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Habe nun, ach! Philosophie,
Juristerey und Medicin,
Und leider auch Theologie!
Durchaus studirt, mit heißem Bemühn.
Da steh ich nun, ich armer Thor!
Und bin so klug als wie zuvor;
Johann Wolfgang von Goethe, Faust
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Abstract
The topic of this thesis is the healing of epithelial interfaces like the skin.
Any breakage to the continuity of a living tissue will result in rapid cell
migration and closure of the wound. In most species this closure is usually
associated with the development of scar tissue which results in loss of form
and function. The loss of function can vary depending on tissue type. While
scarred skin loses mechanical strength, the effect of scarring on neuronal
tissue is more disastrous. Such damage is often impossible to regenerate and
even hard to diagnose. The study of wound healing is primarily a study of
cell proliferation, migration and interactions of cell types such as epithelial
cells and fibroblasts that are important for the wound closure progress. The
focus of the first part of this thesis is on cell migration. It includes a study
in the migration analysis of epithelial cellular systems in three dimensions.
Moreover, the migration behavior of fibroblasts under a patch textured for
enhanced healing is examined. This report includes the description of a novel
mechanism for cell guidance from their apical side. In the second part of this
thesis, the problem of identifying neural damage in the skin is examined. In
modern clinical practice, such diagnoses are performed by reading contact
heat induced brain potentials through an electroencephalogram. A method
for enhancing the diagnostic power of such practices, through the use of
thermodynamic principles, is herein reported.
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Zusammenfassung
Das Thema dieser Doktorarbeit ist die Heilung von Epitheltrennflächen wie
zum Beispiel der Haut. Jeder Bruch in der Kontinuität von lebendem Gewebe
wird durch schnelle Zellmigration zum Verschluss der Wunde führen. Die
meisten Arten dieses Verschlusses führen normalerweise zur Entwicklung von
Narbengewebe, welches zu einem Verlust von Form und Funktion führt. Der
Verlust der Funktion kann je nach Gewebe sehr verschieden sein. Während
die Haut vor allem an mechanischer Integrität einbüsst, kann die Beeinträchtigung von Nervengewebe wesentlich schwerwiegender sein. Solche Schäden
sind oftmals unmglich zu regenerieren und schwer diagnostizierbar. Eine
Studie über Wundheilung ist in erster Linie eine Studie der Zellproliferation, Migration und Wechselwirkungen von Zelltypen, wie zum Beispiel Epithelzellen oder Fibroblasten, die für die Wundheilung wichtig sind. Der
Fokus des ersten Teils dieser Arbeit liegt auf der Zellmigration. Er umfasst
eine Analyse der Migration von epithelialen zellulären Systemen in drei Dimensionen. Darüber hinaus wird das Migrationsverhalten von Fibroblasten
näher untersucht. Eine verbesserte Heilung wurde durch speziell texturierte
Pflaster erreicht. Diese Studie beschreibt einen neuen Zellenführungsmechanismus, der die Migration der Zellen durch Kontakt mit ihrer apikalen Seite
lenkt. Im zweiten Teil dieser Arbeit wird das Problem der Identifizierung
von neuronalen Schäden in der Haut untersucht. Solche Schäden werden normalerweise durch die Anwendung von Elektroenzephalogrammen, welche die
durch Kontakthitze generierten Potentiale im Gehirn messen, diagnostiziert.
Eine Verbesserung der diagnostische Leistung von solchen Verfahren durch
die Verwendung von thermodynamischen Prinzipien wird demonstriert.
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Chapter 1
Introduction
1.1

Context

Wounding, defined as the breakage of the continuation of a tissue, tends to
heal spontaneously. Medical response to wounding was to simply stabilize
the wounded interfaces together until the wound healed on its own. It was
later recognized that protecting the wound from microorganisms by using
disinfectants and sealing it with bandages will promote wound healing and
reduce the probability of the wound becoming chronic and developing excessice scarring.
It was also recognized that scarring, defined as the replacement of wounded
tissue by connective tissue, is not undesirable only for aesthetic reasons but
also because the scarred tissue is less functional than in its original healthy
form. This loss of function is absolute when certain tissue categories such as
muscle and neural tissue are damaged. Both for aesthetic and for functional
reasons the goal of medicine has become to repair wounds with minimal scarring and maximal retention of function. The ideal situation in this context
is full regeneration of tissue form and function and return to its original
unwounded state.
Whether the resolution of wounding results in scarring or full regeneration greatly depends on cellular and molecular factors at the wounded region
and has been the topic of much scrutiny. Such research has recently become
possible with the advent of modern technologies such as computerized time
lapse microscopy and fluorescent antibody staining which allows a large number of cells and their interactions to be imaged and studied. This enabled
applications such as cell migration analysis in a controlled environment which
allows for the isolated study of specific aspects of the mechanisms of wound
healing in vitro.
1
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In this thesis, the topics of cellular migration, the control of the wound
healing response and the diagnosis of permanent neural damage will be addressed.
A prerequisite in any study that involves cellular migration is the ability
to optically resolve and numerically characterize the migration characteristics
of cells. In certain cases this migration has rotational characteristics, a topic
that has not been sufficiently studied. Work on the migration analysis of
freely rotating epithelial cell systems in a three dimensional collagen matrix
will be reported.
The standard medical intervention in most wound cases is to dress the
wound with a material that will mechanically support the wound, to isolate it
from pathogens in the environment and to provide an environment that can
improve wound healing. Concerning the last topic, major developments have
appeared in the form of dressings that maintain a wet environment or release
growth factors to promote wound healing. Work to improve such wound
dressings by exploiting the tendency of cells to respond to topographical cues
is reported here. During the course of this work a textured patch for wound
healing was created and the related novel contact guidance phenomena have
been characterized.
The case of tissues that tend to scar with loss of functionality when damaged, such as neural and muscle tissue, has also been the topic of much
research with the ultimate goal to develop regeneration strategies. However,
in the special case of neural damage, the exact location and form of the damage is not always easy to identify as the brain tends to bypass or misread
damaged nerve fibers. In the case of peripheral nerve fiber damage, there
are various diagnostic criteria based on painful stimulation by heat or lasers.
Heat evoked cortical potential studies can safely and cost effectively identify
such damage but suffer from skin related accuracy issues. Work based on
thermodynamic principles that has the potential to improve the reliability of
such diagnostic interventions will be described herein.

1.2

Thesis Outline

The outline of the thesis is given in the following.
Chapter 2 - Introduction to the Skin
First the anatomy and the physiology of the skin is described. The basic
elements of the epidermis, dermis and hypodermis that are necessary for the
understanding of the subsequent chapters are analyzed.
2
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1.2.1

Part I: Cell Migration

Chapter 3 - Fundamentals: Cellular response to wounding
Next, the overarching topics of the first part of this thesis are introduced. The
migratory cell types and the mechanisms of migration are first described and
next the physiological sequence of events following wounding are presented.
Chapter 4 - A mathematical method for the 3D analysis of rotating deformable systems applied on lumen-forming MDCK cell
aggregates
In this chapter, original research on the development of a mathematical
method for the quantification of the migration of rotating epithelial cell systems is described.
Chapter 5 - A textured patch for apical guidance in model epidermal wound healing
Here, research on guiding migrating fibroblasts in an in vitro wound healing
model by means of a micropatterned topography applied from the exposed
or apical surface is reported. The effect of the herein termed “top guidance”
on the migrating fibroblasts will be described and quantified.
Chapter 6 - Development of a micropatterned surface for practical
WH applications
The issues that must be taken into account in developing the textured patch
technology into an actual medical product will be examined in this chapter.
Chapter 7 - Outlook
Part one is herein summarized and extensions to the current work are proposed.

