1176 (E) Tp=0.20

F1GURE 4.3: Different threshold values applied to a confocal image of an actin network. Tp

is a normalized threshold value, if G4, is the brightest pixel, then T' = Tp - Pyq.. According

to eq 4.1, any pixel which value is greater than T transforms to 1 (white) after the binary

filter. At low values of threshold (case b), networks are blurred, but at high values (case d),

some connectivity information is lost. The case d corresponds to the threshold calculated by
Otsu’s method.

A significant body of work already exists on thresholding. One of the most famous binary
filters is Otsu’s method, which minimizes the weighted sum of within-class variances of the
foreground and background pixels to establish an optimum threshold [82]. This method
belongs to the clustering-based methods of thresholding. Further classification of thresholding

is based on:

e Histogram shape. Peaks, valleys and curvatures of the smoothed gray-level histogram

are analyzed. Peak-and-valley.
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e Clustering. The gray levels are clustered in two parts, one corresponding to the
background and the other to the foreground. This method analyses separately each

cluster. Otsu, Minimum error, fuzzy.

e Entropy. Exploits the entropy of the distribution of the gray levels in the image.
Maximization of entropy is indicative of high information transfer. Low cross-entropy
between input gray level and output binary means preservation of information. Pal,

King, and Hashim [83| were the first to use Shannon entropy in image analysis. [84]

e Object attribute. Select the threshold based on some attribute quality between the

original and binarized image. Edge matching, connectivity, shape compactness.

e Spatial methods. This class not only uses the gray distribution, also studies the
dependency of pixels in a neighborhood, for example, correlation functions or co-

occurrence probabilities.

e Local adaptive methods. A threshold is calculated at each pixel, which depend on

some local statistics, like variance.

e Region growing. The binarization starts from seed pixels placed in the interior of
objects wanted to be segmented. These algorithms study the neighborhood of these
seeds and under some criteria, for example intensity difference, it adds the neighbor

pixel to the foreground region. The process is repeated until no new pixel is added.

For our purposes, the binarization threshold will have an impact in obtaining the network. If
the threshold is too high, long fibers will break in short, unconnected pieces. If the threshold

is too low, fibers that are clearly separated, will become blurred together.

In Fig.4.3 the geometry of a small area of an actin network is compared after applying different
binary thresholds. The stack of images of networks used here was obtained in our group by

Dr. Allan Raudsepp using confocal microscopy on actin.

4.4.1.1 Region Growing Segmentation

The risk of region growing algorithms is that a seed will be planted outside our foreground
objects. However, I have found planting the seeds with a normalized threshold T}, I don’t

have to fine tune the lower threshold too much. The results are quite resilient against small
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changes of these parameters, where a pure thresholding approach will suffer a lot of variation

and be prone to noise artifacts.
Using itk::Connected ThresholdImageFilter with the script: regionGrowingSegmentation.cxx
Parameters:

e Lower threshold and upper threshold: The region won’t grow into pixels outside
these limits. Combined with a conservative 7T}, for initial seeds the results do not change

with small variation of these parameters.

e Normalized Threshold 7, for initial seeds: Create initial seeds based on a
normalized binary threshold. Taking a conservative low value, the region will grow from

these seeds to fill the object.

4.4.2 Hole Filling

Due to noise, tiny holes might still be created in the binarization process. These holes (areas of
OFF pixels surrounded by ON pixels) have an important effect in the following skeletonization
step because they change the topology of the object and the network to be extracted. To solve

it, an aggressive fill of these small holes with an iterative hole filling algorithm is realized.

Using itk::VotingBinarylterativeHoleFillinglmageFilter with the script: binary denoise 3D

fillholes

Parameters:

e Majority: Number of ON pixels in the neighborhood of an OFF pixel, to switch it
into ON. By default, majority = 1, this means that an off pixel will be turned on if in the
neighborhood (set by radius) there are at least 50% + 1 pixels ON. If radius = {1,1,1}
neighborhood size will be 3 x 3 = 9 pixels. If 5 pixels around an OFF pixel are ON,

then it will be switched.

e Neighbor Radius: Number of neighbors to check. R = 1in 3D isa 3 x 3 x 3
neighborhood.

e Iterations: Number of iterations before stopping, the algorithm also stop if no changes

are generated after last iteration.


https://itk.org/Doxygen/html/classitk_1_1ConnectedThresholdImageFilter.html
https://github.com/phcerdan/ITKfilters/blob/master/scripts-cpp/regionGrowingSegmentation.cxx
https://itk.org/Doxygen/html/classitk_1_1VotingBinaryIterativeHoleFillingImageFilter.html
https://github.com/phcerdan/ITKfilters/blob/master/scripts-python/binary_denoise_3d_fillholes_iterative.py
https://github.com/phcerdan/ITKfilters/blob/master/scripts-python/binary_denoise_3d_fillholes_iterative.py
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A high value of majority and a small neighborhood is selected to only fills small holes, but let
bigger empty spaces unaffected.

For 3D images, a value of:

Majority = 3, Radius = 1, Iterations = oo works well for our purpose of removing just small

holes.

4.5 Skeletonization

The skeleton of an object is a representation of the object, which contain both, shape features
and topological structures of the original object. It is widely used in computer graphics,
character recognition, and analysis of biomedical images.[85-87]. The skeletonization is very
sensitive to noise and boundary deformations, which generates redundant skeleton branches
that disturb the topology of the skeleton graph (Fig.4.8(b)). This being the reason why the

mentioned pre-processing steps of the image are important for a reliable skeletonization.

What are then the desirable properties of a skeletonization process? a) Preserves the topology
of the original object, i.e. it has the same tails and holes. b) Generates a minimal or thin
skeleton, i.e. the width of the skeleton is one point, only containing points which removal
would alter the topology. ¢) The skeleton is centered in the object. d) Stable under small

deformation of the boundaries (noise) of the object, not generating spurious branches.

There is no single skeletonization algorithm in the literature that fully complies with all
these desirable properties, the more difficult being the robustness against rough and noisy

boundaries.

The most important skeletonization algorithms can broadly be classified by:

1. Based on Voronoi diagrams [88]. These methods search the locus of centers of the
maximal disks contained in the contour of the object. The skeleton can be extracted
with accurate position and topology, but the time of computation is usually prohibitive,

and the complicated skeleton needs to be pruned due to spurious branches.

2. Based on detecting ridges in the distance map from the boundary points. The position
of the skeleton is centered, but does not guarantee to preserve the same topology than

the original object [87].
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FIGURE 4.4: Thin image of a pectin network after skeletonization performed with the critical

kernels framework (see subsection 4.9.4) and visualized with a 3D Viewer. The skeleton keeps

the topology of the original object, is thin, centered, and robust against rough and noisy
boundaries.

3. Based on iteratively peeling off points from the boundary of the object [89, 90|. The only
points of the object that are deletable are simple points (a point is simple if its deletion
preserves the object topology). The generated skeleton preserves the topology of the
object, however is not guaranteed to be centered. The simple points can be removed
sequentially or in parallel. The order in which these points are selected affects if the
skeleton is thin and/or centered. However the skeleton is not stable except for small

objects, usually generating many spurious branches.

4. Based on the critical kernels framework [91|. The generated skeleton keeps the same
topology than the original object, is thin, and the skeleton is much more stable compared

to the removal of just simple points, generating less spurious branches. The original
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implementation [91] does not guarantee centered skeletons, but it can be enforced with

the help of a distance map.

4.5.1 Distance maps

The distance map calculates the distance from a white pixel to the nearest black pixel. Every
white pixel in the binary image has now a real value calculated using any selected distance
function (euclidean, quasi-euclidean,...). Distance maps can be calculated from a binary
image, or from any image with shapes that are labeled differently. Fig.4.5 has some distance
maps of actin networks. Fig.4.11 shows the values of a distance map which have been simplified

from real to integer numbers for clarity.

~Binarization Distance map

R

(¢) Tp=0.1176 (p) Tp=0.20 (¢) Tp=0.1176 (1) Tp=0.20

FIGURE 4.5: Example of distance maps calculated from binarized images with different

normalized thresholds Tp. Images (A) to (D) show binarization images with increasing

threshold and (E)-(H) show the associated distance maps. In (A) the threshold is too low,

getting much of the background noise, in (D), the threshold is too high, trimming the target
signal from the biopolymer.