1.2.2

Part II: Pain Response

Chapter 8 - Fundamentals: Pain response
This chapter introduces the topics necessary to understand the contents of
the next chapter. The mechanisms of pain transduction are described as
well as the relevant pathology. Finally, the current diagnostic methods for
peripheral nerve function impairment and the issues associated with their
use are described.
3

1. Introduction
Chapter 9 - Contact Heat Evoked Potentials
Herein a method for improving the reliability and diagnostic applicability of
the study of contact heat evoked cortical potentials (CHEP) will be described.
Chapter 10 - Outlook
Part two will be summarized herein and recommendations for further study
will be proposed.

4

Chapter 2
Introduction to the Skin and
Epithelial Interfaces
2.1

Role of the Skin

The skin is the largest organ in the human body. Its main function is to separate and protect the individual from the environment [1], both passively and
actively. It is providing passive protection through its mechanical strength
and by forming a barrier through which only selective substances can pass.
Active protection is provided by the skin’s connection to the immune system, which prevents infections, and to the nervous system, which alerts the
individual of danger.
This separating function of the skin is also found in other internal dividing
structures of the body. Such structures form the basis of blood vessels, the
lungs, the kidneys, the digestive tract and all other separated internal organs.
What all these separating and distinct structures have in common, is that
they usually consist of two of the four major tissue types, namely a functional
layer of epithelial tissue and a support of connective tissue. (The other two
tissue types are neuronal and muscle tissues [2]).
The epithelial tissue is providing the function of separation as well as
selective secretion and absorption of substances. The connective tissue is
providing support of the epithelium, a source of extracellular matrix producing cells as well as a stable connection to neighboring tissues.
The ability of healing, in the event of wounding, is a very important
function that all tissues posess to some degree. Wounding, defined as the
breakage in the continuity of a tissue, results in the rapid migration of neighboring cells into the damaged tissue which starts the process of repairing. In
order to study and improve upon the mechanisms involved in wound heal5
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2. Introduction to the Skin and Epithelial Interfaces
ing, the behavior of the major migratory cell types found in epithelial and
connective tissues must first be understood.

2.2

Anatomy and Cell types

The human skin is mainly composed of two layers, the dermis and the epidermis, and, beneath those, a subcutaneous layer that is mainly consisting
of fat [3].
Epidermis

The epidermis, the epithelial part of the skin, consists of a number of
different cell types but the most prominent (95%) is epithelial cells and, in
particular, keratinocytes. Keratinocytes are responsible for the major function of the epidermis which is to provide a strong seal against the introduction
of external factors into the skin. This is achieved by the production of keratin, a hard, fibrous protein. The external layers of the epidermis mostly
contain dead flattened keratinocytes immersed in keratin which provide the
necessary isolation. The isolating function of the epidermis is supplemented
by melanocytes which are mainly responsible for radiation resistance. The
epidermis also has a minor immune function through the “Lagerhans” cells
as well as a minor sensory function, mediated through the “Merkel” cells.
However, since it is the major cell type, keratinocyte behavior is crucial for
skin development and healing.

Dermis

The dermis, the connective part of the skin, is a tough fibrous layer of the
skin. The most commonly occuring cell types in the dermis are fibroblasts
and immune system cells. Fibroblasts are mainly responsible for the generation and maintenance of the fibrous extracellular matrix that provides to the
dermis its mechanical properties. The extracellular matrix is mainly composed of collagen, which provides mechanical strength and elastin which provides elasticity. In addition, the dermis contains hair follicles, sweat glands,
blood vessels and nerve endings. Sensory functions are provided by skin hairs
and by nerve endings while thermoregulatory functions are provided by the
skin hair, sweat glands and blood vessels. Similar to the epidermis, the major cell type in the dermis is the fibroblast and its behavior after wounding
is crucial to the healing process. It must be said, however, that in order
to perfectly regenerate the dermis in case of damage, all other structures,
including blood vessels and nerves, must be repaired. [4, 5, 6]
6
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2.3

Homeostasis and Nervous system function

The skin plays an important role in homeostasis by regulating heat flow out
of the body [7]. In particular, by raising or lowering the hairs of the skin,
convective cooling is regulated. By regulating sweat production, the skin can
release heat through evaporative cooling. Finally, but most importantly, the
regulation of blood flow through the dermis can control the amount of heat
transfer from the core of the body to the skin and, thus, the amount of heat
that gets released into the environment.
Nerve endings of the skin are responsible for the senses of touch and
temperature and are grossly divided into the fast signaling myelinated and
the slow signaling unmyelinated categories. Certain types of nerve endings
are specialized to transmit mechanical and thermal stimuli above a certain
threshold as pain [8].
These issues will be examined in more detail in the second part of this
work.

7
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Chapter 3
Fundamentals: Cell Migration
and Wound Healing
3.1

Cell Migration

Cells migration plays an important function during development and wound
healing, as well as in the physiological tissue renewal of adult organisms and
in the processes of the immune system. In particular, migration of fibroblasts
and epithelial cells is crucial for wound healing [9].
Cell migration can be random or directional [10]. In random migration, Migratory
a population of cells has no defined direction of migration and, in compar- stimuli
ison to directional migration, low net migration. In directional migration,
a population of cells has a measurable direction of migration, which results
from a directional stimulus. The stimuli for directed migration are environmental gradients that mobilize the molecular machinery of the cell towards
their direction. Such gradients can be in the concentrations of soluble chemical factors (chemotaxis), in the concentrations of surface-attached molecules
(haptotaxis) or in the stiffness of the mechanical environment (mechanotaxis)
[11]. Directed migration can also result from the orientation of features in the
mechanical environment. For example topographically modified substrates
can lead to the alignment and directed migration of motile cells (Figure 3.1)

3.2

Molecular Mechanisms of Migration

Cell motility requires the polarization of a cell towards the migration direction, a mechanism to generate migratory forces and a mechanism to transfer
those forces to the external environment and, thus, propel the cell forward
[12].
11
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200 μm
Figure 3.1: Alignment of cells on flat surfaces (top) and on surfaces with 3µm wide gratings (bottom).
Left: Transmission Channel. Right: Fluorescent Channel
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The existence of a migratory gradient will make motile cells to polarize
along the direction of the gradient. Such polarization manifests itself by the
formation of distinct front to rear morphology in the cell. This is the result
of the orientation of the cytoskeleton and the molecular machinery of the
cell that is responsible for migration along the motility gradient which, thus,
gives to the cell clearly defined leading and trailing edges.
There are four basic types of molecular machinery that can give motor
function to a cell, all closely linked to elements of the cytoskeleton: a. the
contraction of actin-myosin networks, b. the movement of molecular motor
proteins on microtubules, c. the assembly or disassembly of actin filaments
and d. the assembly or disassembly of microtubules [13]. If any or a combination of such mechanisms is turned on in a polarized cell, migration will
come as a result.
In order for the forces generated inside the cell to translate in propulsion,
the cell must have a way of transferring those forces to the substrate. This
can either be done by the generation of rigid connections to the substrate
(mesenchymal) or by exploiting friction with the substrate (amoeboid) [14].
In mesenchymal migration, cells elongate along the migration direction by
polymerizing their cytoskeleton, thus creating membrane protrusions, and
then establish rigid connections to the extracellular matrix through formations known as focal adhesions. Subsequently, cells contract towards their
leading edge while dissolving adhesions on their trailing edge. This cycle of
extension, adhesion, contraction and detachment is the basis of this mode of
12
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migration. Focal adhesions, whose establishment is a crucial component of
this process, are cellular organelles based on transmembrane proteins known
as integrins and other molecules [15] and have sensory as well as anchoring
functions. Amoeboid migration, on the other hand, does not require integrin
based adhesions and is based on successive deformations of the cell membrane to mechanically push the cell through irregularities of the extracellular
environment.

3.3

Cell Response to Wounding

When the continuity of the skin breaks, blood vessels rupture, cell to cell Wounding
adhesions are broken and cells are destroyed. This triggers the start of the
wound healing process which is composed of three basic steps: inflammation,
tissue formation and wound remodeling [16]. During the inflammation stage,
blood platelets that have been released from the blood vessels coagulate and
stop further blood flow. They also create chemotactic gradients by releasing wound healing mediators such as platelet derived growth factor which
attracts and activates immune cells (macrophages) and fibroblasts. During
the tissue formation stage, epithelial cells and fibroblasts start migrating
into the wound. Epithelial cells replace the blood clot in order to establish
epidermal continuity and fibroblasts lay down fresh extracellular matrix to
support the newly formed tissue and further cell migration. During the same
time, new blood vessels are being formed in the dermis to supply nutrients
to the formed tissue. The result of this rapid response is a scar with only
20% the mechanical strength of the original tissue. During the remodelling
stage, which is the longest in duration, the extracellular matrix fibers of the
scar slowly form larger bundles and, slowly, the healed skin is restored to its
final healed state.
That final healed state, however is not identical to the original uninjured Scarring vs.
state in mammals for whom evolution has promoted rapid wound closure Regeneration
instead of full regeneration. In particular, the final wound stage has roughly
70% of the original mechanical strength [16]. Morphologically, the resulting scar lacks the cellular and matrix organization of healthy tissue and has
an overabundance of fibronectin and collagen fibers. Apart from reduced
strength, the scarred tissue has impaired function and poor aesthetics. In
the case of scarring in nerve containing tissue, full loss of function is common.
Fetal wound healing, on the other hand, is far more efficient and can allow
for full regeneration of wounds in certain cases. Possible factors that contribute to such differences are the lack of a clot and platelet derived growth
factor as well as of an inflammatory response in fetal wound healing and the
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accompanying presence of fibroblast growth factor. [1, 5]. In addition to
the need to promote efficient matrix and cellular organization, in order to
fully restore tissue form and function after wound healing sweat glands, hair
follicles, blood vessels and nerves must also be restored [4].
Although significant progress has been made in the field of wound healing,
it is not currently possible to fully prevent defects in wound repair. In order
to advance towards the goal of perfect skin regeneration, the mechanisms of
migration and matrix deposition of epithelial cells and fibroblasts must be
understood and exploited.
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Chapter 4
A mathematical method for the
3D analysis of rotating
deformable systems applied on
lumen-forming MDCK cell
aggregates
This chapter has been published as:
A. Marmaras, U. Berge, A. Ferrari, V. Kurtcuoglu, D. Poulikakos, and
R. Kroschewski, ‘A mathematical method for the 3D analysis of rotating
deformable systems applied on lumen forming MDCK cell aggregates’, Cytoskeleton, vol. 67, no. 4, pp. 224-240, (2010) [17]

4.1

Abstract

Cell motility contributes to the formation of organs and tissues, into which
multiple cells self-organize. However such mammalian cellular motilities are
not characterized in a quantitative manner and the systemic consequences
are thus unknown. A mathematical tool to decipher cell motility, accounting
for changes in cell shape, within a three-dimensional (3D) cell system was
missing. We, thus, report here such a tool, usable on segmented images reporting the outline of clusters (cells) and allowing the time resolved 3D analysis of circular motility of these as parts of a system (cell aggregate). Our
method can analyze circular motility in sub-cellular, cellular, multi-cellular,
and also non-cellular systems for which time-resolved segmented cluster outlines are available. To exemplify, we characterized the circular motility of
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lumen-initiating MDCK cell aggregates, embedded in extracellular matrix.
We show that the organization of the major surrounding matrix fibers was
not significantly affected during this cohort rotation. Using our developed
tool, we discovered two classes of circular motion, rotation and random walk,
organized in three behavior patterns during lumen initiation. As rotational
movements were more rapid than random walk while both could continue
during lumen initiation, we conclude that neither the class nor the rate of
motion regulates lumen initiation. We thus reveal a high degree of plasticity
during a developmentally critical cell polarization, indicating that lumen initiation is a robust process. However, motility rates decreased with increasing
cell number, previously shown to correlate with epithelial polarization, suggesting that migratory polarization is converted into epithelial polarization
during aggregate development.