4.5.2 Critical Kernels Framework

I contributed with this framework to DGtal https://github.com/DGtal-team/DGtal [92],
an open-source digital topology library in c++. The work was reviewed, accepted and merged

in the library since version 0.9.4 (see A.1.4 for more information).


https://github.com/DGtal-team/DGtal
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I refer the interested reader to the original work of Bertrand and Couprie about Critical
Kernels [93]. Here I will introduce a short summary of the framework, and options for the
script used in this work. This summary was contributed to the documentation of DGtal

library.

e Isthmus: “Intuitively a voxel x of an object X is said to be a l-isthmus (resp. a
2-isthmus) if the neighborhood of x corresponds -up to a thinning- to the one of a point

belonging to a curve (resp. a surface)."

e Reducible: The complex X is reducible only if it is possible to reduce it (with thinning)

to a single voxel.

e d-cell: A d-cell where d € {0,1,2,3} is a pointel for d = 0, a linel for d = 1, a surfel

for d = 2, or a spel for d = 3.

For example, a voxel contains 1 spel, 6 surfels, 12 linels, and 8 pointels. And the
intersection of two neighbor voxels sharing a face contains 1 surfel, 4 linels and 4

pointels.

e Clique: Let d € {0,1,2,3} and let C € V3 with V3 being the collection of all voxel
complexes (a finite set composed solely of voxels). C is a d-clique if the intersection of

all voxels of C is a d-cell.
Any complex C made of a single voxel is a 3-clique. Furthermore, any voxel of a complex

constitutes a 3-clique that is essential for X. Essential is the minimal clique for X.

e K-neighborhood (of voxel S): K(S) is the set of all voxels adjacent to S. And
K*(S)=K\&S.

e Regular Clique: The clique C is regular for X if K*(C') N X is reducible to a single

voxel.

e Critical Kernel: C is critical for X if C is not regular. Note that if C is a single

voxel x, then C is regular for X, only if x is simple for X.

Removing simple voxels in parallel is known to change its topology, but using critical kernels

it is ensured to keep the same topology and homotopy type after thinning.

Theorem 4.1. The complex Y is a thinning of X if any clique that is critical for X, contains

at least one vozel of Y.


https://dgtal.org/doc/nightly/moduleVoxelComplex.html
https://dgtal.org/doc/nightly/moduleVoxelComplex.html
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The details of the algorithm can be summarized in the implementation of four masks Ky, K1,
K, K3, that given a d-cell (pointel, linel, surfel, spel) return a d-clique and a boolean flag
with its criticality. Where K3 corresponds to the well-known simplicity check of a voxel. An

iterative thinning algorithm is then applied as shown in Figure 4.6.

Algorithm 2. PersistenceAsymThinning(X, k, p)
Data :Xe V3 ke{l,2%}, p e NU{+oo}

Result : X
1i:= 0; K := 0; foreach x € X do b(x) := 0;
2 repeat
3 1= 1+1;
4 Y = K;
5 for d < 3 downto 0 do
6 Z =0
7 foreach d-clique C C X \ Y that is critical for X do
8 L Z =2 U {Select(C)};
9 Y =YUZ
10 W:={xe X\ K| xis a k-isthmus for X};
11 foreach x € W such that b(x) = 0 do b(x) := i;
12 W= {xeY|b(x)>0andi+1-b(x) = p}
13 X=Y,K:=KuW’,

14 until stability ;

FIGURE 4.6: Asymmetric thinning algorithm with persistence, from Ref. [91]

Based on this framework, the concept of persistence of a voxel in the thinning [91] is
implemented. The motivation is to automatically prune those branches that do not belong to

a robust skeleton.

Let ¢ be the generation (see Figure 4.6) at which a voxel x becomes an isthmus for the first
time, we name it birth date b(x) = i of the voxel. In a later generation j of the thinning
process, the voxel might become deletable, we call it death date d(x) = j. The definition of
persistence of a voxel is the difference between death and birth date, p(z) = d(z) — b(z). We
can choose to only keep isthmuses that have a persistence greater than a selected threshold.
This persistence can be interpreted as a relative measure of the elongation of an object. With
the persistence parameter, the user decides how much the elongation of an object must exceed

its width to be preserved. This effectively prunes short and insignificant branches.
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FIGURE 4.7: Asymmetric thinning of a volume with different parameters. (a): Ultimate
skeleton, only voxels that conserve topology are kept. (b): keeps 1-isthmus as part of the
skeleton. (c): l-isthmus with persistence parameter p = 10

The implementation also allows unlimited flexibility, thanks to a functional style, to choose

the Select and Skel function for any purpose.

The Select function chooses a voxel from a given pool. This is necessary given the parallel or

asymmetric nature of the algorithm. The options are:

e selectRandom: Given a set of voxels (a clique), chooses one at random.
e selectFirst: Select the first voxel in lexicographical order.

e selectMaxValue: Select a voxel with the max value of another user-defined function.

This wrap will be used with a distance map (see subsection 4.5.1).

The Skel function provides a way to keep voxels that are wanted to be preserved in the final

skeleton.

e skelUltimate: Null, only preserve voxels whose removal alters the topology. The

result of the thinning in a solid object without holes and no branches is just one voxel.

skelEnd: Preserve voxels that have only one neighbor.

e Onelsthmus: Preserve 1-isthmus voxels.
e Twolsthmus: Preserve 2-isthmus voxels.
e skellsthmus Preserve 1 and 2-isthmus voxels.
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e skelWithTable Accepts a look-up-table (LUT) of pre-computed values of certain
property for certain configuration of voxels. This is used with pre-computed LUT tables
for isthmus to greatly speed up the computation. It is greatly recommended and LUT
tables for 266 (fully connected in 3D) topology are provided.

(a) (b) (c)

FIGURE 4.8: Skeletonization process. (a) Distance map. (b) Traditional skeleton with no
pruning. (c) Skeleton generated using fixed topology methods. From Ref.[85, 86]

The original implementation [91] does not ensure obtaining a centered skeleton, but here I
introduce the use of a distance map for our Select skeletonization function, to first select the
voxels which have max value in the distance map. This selects the voxels in the medial axis,
obtaining a centered skeleton while keeping the same topology. To our knowledge, this is the
first time where such state of the art digital topology algorithms are applied to biopolymers

images.

4.6 Spatial Graph Extraction

From the skeletonization using the Critical Kernels Framework (see subsection 4.5.2) a thin
image is obtained, where all the pixels belonging to an object in the binary image are reduced

to a thin representation of it, in the sense that this generated skeleton is one-pixel wide.

From here, our task is to transform this thin image or skeleton into a Graph. A set of nodes
connected to each other through edges. The first step, and also contributed to the DGtal
library, is to obtain a raw graph, a graph where each node is a voxel of the skeleton, and

neighbor voxels have an edge connecting them.
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For regular images, this raw graph is enormous, imagine a voxel in the interior of an object,
assuming a fully connected topology, this voxel would be in the center of a 3 x 3 x 3x cube of
voxels, having 26 connected neighbors, i.e. 26 edges or degree = 26. These neighbors voxels
are nodes as well, and might be connected to others. But for thin images, where the number
of voxels is greatly reduced, this allow us to start using tools from graph theory to extract a

more meaningful graph, a Spatial Graph.

In a Spatial Graph only nodes with degree different than 2 are considered vertices (see
Figure 4.10). These end (degree = 1) and junction (degree > 2) nodes are connected to similar
nodes via Spatial Edges, where the bending points (degree = 2) connecting those are stored
in the spatial edge as edge points (see Figure 4.1b for an example). The rest of vertices are
kept with the same connectivity as Spatial Nodes, adding its index or spatial position from

the image.

This transform uses a Depth First Search (DFS) visit, starting from end-points vertices
(degree=1), it follows the connected neighbors (chain-nodes of degree 2) until it reaches
another end-point or another vertex with degree 3 or more. When this happens, two Spatial
Nodes are added to the new Spatial Graph (the starting node source and the end node), and

one Spatial Edge, containing all the visited 2-degree pixels.

The DFS algorithm is applied iteratively in the graph, but the visited nodes are marked
to avoid re-visiting them. After starting with end-points, it re-starts with any non-visited
junction nodes (degree > 2). And to finish, self-loops are discovered, circular structures where
all nodes have degree 2. Because the graph doesn’t allow self-loops, edges where source and
target are the same node. These self-loops are encoded into two nodes, the first is the original
vertex, and the second one is created in the median of the Spatial Edge. So these self loops

are two nodes with two parallel edges of about the same number of edge-points between them.

The DFS algorithms is quite fast thanks to its marking of already visited nodes. There are
two filters that can be applied to the process that have an impact in the generated Spatial
Graph.

The original Raw Graph can be optionally post-processed, if there are three nodes with

degree 3 connected between them, the longest edges (diagonals) are removed (see Figure 4.9b).

The spatial graph gives access to the complete network geometry, and additionally allows us

to analyze the architecture with sharper tools.
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(a) Raw Graph. (B) Raw Graph merged

FIGURE 4.9: Extracting the raw graph from the thin image and post processed to remove
the largest edges between tri-connected nodes with degree 3. Numbers show the number of
edges (degree) of each node.

FIGURE 4.10: Spatial Graph where vertices with degree 2 are deleted, and its position are
stored as edge points in the new edges. Numbers in circles represent degree of each node.

4.7 Statistical distributions of graph properties

With the spatial graph in hand we have at our disposal all the tool-box from the field of
complex networks to characterize the network plus all the geometrical measurements that
might be needed due to the storage of positions of each node and edge points in the spatial

graph.
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Following the approach of Lindstrom to characterize networks from statistical distributions
[61, 94], the degree distribution, the end-to-end distance between nodes (ignoring edge points),
the contour lengths between nodes (taking into account edge points), and the angles between

adjacent edges and direction cosines of those angles are computed.

Also any existing short branch can be pruned when computing these properties, the spatial
graph won’t be affected, only the data extracted from it. Usually, the extremely short
branches with only one or two edge points are chosen for removal to have a cleaner vision
of the important branches of the network. These really short edges are not significant when
getting a broad representation of network properties, but the user decides if and to what

extent they are ignored.

For all our networks the degree-distribution can be described by a geometric distribution (see

Equation 5.1), truncated for branch-points (only nodes with degree greater than 3) .

The end-to-end distance between nodes and the contour lengths distributions fits to a log-
normal distribution, see Equation 5.2. This distribution is used to describe multiplicative

processes in many fields. In biology they are used to describe growth processes [95].

These distributions are the result of the generative processes in network formation, and can

be used to infer the details of such processes and patterns [96, 97].

The direction cosines of the angles between adjacent edges is fitted to a truncated power series

[61], that fits well for all the networks studied, see Equation 5.3.

4.8 Testing existing thinning algorithms

Thinning algorithms have been applied to confocal microscopy images containing biopolymer
protein networks before [94, 98|. In this section I test and describe the algorithms used on
these extractions, and discuss why I discarded them and used the recently developed Critical

Kernel Framework [99] described in subsection 4.5.2.

4.8.1 FlIbeR Extraction -FIRE-

FIRE has been developed in Matlab by Andrew M. Stein [100] to extract collagen networks

from confocal images. It is an open source application with a BSD licence and it can be
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downloaded from https://github.com/uw-loci/fiber-extraction. The method [98] is
based on an original idea of Wu et al. [101]. The main upgrade is the use of multiple nucleation
points and the restriction that each branch extends only in a single direction from a nucleation
point. In Wu et al. [101] the network has a single nucleation point at the global maximum of

the image distance function D.

A Smooth filter Smooth the image with a Gaussian filter.
B Binarization threshold Keep a percentage of the brightest pixels.

C Distance map D Distance map using Euclidean distance. It assigns a value to each

pixel equal to the distance from that pixel to the nearest black value.

D Nucleation points NPs They are the local maxima of the distance map D(u). The
locality is defined by a box of chosen radius $;p, = 5. They are only selected if they
exceed a tunable threshold 6,,,. = 2. A single nucleation point of value 4 is denoted by

the thick circle in 4.11a.

E Extension of branches LMPs The next step is to trace the branches, extending from
the nucleation points. To do that FIBER finds a set of Local Maximum Points (LMPs)
at each nucleation point. LMPs occur where there is a local maximum in D(w) on the
surface of the box centered in the NP u, and with radius(in pixels) the rounded up value
of D(u). See Fig. 4.11a. LMPs are then extended with other LMPs only if the direction
of extension is straight enough (Fig. 4.11b). If there is no LMP with that condition, or

it arrives at another nucleation point, the iteration ends.


https://github.com/uw-loci/fiber-extraction
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(A) Step 1 (B) Step 2

FIGURE 4.11: Tracing of the ridges of the distance map using FIRE from Ref.[98]: 4.11a
Step 1: Pick a nucleation point (thick circle) and find all LMPs. 4.11b Step 2: Pick a LMP
and find the next LMP which continues in the same direction. See text for details.

4.8.1.1 Results in FIRE

I have used FIRE to analyse our confocal stacks obtained from actin networks. For testing
purposes, the images have been cropped due to the slowness of FIRE processing big networks,
due to being in Matlab and the nature of the algorithm itself. From an original image of Actin

of V'=1024 x 1024 x 39, I have cropped it to V' = 200 x 200 x 20.

Fig.4.12 shows the different steps of the FIRE algorithm. In Fig.4.13 a plot is shown with the
statistical distribution of end-to-end distances and degree for different thresholds Tp. These

distributions will be further discussed in section 4.7 and chapter 5.

The drawback of FIRE is that the topology of the networks is not guaranteed to be conserved
in the extracted skeleton. Some branches could be missed depending of its parameters, and
noisy skeletons are generated. These are restrictions inherited from the algorithm originally
developed in 2003 [101]. The other drawback is that is developed for Matlab which is designed
for fast prototyping of algorithms, but the speed of the computations is compromised without
further optimizations. Even though the software is open source, it requires that users own a

license of Matlab to run the algorithm.
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FIGURE 4.13:

(c) Tp = 0.08

from cropped actin netwoks.

4.8.2 Avizo: XSkeleton

Extracting statistical distributions for different binary thresholds using FIRE

Avizo is a software commercialized by FEI: Visualization Sciences Group. Access to Avizo was

obtained through a collaboration with Fonterra (Food company, NZ).

Avizo uses a Distance Ordered Homotopic Thinning (DOHT) algorithm, that ensures homotopy

(i.e. keeps the same topology than the original object), thinness and centered skeletons.

XSkeleton is the package or module that used to extract the network topology. The algorithm

and the result are different to FIRE. Here follows a description step by step:

A Smooth filter Smooth the image with a Gaussian filter

B Binarization threshold Multi-threshold module.

This threshold is not based in

percentage of the brightest pixel. It is a classical threshold turning to pure white 255 all


http://www.vsg3d.com/avizo/overview
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pixels with a value greater than the threshold value, and black all the pixels below that

value.

C Distance map Distance map using Euclidean distance. It assigns a value to each pixel

equal to the distance from that pixel to the nearest black value.

D Thinner module This is the skeletonization step. The module takes as input a label-
field to be thinned and a distance map scalar field. It removes voxel by voxel from the
segmented object until only a string of connected voxels remains. The thinning algorithm
automatically detects dead end branches of skeleton spatial graphs. A parameter is
used to distinguish them from noise on the interface of the considered regions to avoid
spurious branches. Its default value is 5, i.e. the branches with a dead end which length
is lower than 5 voxels are automatically considered as noise and removed. Setting this to
10, which is a rather large value, leads to only a few branches remaining in the skeleton.

The drawback is that you also might miss real endpoints.

E Trace lines module Converts an image that contains lines represented by voxels into

a spatial graph object.

=
~| @gl‘a T

: ® Eucid ) Chamfer () SingleSeeded

X LenOfEnds:  lenofends (5

s

FIGURE 4.14: Avizo workspace. Left: Visualization of the whole network of Actin data.