4.2

Introduction

Cell position Organs are highly organized multi-cellular assemblies performing specialized
tracking functions. How are individual cells contributing to the architecture of such
cell-groups? Are cell positions predetermined? Clearly the position of a cell
in a multi-cellular aggregate is determined by the regulation of its cell-cell,
and cell-matrix contacts as well as by the regulation of its motility. Cells migrate as single cells or cohorts to establish novel multi-cellular groups. More
and more studies investigate the role and kind of migration during development of organisms. For example the migration of differentiated pronephric
zebrafish epithelial cells was shown to be essential for the segmentation of
nephrons, the functional units of a kidney [18]. However, in this and many
other studies, individual cell motility was only analyzed in two-dimensions
(2D), which bears the danger that migration rates are not properly reported.
Also, the migration of 92% of all nuclei throughout zebrafish gastrulation
was imaged and analyzed using digital scanned laser light sheet fluorescence
microscopy and an automated image segmentation pipeline [19]. Like in that
study, tracking of nuclear positions is widely used to report quantitatively
about cell movement. However, cell movement includes both a change in the
positions of the cell outline and a positional change in a fraction of the cell
mass. Thus, while the time-dependent positions of the cellular barycenters
fully report about such movements, the position of the nucleus in most cases
does not, as the location of a nucleus is not necessarily coupled to discrete positions of the plasmamembrane. Indeed, the nuclear movement during brain
development occurs in the absence of cell movement [20], or the changes in
cell shape occur in the absence of nuclear displacement during Drosophila
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morphogenesis [21].
Generally, it might be of interest to not only determine the motile behavior of cells but possibly also of sub-cellular structures during development. Regulated motility changes during development were observed at the
molecular level, for sub-cellular structures, entire cells, and cell cohorts. For
instance, the site of the septal division ring assembly in E. coli is negatively
controlled by MinC, which inhibits septum ring polymerization. MinE suppresses MinD/MinC localization and induces the oscillation of MinD/MinC
along the long axis of the cell causing a time-averaged absence of MinC in
the middle of the cell, where the septum will be build [22]. An example
of motility changes during development of an organism concerning cellular
sub-structures is the altered motility of the mitotic spindle during the first
division of the C. elegans zygote. This division is asymmetric and establishes
the germ line of the worm. Throughout metaphase and anaphase of this division the spindle oscillates, whereby this movement initially increases, reaches
a maximum, when the spindle is properly positioned in respect to polarity
cues, and then stops [23, 24]. Also, the movement of single Dictyostelium
cells is coordinated with the formation of a multi-cellular slug and is accompanied by cellular differentiation [25, 26]. Thus, this wide spectrum of
deformable objects moving in time and space argues for the development of
a general method quantifying motility parameters.
Although cell movement during organ development is reported in several
cases, it is still not fully understood. Analysis of organ development especially in mammals is experimentally limited with respect to molecular analysis and imaging resolution. Thus, especially over the last years, one in vitro
organogenesis system gained attention due to its experimental amenability
and relative simplicity, namely, threedimensional (3D) cultured epithelial
cells [27, 28]. Single MDCK cells, dog kidney epithelial cells, are embedded
in extracellular protein matrices like collagen and develop therein within days
into cysts [29, 30]. The system of in vitro cystogenesis is now widely used
to derive systemic concepts of cellular self-assembly. Like in animal systems,
it was observed that this morphologic development was accompanied by cell
motions [31].
Specifically, although the development of MDCK cells in such 3D cultures
has been analyzed for roughly 20 years now [32], it was not until recently
that the mechanisms of lumen initiation were dissected in this model system
[31]. Lumen initiation is a multi-step process that takes place in the absence
of cell division and death and can be accompanied by motions of the entire
small aggregate. Thus, cell polarization and movement are connected during
lumen initiation in small MDCK aggregates. It was suggested that physical
parameters such as cellular volumes or surface ratios regulate or are regulated
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by the cellular mechanisms leading to lumen initiation [31]. Cellular motion
is clearly accompanied by dynamic changes in cell shape, resulting in changes
of cellular surface ratios. And such changes in the cell membrane depend,
like the de novo formation of the apical surface in MDCK aggregates, on
membrane traffic. Thus cellular motion might influence the orientation of
membrane traffic during lumen initiation.
Cell motility depends also on the establishment of cellular traction to
move cells forward, and therefore on the surrounding matrix [33, 14, 34].
Thus, the cell polarization, allowing lumen initiation, seems to depend on
the properties of the 3D matrix environment. In accordance, several reports
point to an instructive role of the extracellular matrix on lumen formation.
Increased matrix rigidity caused delayed lumen initiation, as a lumen was
predominantly formed in aggregates of increased cell number [35]. The deposition of laminin by embedded MDCK cells is essential for the proper
orientation of the novel apical surface. Consequently, b1 integrin signaling
influences lumen formation [36, 37]. Thus, polarized membrane traffic, causing lumen initiation, might indeed be influenced by integrin signaling. Therefore, the observation that lumen initiation, and therefore epithelial polarization, seemed to correlate with circular aggregate motion raised the question,
whether these two phenomena are causally linked. To be able to address this
possibility as well as the molecular nature of such a link in future studies, the
motion relative to lumen initiation needs first to be quantitatively assessed.
MDCK cell aggregates are motile during lumen initiation, but the cause
and consequence of this behavior has not been analyzed so far [31]. As i)
minimally in polarized MDCK cells the nucleus is not centrally positioned
but basally localized [38], ii) the individual cells of an aggregate can differ in
volume by a factor of up to 5 (data not shown), and iii) as cell shape changes
occur in polarizing MDCK cells, we had to develop a novel method to describe
quantitatively the 3D circular motions during lumen formation. Our method
can be applied to any system of segmented objects and quantitatively assess
its circular motion behavior even in the presence of deformations and it can
even be used if the analyzed objects vary strongly in size. We report here
for the first time that two classes of circular motion, random walk and rotation, exist in 3D. These two classes characterize the three behavior types of
aggregates shortly before and immediately after lumen initiation. Remarkably, aggregates with continuous random walk, and permanently rotating
aggregates can initiate a lumen, as well as aggregates that rotated before but
not after lumen initiation. In addition, aggregate motion rates correlated
with the classification of the movement. In contrast to random walk, which
correlated with low motility rates, rotational movement correlated with high
motility rates. Thus, based on six lumen-forming movies, we reveal i) a high
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degree of plasticity even during such a developmentally critical step like lumen initiation and ii) that lumen initiation does not necessarily involve a
certain motility class. However, we discovered that motility rates decreased
with increasing aggregate cell number, which was in a previous study shown
to correlate with lumen initiation frequency, and hence epithelial polarization [35]. Together, these results suggest that loss of circular motility of
aggregates might increase epithelial polarization.

4.3
4.3.1

Materials and Methods
Cell culture, microscopy

MDCK strain II cells, stably expressing YFP-tagged double-palmitoylated Cell culture
Gap43 peptides, were live imaged to report about the developmental changes and microscopy
of the 3D positions in the plasma membrane. Only for Figure 4.1a, stable
MDCK II cell lines expressing GFP-actin or GFP-E-cadherin were in addition used. Cell culture, microscopy (except for Aggregate 8), and postprocessing were performed as described in [31]. Imaging matrix fibers: Aggregate 8 was imaged with a Leica SP2 AOBS scanning confocal microscope
(Leica Microsystems AG, Germany) equipped with a 37C incubator chamber. Back-scattered light was collected in a reflection microscopy set-up to
visualize the 3D distribution of matrix fibers. Briefly, reflected photons were
acquired in one channel that bundled the wavelengths of the applied laser
excitations, namely 514, 561 and 594 nm. These three wavelengths were used
in parallel for excitation to maximize the signal-to-noise ratio in the collection channel, which captured simultaneously the YFP fluorescence and the
reflection signal. The complete Z-stack (∆z = 0.5 µm) was recorded using an
oil-immersion objective (63x, 1.4 NA, HCX Plan APO; Leica Microsystems).

4.3.2

Post image processing and accuracy assessment

Post image-processing and manual segmentation was performed as described Image
in [31]. Briefly, fluorescent Z-stacks of cell aggregates obtained from confocal processing
or wide-field microscopy were deconvolved with Huygens (Scientific Volume
Imaging BV Hilversum, The Netherlands) or SoftWorx (Applied Precision).
The 3D geometry of each cell and of the lumen in each aggregate was manually reconstructed from the deconvolved Z-stack using Amira (Konrad-ZuseCentrum, Berlin, Germany). The volume and barycenter positions of the
reconstructed 3D objects were obtained using the “Material Statistics” function of Amira. The result of the segmentation of one Z-stack is a 3D field of
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voxels.
Segmentation
Our manual segmentation has an expected volume error of 4% [31]. We
accuracy assessed, therefore, how this error affects the barycenter position and, more
importantly, aggregate rotation angles in the worst-case scenario to obtain
the maximum expected error for the angle calculations. In this scenario
concentrated extra volumes have been assigned to each cell of a two-cell
aggregate at a location, where they have a maximal negative effect on the
rotational angle calculation. This volume addition resulted in a displacement
of the barycenter position, equivalent to 1.9% of the aggregate’s radius, which
yielded a maximum angle error of 2.18 degrees. Thus, all angular shifts
greater than 2.18 degrees represent real movements and angular shifts lower
than 2.18 degrees might represent errors. Angular values below 2.18 degrees
are thus below our resolution. This error, however, is a maximum deviation
between the real microscopy data and their segmented counterparts at each
time point and, thus, does not accumulate.

4.3.3

Mathematical rotation analysis

Mathematical To calculate the rotation of a rigid solid in a 3D space between two time
framework points, it is sufficient to know the 3D positions of three spatial points of
the solid at each time points. However, this does not apply to deformable
systems such as developing cell aggregates, which consist of cells that change
their shape, volume, and 3D position during a morphological process like
lumen initiation. Our method uses therefore the positions along the plasma
membrane to derive the barycenter, also known as the centroid or geometrical
center of an object, which is not identical to the center of mass of the cell,
to overcome this limitation. By calculating the barycenter position of at
least two cells, as well as that of the whole aggregate, the three spatial
points required to calculate the rotation of an aggregate are obtained. In
mathematical terms, the method operates on minimally two clusters of voxels
that displace collectively as one system. The method is composed of four
steps: calculation of the barycenter position of each cluster and the system
for each time point, calculation of individual cluster rotation for each time
point pair, calculation of the system rotation for each time point pair and
calculation of the cumulative system rotation at each time point and of the
average system plane of motion for a given period. The method is designed to
calculate the circular motion of a system regardless of whether it is actually
rotating or not. In the following, the steps of the method are described both
in generic words and in words specific to the MDCK 3D culture application
(Figure 4.2). For clarity, the four steps of the method will be presented in
the following using the terms “cel” and “aggregate” instead of “cluster” and
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“system”, respectively. Also, lower case letters in the equations to follow
refer to cellular and capital case letters to aggregate properties, respectively.
Step 1: Barycenter position calculations
If N is the number of voxels belonging to one cluster (cell, lumen or aggregate
in our specific example) and v~i the coordinates of the ith voxel, then the
coordinates of the barycenter ~b for this cell, lumen or aggregate is calculated
as in

.

Ne
X
~b = 1
v~i
N i=1

(4.1)

This gives the geometrical center of the cell, its barycenter, and not the The barycenter
center of mass, which is irrelevant for a geometrical analysis. The barycenter
calculation using Equation 4.1 is performed on the segmented datasets in the
software AMIRA (Konrad-Zuse-Centrum, Berlin, Germany). To factor out
possible cell translocation and stage drift during imaging, the coordinates of
the analyzed aggregate barycenter are subtracted from the coordinates of the
barycenter of each cell. If bc is the position of the barycenter of a cell and ba
the position of the corresponding aggregate’s barycenter, then the position
of the cell relative to that of the aggregate barycenter, bca , is
b~ca = b~c − b~a

(4.2)

.
Step 2: Calculation of individual cell rotation between two time
points using three angles
While the rotation of an object in 2D space can be accurately described with Cellular 3D
only one scalar number, i.e. the rotation angle, a 3D rotation requires three rotation
scalars. A conceptually simple approach to illustrate and calculate a 3D rotation is its projection onto each of the three principal planes of a Cartesian
coordinate system. The 3D circular motion of a cell aggregate can be mathematically only described if the original and subsequent coordinates of the
barycenters of minimally two cells are known. The positions of the barycenters of each cell relative to the aggregate barycenter are initially derived as
Cartesian coordinates and then converted into spherical coordinates to obtain their angular positions (Figure 4.2b). To describe an angular shift of a
point during a circular motion only the longitudinal and latitudinal angles
are needed while the radius is not relevant. The longitude of a point is here
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defined as the angle between the X axis and the line that is the projection of
the line that connects that point with the center of the coordinate system on
the XY plane. The latitude of a point is here defined as the angle between
the line that connects a point to the barycenter and its projection on the XY
plane. If the three Cartesian components of a cell barycenter b~ca are denoted
Y
Z
as: bX
ca , bca and bca , then the angles for longitude (φ) and latitude (θ) are
calculated by
Y
φ = arctan2(bX
ca , bca )

(4.3)

and




bZca


θ = arccos  q
2
2
2
Y
Z
(bX
ca ) + (bca ) + (bca )
where
arctan2(y, x) = 2arctan p

(4.4)

y
x2 + y 2 + x

is the four quadrant arctangent function. From this, the longitudinal and latitudinal rotation angle of a cell between two time points is directly calculated
by
rlong,t2 −t1 = φt2 − φt1

(4.5)

rlat,t2 −t1 = θt2 − θt1

(4.6)

and

respectively. These longitudinal and latitudinal rotation angles are used
to calculate the exact rotation of the barycenter of a cell (Figure 4.2c).
Next, an absolute rotation angle is defined to report directly about the
motility activity of a cell between two time points. It lies in the plane that
passes through the aggregate barycenter and the barycenters of a cell at two
different time points (Figure 4.2c). Since cells may move in any direction,
the orientation of this plane changes for each time point pair. The two time
points can be the end points of a period that is analyzed (e.g. time before
lumen initiation) or directly the consecutive image data point. The absolute
rotation angle of a cell between two time points,
rabs,t2 −t1
, is calculated as
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rabs,t2 −t1 = arccos

~bca,t · ~bca,t
1
2
~
norm(bca,t2 ) · norm(~bca,t1 )

!
(4.7)

.
where norm(. . .) is the length of the specified vector. The arc cosine of
the absolute rotation angle is always positive by definition.
Step 3: Calculation of aggregate rotation using a volume weighted
averaging scheme
To define the 3D circular motion of an aggregate around its barycenter three Aggregate 3D
angles need to be calculated (Figure 4.2d). Each angle defines a component of rotation
the rotation on a different principal Cartesian plane (XY, YZ and ZX). This
decomposition can be equivalently regarded as an analysis of a 3D rotation of
three components around the Z, X and Y axis, respectively. If cell aggregates
were rigid, the absolute and longitudinal rotation angles of all cells of a given
aggregate would be the same and one number could describe the rotation of
the entire aggregate. However, the cells of an aggregate are deformable and
their calculated rotation angles may therefore not necessarily all be equal.
To reflect an aggregate rotation with only one number, a weighted averaging
scheme, considering the volume of each cell, is employed. If V is the sum of
the volumes of the aggregate cells, Vcell is the volume of an individual cell and
rlong,t2 −t1 is the longitudinal rotation angle of an individual cell between two
time points, then the longitudinal rotation angle of the aggregate between
these time points is defined as
Rlong,t2 −t1 =

1 X
Vcell · rlong,t2 −t1
V cells

(4.8)

Averaging the latitudinal rotation of cells is less straightforward because
there is only one longitudinal plane passing through the aggregate’s barycenter but many latitudinal planes. This averaging is performed by first calculating the vectors showing the deviation of each cell from the Z axis, as it is
moving in the latitudinal direction between two time points, d~t2 −t1 , given by


d~t2 −t1


cosφt2 · sin(rlat,t2 −t1 )
= sinφt2 · sin(rlat,t2 −t1 )
cos(rlat,t2 −t1 )

(4.9)

.
The vectors for each cell are averaged and finally normalized to unit length
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X

Vcell · d~lat,t2 −t1

cells

~ t2 −t1 =
D

!
norm

X

(4.10)

Vcell · d~lat,t2 −t1

cells

.