Top right: Filters applied step by step. Bottom right: Most influential filters parameters,

binarization threshold (30 in the image) and skeletonization parameter: pruning of branches
that length is lesser than the threshold (5 in the image)
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4.8.2.1 Awvizo results:

The whole stack of our confocal images of actin (V' = 1024 x 1024 x 39) is analyzed. The key

parameters in Avizo are the binarization T and the pruning threshold P.

In Fig.4.14, a regular workspace in Avizo can be seen. The different filters, the key parameters,

and the result of the process, the actin network are visualized.

In Fig.4.15 the statistical distributions are extracted from the network that will be used in

chapter 5 for the reconstruction of the network.

Fig.4.16 shows that statistical distributions are quite robust versus small changes in the key

parameters T and P.
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FIGURE 4.15: Actin data analyzed with Avizo with binary threshold 7" = 30 and pruning
parameter P = 5. Length following a log-normal or exponential distribution. Degree
following a geometrical distribution. Direction cosines following an unknown distribution.



Chapter 4. Spatial Graph Eztraction 83

Length distribution - merged Length distribution - merged
0.18

018 1
014 g
012 g
0.1 g
008 1
008 1
004 1
002 1

0 I_I. ' — L L

0 10 20 30

20 s &0 70
|

Fily

1] Degee distribution o Degee distribution
10 T T T T T T

a -1
10 E 10 E
2 2
10 E 10 ]
e
=
3 E
10 E 10 ]
-4
-
10 E @ ]
=) )

L L L L L -5

\ , , \
0 2 4 3 8 10 12 14 16 18 20 10 . . ; ;
D 0 5 10 15 20 ES

Hp)

cosines distribution cosines distribution

240

FIGURE 4.16: Actin data analyzed with Avizo with binary threshold T'= 21 and pruning

parameter: P =5 in the first column, and P = 8 in the second column. It can be appreciated

that small changes in the parameters do not have much effect much on the statistical
distributions.

The parallel implementation of the skeletonization in Avizo, based on [102], makes it very fast
even for big volumetric images. The main drawbacks are two: firstly the algorithm generates
spurious branches in noisy contours, these can be mitigated a-posteriori with the pruning
parameter P, but with the high risk of missing significant branches. Secondly, the cost of the
licence for Avizo and the needed Skeletonization package is at the range of more than fifty
thousands $ per year. The exact price is not disclosed, and may vary from the packages and
user cases, but it effectively makes this skeletonization only available for big institutions or

industries.
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4.9 Application of the Network Analysis Pipeline to Different
Biopolymer Networks.

I chose to implement the critical kernel framework from [99] for biopolymer networks extraction
instead of the mentioned cases to use bleeding edge algorithms from the digital topology
research community in an open source format, available for any researcher to use. Being based
on isthmuses instead of simple points makes it much more resilient against noise and the
persistence parameter effectively removes the remaining small spurious branches. In fact, the
algorithm ranks first in a quantitative evaluation of the robustness of thinning algorithms [99,

103).

The following pipeline is applied: denoising, binarization, skeletonization, extracting the
spatial graph and fitting statistical distributions described in previous sections to three sets of
volumetric images, obtained for three different biopolymer networks, and from the two most

common 3D imaging modalities.

e Actin: Stack of images from Confocal Light Microscopy.
e Carrageenan: Image from TEM tomography.

e Pectin: Image from TEM tomography.

4.9.1 Confocal Light Microscopy: Actin

The actin network studied was prepared using 0.3 mg/ml actin in 40 mMol MgCl2 and stained
with phalloidin. The images were taken using Confocal Laser Scanning Microscopy (CLSM)
with a Leica Instrumentat (model TCS SP5).

The volumetric image used in this study has a size of 1024x1024x106 pixels, with resolution

0.505x0.505%1.0070 pm per pixel.
The parameters used in the image pipeline:
Denoise:

Using the c-++ script rieszWaveletPhaseAnalysis [104].
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export WAVELET_TYPE=Simoncelli # options: Held, Vow, Shannon

export LEVELS=4

export BANDS=4

rieszWaveletPhaseAnalysis -i ${INPUT_IMAGE} -o ${OUTPUT_FOLDER} \
-w ${WAVELET_TYPE} -1 ${LEVELS} -b ${BANDS}

I apply an anisotropic denoise step with the itk filter CurvatureAnisotropicDiffusion, using

the python script Denoise input [105].

export DENOISE_ITERATIONS=20

export DENOISE_CONDUCTANCE=2.0

export DENOISE_TIMESTEP=0.0625 #default optimal value for 3D

python denoise_input.py ${0UTPUT_WAVELET} ${0UTPUT_FOLDER} \
${DENOISE_ITERATIONS} ${DENOISE_CONDUCTANCE}

Result: Figure 4.17b.

Segmentation: Apply a region growing algorithm as explained in subsubsection 4.4.1.1,

using the c+-+ script regionGrowingSegmentation [106].

export BIN_RG_LOWER=0.0

export BIN_RG_UPPER=5000

export BIN_SAFE_PERCENTAGE=0.2

regionGrowingSegmentation -i ${OUTPUT_DENOISE} -o ${OUTPUT_FOLDER}\
-1 ${BIN_RG_LOWER} -u ${BIN_RG_UPPER} -p ${BIN_SAFE_PERCENTAGE}

And the hole filling algorithm described in subsection 4.4.2, using the python script
Binary denoise_3d_ fillholes iterative [107].

export HOLE_MAJORITY=3

export HOLE_RADIUS=1

export HOLE_ITERATIONS=10000

python binary_denoise_3d_fillholes_iterative.py ${0UTPUT_BINARY} ${OUTPUT_FOLDER}\
${HOLE_MAJORITY} ${HOLE_RADIUS} ${HOLE_ITERATIONS}
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Result: Figure 4.17c.
Skeletonization

Apply a thinning using the critical kernels framework contributed to DGtal (see subsection 4.5.2)
using the c++ script Thin [108|.

export SKEL_SELECT=dmax

export SKEL_TYPE=1isthmus

export SKEL_PERSISTENCE=2

thin --input ${OUTPUT_SEGMENTATION} -o ${O0UTPUT_FOLDER} \
--select ${SKEL_SELECT} --skel ${SKEL_TYPE} \
-p ${PERSISTENCE} --foreground white

The option dmax generates a distance map as shown in Figure 4.17d.
Result: Figure 4.17e.
Spatial Graph Extraction

The conversion from the thin image to the spatial graph representation as described in

section 4.6, uses the c++ script Analyze_ graph [109].

export GRAPH_IGNORE_SHORT_EDGES=1

export GRAPH_SPACING="5.05050745877353E-07 5.05050745877353E-07

— 1.00708103855232E-06"

analyze_graph --input ${OUTPUT_SKELETONIZATION} \

--exportReducedGraph ${0UTPUT_FOLDER} --exportData ${GRAPH_DATA_FOLDER}
--reduceGraph --removeExtraEdges --mergeThreeConnectedEdges \
--ignoreAngleBetweenParallelEdges \

--ignoreEdgesShorterThan ${GRAPH_IGNORE_SHORT_EDGES} \

--spacing ${GRAPH_SPACING}

exportData computes the graph properties: degree, end-to-end distances, contour lengths,

angle and direction cosines, and saves them into a file.

exportReducedGraph outputs the spatial graph in a .dot (graphviz) format, similar to
Figure 4.1b, that can be read by any graph library.
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removeFxtraEdges applies the removal of diagonal edges at intersections, as described in

Figure 4.9b.

The result is a spatial graph. Figure 4.17f shows a representation of that graph without
representing contour lengths, instead lines are just straight lines connecting end-to-end nodes.

Node glyphs are not represented to avoid cluttering the 3D scene.
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(E) Skeletonization (p = 2).

(F) Graph.

FIGURE 4.17: Actin spatial graph extraction steps.
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Fit graph data to distributions

I fit the graph data generated in the analysis to statistical distributions depending on the
property, as described in section 4.7. An estimation of the R? of the fit using Effron’s formula
[61] is shown. The degree is fitted to the mentioned truncated geometric distribution also

showing the percentage of end-nodes, see Figure 4.18a.

It uses the python script Fit to distribution_from data [110] with parameters:

export HISTO_ETE_BINS=30

export HISTO_COSINES_BINS=21

export HISTO_CONTOUR_BINS=30

python fit_to_distributions_from_data ${GRAPH_DATA} \
${HISTO_ETE_BINS} ${HISTO_COSINES_BINS} ${HISTO_CONTOUR_BINS} log
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FIGURE 4.18: Statistical distributions (PDF) of actin network. Computed properties of the
graph are represented in histograms with bins and normalized by area to obtain the PDF.
Orange line shows the function with parameters obtained from a non-linear least squares
fit to the data. Green lines show the same function with fixed parameters: 4.18a: mean
degree (Z) of the network, 4.18c: mean (u;) and standard deviation (s;) of logarithmic
end-to-end distances, 4.18d mean (y;) and standard deviation (s;) of logarithmic contour
lengths. Histogram bins: end-to-end distances (30), direction cosines (21) contour lengths
(30)

4.9.2 TEM preparation

The polysaccharides carrageenan and pectin are imaged with TEM tomography with the

preparation published in [111] and reproduced here for completion:

Gels were fixed with 0.1% Ruthenium Red and phosphate buffered 2.5% glutaraldehyde prior
to dehydration in a graded ethanol series and embedding in an epoxy resin (ProCure 812,
ProSciTech, Thuringowa, Australia). Fixation mechanisms for aldehydes are known to some
extent from protein crystallographic studies, where in particular covalent bonding with lysine

residues is employed [70], but no comparable studies exist for polysaccharides. Ruthenium
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Red [71] was found to be essential for maintaining sample integrity during dehydration. It was
observed this was due to the formation of a skin on the gel pieces. The role of glutaraldehyde
in preserving or altering structure is unknown but our observations suggest that there is no
effect on the bulk structure down to the level of individual molecules, where some combination
of fixation and staining changes the native morphology. Indeed, some deviation from native
structure must be expected due to the use of one or more of these reagents. Sections with
nominal thickness of 150 nm were cut with an ultramicrotome and post-stained with 2%
uranyl acetate prior to visualisation. Previous work using tomography to acquire images
from pecin gels in 3D [69] suggests that this post-staining is effective throughout the section
thickness. Imaging areas were pre-irradiated for 15 minutes at low magnification prior to image
acquisition. Two-dimensional micrographs were recorded on a JEOL JEM-1400 transmission
electron microscope with a LaBg cathode operated at 120 kV under low-dose conditions with

synchronised beam blanking and acquisition.

4.9.3 Transmission Electron Microscopy: Carrageenan

Ion-exchanged sodium kappa-carrageenan samples were provided by Dupont. Relevant salt
solutions (30 mM KCI or 300 mM NaCl) were first made by dissolving the required amount of
salt in a volumetric flask and using millQ water. The required amount of dry carrageenan in
order to produce 1% w/w solutions was then weighed out and subsequently suspended in the
relevant salt solution. The solutions were then heated to 60 °C while stirring until all powder

was dissolved. This solution was then loaded hot into the requisite sample cells for TEM.

The volumetric tomography image used in this study has a size of 896x896 x64 pixels, with

resolution 0.86x0.86x0.86 nmper pixel.
Denoise:

I use total variation denoising in these particular TEM images using the python script

Denoise_tv [112], which uses proxTV library [78|.

export TV_LAMBDA=20
python denoise_tv ${INPUT_IMAGE} ${OUTPUT_FOLDER} ${TV_LAMBDA}

Result: Figure 4.19b.
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The rest of the pipeline is the same than for actin (see subsection 4.9.1), except
BIN SAFE PERCENTAGE. In the Spatial Graph Extraction
GRAPH IGNORE SHORT EDGES is increased from 1 to 2, and GRAPH SPACING
(that represent the voxel size of the image) is changed accordingly to the metadata of the
original image. The histogram bins of distances (end-to-end and contour lengths) have been

increased from 30 to 50.

## Region Growing Binarization
export BIN_RG_LOWER=0.0

export BIN_RG_UPPER=5000

export BIN_SAFE_PERCENTAGE=0.05

## Hole Filling

export HOLE_MAJORITY=3

export HOLE_RADIUS=1

export HOLE_ITERATIONS=10000

## Skeletonization

export SKEL_SELECT=dmax

export SKEL_TYPE=1isthmus

export SKEL_PERSISTENCE=2

## Spatial Graph Extraction

export GRAPH_IGNORE_SHORT_EDGES=2
export GRAPH_SPACING="0.86E-09 0.86E-09 0.86E-09"
## Fit graph data to distributions
export HISTO_ETE_BINS=50

export HISTO_COSINES_BINS=21
export HISTO_CONTOUR_BINS=50
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(c) Segmentation. (D) Distance Map.

(E) Skeletonization (p = 2). (F) Graph.

FIGURE 4.19: Potassium carrageenan spatial graph extraction steps.
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FIGURE 4.20: Statistical distributions (PDF) of Potassium Carrageenan network. Computed
properties of the graph are represented in histograms with bins and normalized by area to
obtain the PDF. Orange line shows the function with parameters obtained from a non-linear
least squares fit to the data. Green lines show the same function with fixed parameters:
4.20a: mean degree (Z) of the network, 4.20c: mean (y;) and standard deviation (s;) of
logarithmic end-to-end distances, 4.20d mean (y;) and standard deviation (s;) of logarithmic
contour lengths. Histogram bins: end-to-end distances (50), direction cosines (21) contour
lengths (50)

4.9.4 Transmission Electron Microscopy: Pectin

The gelation method exploited herein has been described in detail previously [69] and used

in [111]. To summarize: a commercially available pectin sample that had a high degree

of methylesterification (DM) (78%) was modified using a processive pectin methyl esterase

(PME) extracted from oranges and sourced from Sigma, to obtain a block-wise sample with

DM of around 40%, and the resulting polymer freeze dried. The polymeric fine structure

was measured using capillary electrophoresis as described elsewhere [69]. Subsequently a

solution was made by dissolving 0.02 g of the freeze-dried pectin in 1.5 ml of deionized water.
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Next 0.16 g of glucono delta-lactone (GDL) was dissolved in water and mixed with the pectin
solution as quickly as possible, in order to minimize any hydrolysis of GDL occurring before
mixing, while being careful not to form bubbles. This solution was then loaded into the

requisite sample cells for TEM.

The volumetric tomography image used in this study has a size of 1000x1000x 32 pixels, with
resolution 1.72x1.72x1.72 nmper pixel.

The pipeline is the same than for carragenan subsection 4.9.3, with the exception of

GRAPH_SPACING

# TV denoising

export TV_LAMBDA=20

## Region Growing Binarization
export BIN_RG_LOWER=0.0

export BIN_RG_UPPER=5000

export BIN_SAFE_PERCENTAGE=0.05
## Hole Filling

export HOLE_MAJORITY=3

export HOLE_RADIUS=1

export HOLE_ITERATIONS=10000

## Skeletonization

export SKEL_SELECT=dmax

export SKEL_TYPE=1isthmus

export SKEL_PERSISTENCE=2

## Spatial Graph Extraction
export GRAPH_IGNORE_SHORT_EDGES=2
export GRAPH_SPACING="1.72E-09 1.72E-09 1.72E-09"
## Fit graph data to distributions
export HISTO_ETE_BINS=30

export HISTO_COSINES_BINS=21
export HISTO_CONTOUR_BINS=30
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(c) Segmentation. (D) Distance Map.

(E) Skeletonization (p = 2).

(F) Graph.

FIGURE 4.21: Pectin spatial graph extraction steps.
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FIGURE 4.22: Statistical distributions (PDF) of Pectin network. Computed properties of the
graph are represented in histograms with bins and normalized by area to obtain the PDF.
Orange line shows the function with parameters obtained from a non-linear least squares
fit to the data. Green lines show the same function with fixed parameters: 4.22a: mean
degree (Z) of the network, 4.22¢: mean (y;) and standard deviation (s;) of logarithmic
end-to-end distances, 4.22d mean (y;) and standard deviation (s;) of logarithmic contour
lengths. Histogram bins: end-to-end distances (50), direction cosines (21) contour lengths
(50)

4.10 Conclusions

An image pipeline was generated to extract the network architecture of biopolymer networks of
different scales, both for proteins and polysaccharides. The network architecture is represented
as a Spatial Graph, containing the connectivity and the geometric information to fully describe

the network geometry.