The angles between the projection of this vector on the YZ and ZX planes
are the rotation of the aggregate on the YZ and ZX latitudinal planes and
calculated by:
Y
Z
RlatY Z,t2 −t1 = arctan2(Dlat,t
, Dlat,t
)
2 −t1
2 −t1

(4.11)

X
Z
RlatZX,t2 −t1 = arctan2(Dlat,t
, Dlat,t
)
2 −t1
2 −t1

(4.12)

and

The three angles Rlong,t2 −t1 , RlatY Z,t2 −t1 and RlatZX,t2 −t1 fully describe the
3D rotation of an aggregate between two time points (Figure 4.2).
Finally, the absolute rotation of the aggregate between two time points,
t1 and t2 , is defined as
Rabs,t2 −t1 =

1 X
Vcell · rabs,t2 −t1
V cells

(4.13)

and the rate of the absolute rotation angle change between those time
points is calculated as
Ṙabs,t2 −t1 =

Rabs,t2 −t1
t2 − t1

(4.14)

Step 4: Calculation of both the cumulative aggregate rotation angle and, based on a rotation rate weighted averaging scheme, the
aggregate rotation plane
The cumulative aggregate rotation for all four rotation measures: Rlong,t2 −t1 ,
RlatY Z,t2 −t1 and RlatZX,t2 −t1 at an arbitrary time point, t, is calculated by
where (. . .) may correspond to long, t2 −t1 , latY Z, t2 −t1 or latZX, t2 −t1
thus yielding one equation for each of the four quantities.
The plane in which the absolute rotation angle between two time points
is defined may differ for each cell in the aggregate. Therefore, the normal
vectors that define the axes corresponding to those planes are averaged to
derive the vector that defines the axis corresponding to the plane of the absolute aggregate rotation between two time points. If these aggregate rotation
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vectors are further averaged over many time points, the vector corresponding
to the average plane of absolute aggregate rotation for the analysis period
spanning those time points is derived (Figures 4.5c and 4.6c). To perform
this averaging, the vector corresponding to the plane of rotation of an individual cell between the time points t1 and t2 , ~at2 −t1 , is first calculated
as

~at2 −t1 =

~bca,t
~bca,t
2
1
×
~bca,t
~bca,t
1
2

(4.15)

Using the individual cell rotational vectors and considering the individual
cell volume, the plane in which an aggregate is rotating between a time
point pair is calculated. The volume weighted averaging is necessary, as an
aggregate does not consist necessarily of homogeneously sized cells. As also
the planes of rotation for each individual cell between two time points are
not necessarily the same, the average vector corresponding to circular motion
of the aggregate between two time points, At2 −t1 , is calculated based on the
following volume weighted scheme:
X

Vcell · ~at2 −t1

cells

~ t2 −t1 =
A

(4.16)

!
norm

X

Vcell · ~at2 −t1

cells

However, aggregate cells do also not necessarily move with the same speed
and at a constant rate or in a constant plane. Thus we aimed to determine
the average plane of rotation in a way that accounts for the differences in
absolute cell rotation activities (Equation 4.13) within an aggregate. The
vector corresponding to this major aggregate rotation plane for a given period
under investigation was calculated using weighted averaging of the planes of
rotation (Equation 4.17) for all time intervals in a given period and the
corresponding absolute rotation angles (Equation 4.13) as weights:
end
X

~ period =
A

~ t −t
Rti −ti−1 · A
i
i−1

i=start+1

norm

end
X

!

(4.17)

~ t −t
Rti −ti−1 · A
i
i−1

i=start+1
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4.3.4

Implementation

Technology The program AMIRA, where manual segmentation was performed, calculated
used the barycenter positions of the segmented geometries for each time point. A
helper program, written in C++, collects the barycenter and volume data for
each cell (cluster) for one aggregate (system) for all time points and compiles
a single text file containing all information for the aggregate (system). This
text file is the input for the main processing, which is done in MATLAB (The
MathWorks, Inc., Natick, MA). Thus, these calculations can be performed
on any personal computer, which can run AMIRA and MATLAB.

Accuracy
To increase the accuracy of the averaging of the motion of individual
improvements cells, when calculating aggregate motion between two time points, it is implemented that the program will exclude from this operation the cell/cluster
for which the absolute motion angle was calculated to be more than double
the absolute motion angle of the next fastest cell. Such a situation occurs only
if a cell deforms significantly stronger relative to its neighbors or if a cell’s
barycenter is very close to the barycenter of the aggregate. In our dataset,
this situation arose in 8 time point pairs of the development of Aggregate 6,
6 time point pairs of Aggregate 1, and 1 time point pair of Aggregates 9 and
5.

Directional
The program is also checking for and reports about direction changes
change occurring in the longitudinal and the latitudinal aggregate movements. Time
detection points belonging to segments between direction changes are then clustered
to assess the effect of our maximum error threshold on the accuracy of our
results. Since segmentation error is not cumulative while rotational angles
containing direction information are, the rotational angles for time point
pairs that belong to segments between direction changes can be added up
and their sum compared against our resolution. If the cumulative angles
for those time point pairs are above resolution the entire segment is safely
considered classified even if the angles for the individual time point pairs are
below our resolution. However, all time point pairs that belong to segments,
whose cumulative longitudinal or latitudinal angles are below our resolution,
are indicated by the program.
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4.4
4.4.1

Results
Aggregates rotate as cohorts without significantly
affecting their environment