Computing some graph properties, degree, end-to-end distances, contour lengths and direction

cosines of angles of the different biopolymers, it is observed they share the same statistical
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distribution for those properties. These distributions were reported already for collagen and
fibrin networks [61], but never for polysaccharides. I think this universality in distributions,
which suggests independence from the scale of the polymer, originates from the network

formation with cross-links.

The spatial graph can be used by theoreticians as a starting scaffold for dynamic simulations,
instead of the over-simplified methods currently used in literature (see section 1.5 for a survey).

This might help for models able to predict the whole range of dynamics in non-affine networks.

The set of parameters can be divided in two, those related with the segmentation, and those
related with the network extraction. The segmentation set includes the denoising and the
binarization algorithms. The segmentation should be supervised and non-automatic, but it
is easy to get a good result. As a suggestion, better to get false negatives —lose biopolymer
information—, than false positives —treat noise as biopolymer—. In the other set of network
extraction parameters, the more influential is the persistence parameter —similar to pruning
spurious branches—, and it is dependant on the data, it can even be kept at zero for images
with low noise in the surface of the biopolymer, but usually values from 1 to 3 are enough in

most situations to remove hairy, non-existing branches introduced by noise.

All the code is freely available and open to be re-used, modified and improved by interested

users.



5. Reconstructing networks from

statistical distributions

5.1 Motivation

This chapter explores the ability to reconstruct, or regenerate an in-silico network solely based
on the statistical distributions of a few graph properties extracted from the spatial graph
computed from 3D images in chapter 4. The generated 3D networks from the statistical
distributions allow the theoretical and computational exploration on how the networks might
behave when making fundamental changes on its properties, like length between junctions,
orientation, or number of neighbors in the junctions. The proposed implementation is flexible,

allowing to take into account any computable property from a spatial graph.

5.2 Methods

The software used in this chapter, has been independently developed here, but is based on the
idea of Lindstrom et al. [94] about reconstructing the network architecture of polymers networks
from a statistical description. They were based on the work of Yeong and Torquato [113, 114]
about reconstructing random porous media. This work generalizes the implementation of
Lindstrom et al. [94], allowing to add extra statistical distributions associated to any graph
property.

The input for the in-silico reconstruction of biopolymer networks is the statistical distributions
of 3 properties in this case. This is the minimal set of information required to reconstruct the
architecture of the network to study the mechanical properties (but other parameters could

be added to study other or more complex situations). For example, if the structure of the

99



Chapter 5. Reconstructing the Network from Statistical Distributions 100

edges / chains is heterogeneous (e.g. chains with different properties, such persistence length),

extra statistical distributions can be added with minimal effort.

So in order to regenerate the network in-silico, the following distributions should be obtained

from the image analysis:
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FIGURE 5.1: Statistical distributions for Collagen I proposed by Lindstrom [94]. (a):
End-to-end distance between pair of nodes, (b): Degree of nodes, (c): Direction cosine.

1. Degree of nodes N(p). i.e. number of edges per node or cross-link.

2. Length of edges P(¢). Length of the edges between connected nodes. There are two

options to define this length.

e End to end vector distance (EtE-length). Consider the edge as a straight line

between nodes.

e Contour length (curved). Take into account all the path of the chain, usually

curved.

In fact for many examples the difference between these is less than one might have
expected at a first glance. Nisslert et al. [115], who use a different reconstructing
algorithm, report that straight and curved lengths have similar distribution, although
the straight lines were about a 15% shorter.

I expect that high flexibility of chains and/or low density of cross-links would increase
the differences between them. Biopolymers tend to be semi-flexible, stiff enough to keep
this difference low. The difference between these lengths can be used as a measure of

the persistence length (¢,,) of the chains.

3. Direction cosine B(f) between incident edges. Takes into account the relative

orientation of the edges incident on the same node.
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As described in this thesis, these distributions can be obtained using image analysis of data
from confocal microscopy, or transmission electron microscopy (TEM). See chapter 4 for more

information about this.

The distributions used herein to develop the reconstruction software are those seen originally
in Lindstrom’s paper [94]. These distributions were selected because they fitted the data taken

from image analysis of collagen I, but no claim about their use in other systems was made.

It is worth reiterating that with the work described in this thesis, experimentally obtained
distributions describing the architectures of biopolymer networks can be extracted. Whatever
functional forms are found to faithfully represent the experimental data can be used to
reconstruct in-silico networks. However, given the similarities in the distributions found in
chapter 4 for very different biopolymer networks the following distributions are chosen to use

in the reconstruction:

1. N(p). The node degree modelled with a shifted geometric distribution.

N(p) =q(1—q)"7? (5.1)

where ¢ = 1/(Z — 2), p is the degree of the node - how many other nodes it is directly

connected to - and Z is the average node degree.

The distribution is shifted because the minimum degree of a node is p = 3. The case p =1
corresponds to dead-ends nodes, and p = 2 correspond to bending nodes. Dead-ends can
be ignored because they don’t affect to the mechanical properties of the bulk network.
And the bending nodes can be ignored if their 2 edges are merged into a unique, larger
edge, connecting the neighbors of this bending node between them. The contour length

is lost in this process if the edges are only defined by end to end vectors.

2. P(¢) The length distribution modelled as a logarithmic-normal distribution.

P() = ES\;% exp{ {_ (“_2813@2] } (5.2)

where ;1 and s are the mean and standard deviation of In/ respectively. A gamma

distribution P(¢) = % is also feasible to describe the lengths. The log-normal

is usually preferred because it fits better in most cases and its two parameters relate

directly with computable network parameters.
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3. B(B) The direction cosines distribution has been modelled by a truncated power

series.
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Truncating it at m = 3, and with B(/3) normalized to unity, then there are two parameters

left, b; and by (or other combination).

These 3 distributions are enough to approximate the architecture of a network of collagen if
the main interest is in its mechanical properties. So, the network can be reconstructed with

five independent parameters: u, s, Z, by and bs.

The output of the algorithm constructed is a network or spatial Graph, which is formed by
2 sets: a set of nodes, containing the nodes position and the degree; and a second set of
edges, which connect pair of nodes. The software does not allow parallel edges, i.e. two edges
connected the same pair of nodes, and the network is fully connected, there are no nodes or

clusters of nodes isolated from the rest of the network.

5.3 Euclidean Graph Generation Algorithm

The Euclidean graph generation (EGG) algorithm reconstructs a 3D network on a periodic
cube domain ¥ of size A. The algorithm uses a Monte Carlo method with Simulated annealing,
this is a general heuristic method for global optimization which avoids the convergence to

local minimums on the energy landscape.

The following steps describe the algorithm:

I An initial graph configuration Hj is generated by placing nodes drawn from a
randomly uniform distribution inside the domain ¥. Then a valency drawn from
the degree distribution N(p) is assigned to each node. And finally, pairs of nodes
are connected by edges, but not exceeding the fixed degree of any node. The initial

configuration does not follow the length, or the direction cosine distribution.

In practice, the complex systems library Igraph is used to generate Hy with the described

constraints, see the attached code documentation for more details.

IT There are two possible movements to update the graph.
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a) Remove at random two edges from H and then add other two edges without
changing the valence of the nodes. This hard constraint only allows 2 possible edge

configurations.

b) Move the position of a node a random distance in the range [0, p], where p can be

tuned to enhance convergence.

Note that the valence of the nodes is unchanged by any of these updates.

ITI A non-negative “energy” function in a graph is defined as: E(H) = Ap(H) + Ap(H),
where Ap and Ap are the Cramer-von Mises test statistics for the distributions P
and B respectively. The Cramer-von Mises test [116] compares a set of variables
r1 < 22 < ... < x, with a distribution f and produces an associated value Ay. The

smaller Ay the better the set of data {x} fit the distribution f.