MDCK aggregates can exhibit circular motion in the XY plane. Remark- Types of
ably, we observed in a total of 63 aggregates imaged between 3 and 10 hours rotational
six groups of circular motions in the XY-plane: Aggregates moved clockwise movements
and then stopped (6.3%), aggregates moved continuously clockwise (22.2%),
aggregates moved counter-clockwise and then stopped (9.5%), aggregates
moved continuously counter-clockwise (20.6%), one aggregate moved clockwise and then counter-clockwise (1.6%), and 39.7% of all aggregates did not
move at all or moved around the initial position in a random fashion. Thus,
diverse patterns of circular motions can be detected, sometimes even within
the same culture. Interestingly, in none of our cases we observed that an aggregate, moving with hardly any motion or with non-directed circular motion,
switched to persistent circular movement. We investigated the frequency of
circular motion in aggregates of various cell numbers and found that it was
strongly reduced in aggregates with more than three cells (Figure 4.1a). We
can exclude that this reduced circular motion is due to aggregate size as cell
aggregates of more than 10 cells imaged 24 h after seeding showed a strong
circular motion (data not shown). Remarkably, as we showed in a previous
study, approximately 50% of all cell aggregates have a lumen at the 3-cell
stage while the exact percentage depends on matrix properties [35]. Together
this suggests that circular motility parameters might change at the very point
of lumen initiation, hence, when epithelial polarity is established. To investigate if there is a direct link between circular aggregate motion and lumen
initiation, we focused first on the relationship between these motions and the
surrounding matrix and analyzed the distribution of the major matrix fibers
around developing aggregates. An average projection of 20 confocal central
planes, obtained by reflection and simultaneous plasma membrane imaging,
revealed that cell aggregates can be connected by collagen bundles (Figure
4.1b). The organized orientation of these matrix bundles suggests that the
cells actively rearranged them within 24 h after seeding. This raised the
question if such bundles are maintained during the circular aggregate movement. Therefore we imaged a circularly moving cell aggregate over time with
higher spatial resolution. The maximum projections of 6 confocal central
planes over time showed that several matrix fibers extended radially from
the cells. Two fiber groups, originating from two opposing positions on the
aggregate’s surface, were observable (Figure 4.1c). These groups might correspond to the above-mentioned collagen bundles and, surprisingly, did not
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Figure 4.1: Rotation of MDCK aggregates within a collagen matrix. (a) MDCK cell aggregates
with more than three cells exhibit a strong reduction in circular motion in the XY plane. Movies of 69 cell
aggregates, imaged after 24, 48, 72, or 96 h, were analyzed and motility in the XY-plane was qualitatively
categorized into persistent or not. The plot shows data points (squares) and the corresponding Boltzmannfit (line, adjusted R2 = 0.99) of the frequency of aggregates with persistent circular motion in dependence
on the number of cells per aggregate. Numbers near the data points (n) reveal the number of aggregates
analyzed. (b) Average projection of 20 middle confocal slices of three cell aggregates connected by bundles
of extracellular matrix. (c) Maximum projections of 6 middle confocal planes of a 2-cell aggregate (cell
1, cell 2), which is surrounded by matrix fibers, over time (Aggregate 8). The cellular plasma membranes
and the matrix fibers are visible as white objects. The filled and open white triangles track specific fibers
over time. Bars 20 µm.

change for 75 minutes their position, despite a 90 degree counterclockwise circular motion of the aggregate during that period. Thus, the forces exhibited
by the aggregate during rotation are not sufficient to deflect the major fibers
notably. Remarkably, individual fibers seem to be in touch with different cells
over time and are thus not permanently attached to one specific cell (open
arrowhead fiber is linked to cell 1 at T=0 min but to cell 2 at T=75 min),
indicating that the aggregate cells can connect dynamically with the matrix fibers. These dynamic interactions suggest that the aggregate migrates
as a coherent group, a cohort, inside a convex matrix shell, only minimally
modifying the matrix within this time scale. To be able to study these circular motions, we developed a new method to quantitatively describe the
rotational movement of cells in the presence cell shape and volume changes.
This new method does not need matrix information as input. Thus it indeed
mirrors the reality of MDCK cell aggregate movements occurring within a
few hours.
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4.4.2

Rotation of aggregates around their barycenters

We present here the method that relies on 4 consecutive steps and can be
applied to a wide range of applications where segmented voxels of two or
several clusters in a system are available 4.2). We chose to build our rotation analysis method on images of cells, in which the plasma membrane
distribution was detectable over time, to derive their geometrical centers. By
this means cell shape changes, which are essential for lumen initiation and
which occur in many 3D movements and development (e.g. Figure 4.1c), are
incorporated in the analysis [31, 39]. Additionally, MDCK cells in culture
can differ in volume by a factor of 5 within one aggregate (data not shown)
and it is known that the nucleus moves basally during MDCK polarization
[38]. Thus, simply tracking the position of the nucleus, as it is done in several studies to characterize cell motility is not sufficient for an analysis of
polarizing MDCK cell aggregates [40, 19].
As the process of lumen initiation occurs within tens of minutes and cannot be induced at will, its recording is so far by chance [31]. We have nevertheless succeeded in imaging six aggregates during lumen initiation, hereto
forth referred to as Aggregates 1 to 6. The imaging periods varied between 3
and 10 hours (Figure 4.5a). All aggregates moved continuously during these
imaging periods without pause. Two aggregates without lumen (Aggregates
7, 8) and one aggregate already containing a lumen (Aggregate 9) were analyzed (Figure 4.6a) for control purposes. For those nine aggregates, the
four steps of the circular movement analysis method were performed (Figure
4.2a).
The circular movement of the lumen-forming Aggregate 5 is illustrated in
different ways (Figure 4.3). The time resolved fluorescent image stacks were
manually segmented and their 3D reconstructions are displayed as colored
cells for each recorded time point. From each of these 3D objects, corresponding cellular and aggregate barycenters were calculated and are depicted in
parallel (Figure 4.3a). It is visible that the reconstructed cell geometries
compare well with the positions of correspondingly colored spheres of the
cells’ geometrical barycenters in the 3D space. Thus, the movement of the
barycenters indeed captured the 3D circular cell motions in the presence of
cell shape changes, revealing that the barycenter movement alone is enough
to depict the actual cell movement. This statement is further confirmed by
the convincing overlays of the fluorescent images, which are in the planes of
the aggregate barycenters, on top of the barycenter positions of the cells and
the aggregate at two time points (Figure 4.3b).
The time point, when a lumen is light microscopically detectable for the
first time, is defined as T = 0 min and reports here and in the following
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Figure 4.2: (a) Flowchart of the rotation analysis method for deformable objects. (b) An illustration
of the longitude and the latitude of the barycenter of a cell at a specific timepoint (T=i) (black sphere).
(c) Illustration of the absolute, longitudinal and latitudinal angular shifts of a cell between two different
timepoints (black spheres at T=i and T=i+1) relative to the aggregate barycenter (center of the coordinate system). (d) Illustration of possible circular motions of an aggregate projected on the longitudinal,
YZ latitudinal and ZX latitudinal planes (white lines with two arrow heads), including the transparent
Aggregate 5 at T=30min.
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Figure 4.3: Tracking of cellular barycenters over time and in 3D space. (a) Illustration of the 3D
circular motion of a lumen-forming MDCK aggregate in collagen matrix. Shown are representations of the
movement of a 3-cell aggregate (Aggregate 5) around its barycenter over 270 minutes. Upper panels: 3D
rendered geometry of the 3-cell aggregate over time, whereby each cell is represented as red, green or blue
object, respectively. The lumen is white and marked with “L”. Lower panels: The corresponding time
dependent 3D position of the barycenters of each of the three cells represented as analogously colored
spheres. At each time point the barycenter of the aggregate is represented either as black (aggregates
without a lumen, t < 0 min) or semitransparent sphere (aggregates with lumen, t ≤ 0 min). All scales
are in µm. (b) Illustration of the calculated barycenter positions together with a confocal microscopy
plane. The slices of the confocal z-stacks of Aggregate 5 (a) at the two time points: T=-120 and T=-30
minutes, which pass through the aggregate barycenters, are rendered semi-transparently to visualize the
barycenters of the three cells (color code as in a).
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representations about lumen initiation, which is a developmental reference
point. Before lumen initiation, all cells of Aggregate 5 moved strongly in one
direction. However, the barycenter displacements of all cells were strongly
reduced between imaging points after lumen initiation (Figure 4.3a). Thus
all cells acted in coordination within the moving and in parallel polarizing
aggregate, and changed their motility behavior with lumen initiation.