With this definition of energy, E(H) has a global minimum for graphs with the target
length, P(¢) and direction cosine B(f) distributions.

IV To find the graph with minimal E(H), a simulated annealing algorithm is used.
Starting at H = Hy, it attempts to update the graph to H' with the equally probable
transitions a) or b). If the energy of the new graph is lower than before E(H') <
E(H) the transition is accepted. If the energy of the new graph is greater, E(H') >
E(H), the transition still can be accepted with a probability exp{[E(H) — E(H')]/T}.
Here T is analogous to temperature, and it is the main characteristic of simulated
annealing algorithms. This temperature decays exponentially with the number of
accepted transitions, which reduces progressively the number of “unfavorable" accepted

transitions, but avoids the network getting stuck in local energy minima.

V Convergence criteria. The algorithm will stop when the energy E(H) is close to zero
or smaller than a threshold. The threshold will depend on the number of nodes (size) of

the network.

5.4 Results

A code engine was written and has been successfully tested, generating a network from
the three statistical distributions described. To test it, I have used the distributions that

Lindstrom et al. [94] propose for their the collagen data. In Fig.5.2 a reduction of 99.9% from
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the initial graph energy E(Hy) to the final graph is observed. Fig. 5.3 shows how the final state
successfully follows the target distributions. Note that the simulated and target-distributions

are superimposed with each other, no fit is involved.

The resulting in-silico reconstructed network is just one instance of the many configurations
that follow the same statistical distributions. For validation of the results against real in-vivo
networks, in Lindstrom et al. [61], they use finite element methods (FEM) to compute simple
and differential shear modules based on the geometry of the reconstructed networks. The

results compare favourably with the experimental measurements of shear obtained from in-vivo

networks.
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FIGURE 5.2: Reconstructed collagen network Visualization of reconstructed collagen network
using Matlab. Simulation parameters from the reconstruction algorithm.
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6. Conclusions and Future Work

6.1 Scope of Thesis

The importance of the network architecture for the mechanical properties of biopolymer
networks is often obscured by focussing on the properties of single-components. [2],
demonstrated that the nonlinear response of a strained network can be explained taking into
account the non-linear properties of single-biopolymer and assuming that the network
architecture is isotropic and homogeneous. This bottom-up approach has proven successful
for a wide range of biopolymers [15], but might not be enough to explain the detailed onset of
strain-stiffening and the exponent of the non-linear response, as shown recently with other
protein networks|[117]. An alternative explanation to non-linear elasticity was given with the
focus on network architecture in the material|23|, pointing out that the fine-grain control of
non-linear elasticity depended on single-biopolymer components, the linkage

characteristics, and the geometry of the connections.

Non-affine deformations are at the core of explaining the complex behaviour of biopolymer
networks, but methods to reliably gather the geometry of the networks have been lacking and
are the focus of this thesis. Affine regimes have been shown to be capable in characterizing the

mechanical properties of bulk and dense materials, but in biology this is not always the case.

6.2 Summary

I rely on 3D imaging, tomography or Z stacks of images, to extract the network geometry
more reliably than would be possible from 2D images. I provided tools for image analysis
in 3D in a high-performance computing language, and contributed them, fully tested and

documented to the de-facto standard image analysis library ITK (chapter 2).
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Gathering the network structure from images requires that the information extracted is reliable.
In chapter 3 several distinct polysaccharide gels networks were realized. A set of these networks
was further treated for study by transmission electron microscopy (TEM), which requires
additional preparation. Another set of the same networks, this time unadulterated, was
studied by small-angle x-ray scattering (SAXS). The comparison between the two techniques
showed that careful protocols can produce datasets where information acquired by imaging
above around 20 nm is broadly consistent with that obtained by SAXS studies carried out on
unadulterated samples. The fact that at larger length scales the structure of the networks is
preserved in the TEM samples, allow us to extract and quantify the network architecture and
connectivity with confidence, information that is lost in scattering experiments owing to the

intrinsic averaging nature of the technique.

I pursued the task of extracting the network architectures from images in chapter 4 using
a pipeline of image analysis to denoise and binarize the original images. I then developed
state-of-the-art algorithms taken from the digital topology community to skeletonize the
image, being aware of not changing the topology of the original network in the process. With
a thin-image and introducing novel tools in this area, I created a one-to-one map between
the image and a spatial graph, connecting in this way the image analysis field with the
area of complex networks. I am now capable of studying and characterizing our networks of

biopolymers with a wider range of tools.

I computed the degree, end-to-end node distances, contour lengths, angle, and direction
cosines of those angles to characterize our sample networks of different biopolymers, ranging
from actin filaments, to polysaccharides, such as pectin and carrageenan. The statistical
distributions of these properties show strong similarities between protein and polysaccharides

networks. Such universalities should be further explored to understand their origin.

I also provided a simulated annealing tool in chapter 5 to recreate networks completely in-silico
given a set of statistical distributions: degree, end-to-end distance, and director cosines. This
allows the theoretical exploration of networks in-silico just changing the input distributions.
Future work in this area might include adding distributions for other graph properties for

finer control.
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6.3 Conclusions

I have focused in bringing computation tools to the community (all the work is open source,
tested and documented) where we can start investigating low density, non-affine networks from
a more analytical point of view, I foresee theoreticians and modellers taking these networks
extracted from experimental results as starting points for their models, instead of relying
on the more homogeneous mikado model, and providing a greater scale approach than lattice

models.

Validated transmission electron microscopy (TEM) imaging as a reliable tool to examine

polysaccharides network geometries after its comparison with small-angle x-ray scattering.

e Provided a mapping between images and spatial graphs, allowing the study of these

networks with the tools from the complex systems and networks field.

e Found universalities of certain graph properties in the geometry of gel-like biopolymer

networks at different scales.

e Provided a tool to reconstruct networks in-silico based on statistical distribution. This
allows the exploration of different network architectures that can be used in modelling

and simulating behaviour of these networks under different conditions.

IMAGE ANALYSIS

MODELING
STATISTICS
NETWORK /
RECONSTRUCTION
SPATIAL GRAPH
ALGORITHM

FIGURE 6.1: Scheme of the project.
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6.4 Future work

6.4.1 Network Formation

A simulation of network formation might be pursued in the future using a growing spatial
graph, a dynamic population of cross-linker and monomers, and a persistence length parameter

representing the stiffness of the biopolymer.

Such a simulation could begin with a fixed set of randomly distributed ‘embryonic’ fibers,
composed by two end-nodes and an edge between them. At each step of the simulation,
a node which represents one end-point of a fiber, would be selected at random from the
population, and would grow with a probability given by the current monomer population. If
the growth occurs, the monomer population would be reduced —until depletion of the solution.
The direction of the growth would depend on the comparison between the persistence length
parameter and the position of edge points attached to that node. In this way stiff biopolymer
would tend to grow in straight lines, and flexible chains would tend to bend. When two chains
are close, and growth occurs, they would attach with a probability depending on the current
population of cross-linkers. If the cross-link does not happen, the chain will grow without
colliding. Also, at every step, every occupied position, by an edge point or a node, which is
close to another occupied position would have a probability to attach depending again on the
cross-link population. The network generation would stop when there are no monomer left.
Optionally, another parameter would be a detachment probability of cross-linked fibers. Also
pseudo-forces can be simulated where edges stores tension every time they attach to another
fiber, and release that tension to their adjacent edges when they are released. This might
shed some light into slow-dynamical processes and the quake-events behaviours reported [118].
This tension could also be added randomly to existing attached edges to simulate energy
transfer from Brownian movements of the components. After stability of the network, its
graph properties can be studied, and compare them to the statistical distributions found in

our image-extracted networks.

6.4.2 Long time behaviour: network quakes and aging

There are reports in the literature [119], and also by group mates|[118, 120], that at long times,

physical biopolymer networks can be affected by sudden de-correlations that occur over a few
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tenths of a second. This is the driven by the dynamic of the junction zones between chains. It
could be either that just thermal fluctuations are opening and closing these junctions zones, or
that internal stresses are driving them. The later is reported experimentally in our group with
micro-rheology DWS techniques [118], where such quake-like events are associated with the
release of chain constraints due to unbinding of cross-links. Current models of networks, such
as the Glassy WLC model [121], cannot predict this behaviour [120]. A computer simulation

as sketched in subsection 6.4.1 may shed some light on the topic.

It is also interesting the aging phenomena: the slow change of the physical properties over
time. This behaviour is related with non-ergodic systems and with glassy systems, where long

orders correlations(solids) no longer exists, but there is still some local order [122].

This work provides the tools to study such local order in junction zones, with the full geometry

and connectivity provided by the spatial graph.

6.4.3 ITKBoostGraph

The work contributed here about mapping between images and a spatial graph could be
integrated in the future in the image analysis library ITK as an external module to facilitate

its adoption.

6.4.4 Complex Networks Tools

The spatial graphs can be further analyzed with tools from the complex networks field,
computing quantities like clustering and centrality are two lines of code away from the current
status using the boost graph library (BGL). The spatial graph can be already exported to the

graphviz format to be used by any other network library for the purpose of further analysis.

6.4.5 Public Database

Set-up or contribute to a centralized public database of volumetric images of biopolymer
networks, where graphs, analysis, skeletonized images, and extracted spatial graphs would be

associated.



A. Publications and Open Source

Contributions

A.1 Open Source Contributions

A.1.1 ITKIsotropicWavelets

For Insight ToolKit: ITKIsotropicWavelets External Module https://github.com/phcerdan/

ITKIsotropicWavelets/

This contribution to ITK provides a multi-resolution framework based on a steerable wavelet
pyramid [44] with all the isotropic mother wavelets available in the literature [46, 49]. It also
couple the pyramid with the Riesz function [47] for directional analysis. Specially useful for

the study of textures [123] and phase analysis [46].

In this thesis, this module work has been used to aid the segmentation of the networks as
a pre-processing step before binarization. It improves the signal to noise ratio, helping to

binarize the image to capture the network.

I have contributed with more than 20.000 lines of c++ code and documentation. This work
has been integrated into ITK as an external module since I'TK version 4.13, this allow the
user to build the module directly from the ITK. Also wrappings for the c+-+ code to use it

from python are available.

A.1.2 Radial Intensity FFT

The code used in chapter 2, including a graphical interface for the study of the radial intensity
of a Fourier Transform is available in https://github.com/phcerdan/FFTRadiallntenstiy.
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The author has contributed to around 3000 lines of c++ code and 1000 python code, including
a notebook that can be used to reproduce exactly the work-flow and figures shown in chapter 3,

find the notebook here:

https://github.com/phcerdan/FFTRadialIntenstiy/tree/master/resultsPaper/

figures_jupyternb

A.1.3 FFT Radial Intensity

Software used in chapter 3 to create a radial intensity plot from a Fourier Transformed image.
It gives the average intensity of all the pixels of an FFT image at a certain frequency. If
the FFT image is shifted, i.e. with the zero frequency pixel at the center of the image, it
is equivalent to averaging the value of the pixels that intersect the perimeter of concentric
rings of different radius, with the radius representing the modulo of the frequency. Useful to
compare images with scattering data. It can be used as console script or with a graphical

interface.

https://github.com/phcerdan/FFTRadialIntenstiy

A.1.4 DGtal: Critical Kernels Framework

Pull request with review of the contribution: https://github.com/DGtal-team/DGtal/pull/
1147

The contribution to DGTal implements the skeletonization (or thinning) recently proposed in
the literature |93, 103] based on critical kernels frameworks, to perform thinning conserving

the topology of the original object.

Ready to use tools using this framework can be found in: https://github.com/DGtal-

team/DGtalTools
The work was reviewed, accepted and merged in the library since version 0.9.4.

I have contributed with more than 7000 lines of c++ code, documentation and scripts for

applications.
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A.1.5 Spatial Graph Extraction

The code for the spatial graph extraction is available with a Mozilla Public License (open

source) in https://github.com/phcerdan/object_to_spatial_graph.

This includes scrips in ¢+-+ and python to perform the image pipeline, the skeletonization script
using DGtal (see subsection A.1.4), converting the raw graph to a spatial graph, computing
graph properties and statistical distributions, as well as the code for generating the figures in

section 4.9. It uses ITK, VTK, Boost, DGtal and proxTV libraries.

Python scripts for plotting and fitting statistical distributions (see Figure 4.18) can be found

in the mentioned repository. Concretely here:

https://github.com/phcerdan/object_to_spatial_graph/tree/master/src/python-

scripts

I have contributed with around 8000 lines of c++ and python code.

A.1.6 Open Science

All the work done in this thesis is openly available, and can be reproduced and modified by
anyone. | have tried to split my work into chunks and contribute them into existing libraries

to maximize its re-usability.
I also provide notebooks with the analysis, data and plots created in chapter 3.

The notebook of chapter 4 is not provided due to the analysis was done between two computers,
with the thin/skeletonization process was carried in a workstation with more memory. But the

chapter should provide enough information about the pipeline and the details to reproduce it.

Users can contact me in any of these public github repositories with any inquiry or issue, and

can contribute adding new features.
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L. Contour length. The maximum end-to-end distance of a linear polymer chain. For a
single-strand polymer molecule, this usually means the end-to-end distance of the chain
extended to the all-trans conformation. For chains with complex structure, only an

approximate value of the contour length may be accessible.. 1, 113

L. Deflection or entanglement length. In the tube model picture: typical distance between two
collision points of a “test-polymer” with its surrounding chains[124]. If one approximates
the effect of the surrounding medium by a cylindrical tube of diameter d (of the order
of magnitude of the mesh size) the entanglement length is given by Odijk’s estimate

[125] L. ~ d?¢,. 113

¢, Persistence length. Distance over which the angular correlation decreases to 1/e of
its initial value. Equivalently, typical length scale for the decay of tangent-tangent
correlations: (t(s)-t(s")) = exp[—(s — §')/€p] , where s is the arc-length of the chain,
and t(s) = dr(s)/0s is the tangent vector.
¢y =2k, /((d — 1)kgT) in d-dimensional space where « is the bending stiffness of the
chain [124]. 1, 100, 113

&m Mesh-size. 113

AFM Atomic force microscopy. High resolution type of scanning probe microscopy. It has
a lateral resolution of < 1nm and height resolution of < 1A. Garcia and Peréz [126]
contains a very interesting review using AFM in polysaccharides. A more general study

about dynamical modes can be found in Rief et al. [127]. xi, 4, 113

BFS Breadth First Search. Strategy to visit branches of a tree or a graph. When facing a
branching point, it chooses a branch and follows it reaches another branching point,
then it returns to the last branch and follows the rest of the non-visited branches. When

114
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all the branches of the first round have been visited, it continues with the next batch.

The other common strategy is the Depth First Search.. 113
confocal microscopy Confocal microscopy. 101, 113

DFS Depth First Search. Strategy to visit branches of a tree or a graph. When facing a
branching point, it chooses a branch and follows it in depth, even until it finds another
branch point. When it reaches a dead end, it returns to the last branch point and follows

another branch.The other common strategy is the Breadth First Search.. 73, 113

DFT Discrete Fourier Transform. Transformation of a finite sequence of inputs into the

frequency domain. 113

FFT Fast Fourier Transform. Algorithm computing the discrete Fourier transform DFT,

reducing the complexity from O(n?) of a naive DFT implementation to O(nlogn). 113
Graph Mathematical graph, set of nodes connected between them by edges.. 60, 72, 102, 113

SAXS Small angle x-ray scattering. 113
SEM Scanning electron microscopy. xi, 113

Spatial Edge Structure associated to edges in a Spatial Graph. It contains an ordered set

of points, reflecting the index or position from the image.. 73, 113

Spatial Graph Graph with spatial information. Providing position of nodes, and the edge

point positions for edges. plural. viii, ix, 58-60, 73, 74, 97, 113

Spatial Node Structure associated to vertices in a Spatial Graph. It contains the index or

position of the node in the image.. 73, 113

TEM Tomography electron microscopy. xi, 84, 90, 91, 95, 101, 113
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