4.4.3

Three behavior patterns in lumen-forming cell
aggregates

Behavioral The change of circular motion with lumen initiation in Aggregate 5 was strikpatterns ing. Thus we analyzed all our six lumen initiating aggregates and plotted
the barycenter positions of each cell relative to the barycenter position of
their aggregate. Surprisingly, three very different behavior patterns could be
qualitatively detected. In the first behavior group, to which the Aggregates
1, and 2 belong, the cells changed often direction of their movement within
the XY plane (Figure 4.4a). Each cell’s movement resembled therefore a
random walk around its starting position. The second behavior group, encompassing Aggregates 3 and 4, is characterized by persistent circular cell
motions in the XY plane around the aggregates’ barycenters during the entire imaging period (Figure 4.4b). Thus, in this and the first behavior group
the motility was qualitatively not altered in the periods before and after the
initiation of a lumen. The third behavior group is, however, characterized
by a switch in the motion pattern with lumen initiation (Aggregates 5 and
6). Before lumen initiation, the cells displaced clearly and persistently in a
circular motion around the aggregates’ barycenters in apparently one plane.
However after the lumen was formed, the motion was changed to small nondirected displacements, a random walk-like motion (Figure 4.4c). Each of
these behavior types, visualized as time-resolved 3D representations of the
barycenters’ positions, can be assessed in the Supplementary Videos 2, 3, 4,
respectively. In summary, it seems that qualitatively two different classes
of motions, persistent circular motion and a random walk-like motion, constitute three behavior patterns shortly before and immediately after lumen
initiation.

4.4.4

Classification of circular aggregate motion

Rotation vs. We aimed to quantitatively define these two very different circular motion
random walk classes. Circular motion can either be described as rotation or random walk.
Random walk is the movement of an object independent of the direction in its
previous step. Thus, in a random walk motion frequent and abrupt changes
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Figure 4.4: Qualitative identification of three types of motile behaviors during lumen formation. The large solid spheres, colored red, green and blue, indicate the positions of the barycenters of the
cells of an aggregate at the indicated time point. Each development was centered on the first time point
a lumen can be resolved light microscopically (T=0). For all three rows of panels, the panel at the left
side corresponds to the start of the development and each panel to the right corresponds to a timepoint
90 minutes later. Each panel on light grey background corresponds to time points before lumen initiation
and the panels on dark grey background to time points after lumen initiation (LI). The barycenters in
all panels except the ones at the left side have trails of 3 time points each 30 minutes apart, shown as
similarly colored and gradually fading smaller spheres. The most transparent barycenter position in each
trail corresponds to the position of the barycenter in the previous panel. The black sphere in the center
of each graph represents the aggregate barycenter. If a lumen is present, the aggregates barycenter is
represented as a semitransparent sphere. The period specific classification results of Figure 4.5b are represented by “rotation” and “random walk”. (a) Behavior type 1: Small non-persistent displacements of the
cell barycenter positions of Aggregate 1, a 3-cell aggregate, over 270 minutes. (b) Behavior type 2: Strong
circular displacements persistently in one direction of the cell barycenter positions of Aggregate 4, a 2-cell
aggregate, over 180 minutes. (c) Behavior type 3: Before lumen initiation strong and persistent circular
displacements and after lumen initiation very small and non-persistent displacements are detectable in
the cell barycenter positions of Aggregate 5, a 3-cell aggregate, over 270 minutes. All scales are in µm.
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occur. In contrast, rotation is a persistent circular motion of an aggregate
around one axis within a certain analysis period. Thus in a rotating motion
not a single direction change occurs within the analysis period in one plane,
meaning that the direction of the motion within a given time point pair is
identical to the direction of the movement within the previous time point
pair.
In our method, the 3D aggregate movement is decomposed into three
planar movements, each of them is defined in one of the principal Cartesian
planes, XY, YZ and ZX (Figure 4.2d). A cell movement is a change of the
cellular barycenter position in the 3D space and described by the shifts, in
each of three planes, the longitudinal as well as the YZ and the ZX latitudinal
ones. These angular shifts include magnitude and direction information in
form of the algebraic sign for each of the three planes. The angular shifts in
all three rotation planes need to be known between all time point pairs, to
quantitatively describe cell movements in an analysis period.
An aggregate movement is classified as rotation if there is no direction
change in at least one of the three planes for all time point pairs in the analyzed period. Thus, rotation occurs if in minimally either the longitudinal
or one of the latitudinal planes the motion persists without change of direction and thus with constant algebraic sign, during the analysis period. For
this reason a rotation is only detectable in a period of minimally three time
points. However, an aggregate movement is classified as random walk, if in
all three movement planes, no persistent direction is detectable and therefore
more than one switch of the algebraic sign of the angular shift occurs in all
the three planes.
We aimed to compare quantitative motility characteristics in the two
periods, before and immediately after lumen initiation. Thus the number of
direction changes was determined for the longitudinal as well as for the two
latitudinal planes for each aggregate before and after lumen initiation. As
our developments included variable numbers of recorded time points in these
periods (Figure 4.5a), we normalized the number of direction changes to the
number of time point pairs in each period (Figure 4.5b).
We calculated the number of direction changes for all three rotation planes
before and after lumen formation for all six lumen forming developments (Figure 4.5b). As the movements of Aggregate 3, 5 and 6 did not change direction
in the longitudinal plane before lumen formation, they already could be classified as rotation movements. Similarly, Aggregate 3 and 4 rotated after
lumen initiation, because there was no direction change in the longitudinal
plane in that period. Remarkably, Aggregate 5 before and Aggregate 3 after
lumen initiation not only fulfilled the minimal requirement for the rotation
classification, but had in addition no direction changes in the ZX latitudinal
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Figure 4.5: Quantitative characterization of lumen-initiating aggregates. (a) Overview of
imaged developments. Each horizontal line with symbols, illustrates the observation window for each
individual aggregate (Aggregate 1-6, cell number in aggregate). Each symbol indicates the time point
at which a Z-stack of the developing aggregate was imaged. Solid circles represent aggregates without
lumen, hollow circles aggregates with lumen. Cell division is indicated by a small vertical line. (b) Scheme
depicting the number of changes of direction of the movement in each of the spherical planes normalized
to the analyzed period. The first/second/third number codes correspond to the percentages of time point
pairs with direction changes in the longitudinal XY, latitudinal YZ and latitudinal ZX planes, respectively,
before and after lumen initiation. A zero number reports about a persistent circular motion in that plane
and, thus, a rotation (black filling). A non-zero number reports for that plane a random walk behavior
(grey). If less than three time points were imaged in a period, the calculation of changes could not
be performed, indicated by N.A., not available. (c) The vectors corresponding to the average planes of
absolute aggregate angular shifts over the analyzed development periods normalized to unit length. Shown
are the strengths of the X, Y and Z components of each vector squared. Numbers on top of each bar report
about aggregate identity. The in B derived, period-specific classification code is used. (d) Longitudinal
aggregate angular shifts projected on the XY plane. Each line with symbols illustrates the development
for each individual aggregate (Aggregate 1 - 6). Each development is centered on the first time point a
lumen can be resolved light microscopically (T=0). Each symbol indicates the time points at which a
Z-stack of the developing aggregate was imaged. Solid circles represent aggregates without lumen, hollow
circles aggregates with lumen. Cell division is indicated by a small vertical line. Grey and black lines or
data points represent the period-specific classification result, in which the aggregate is performing random
walk or rotation, respectively. Thinner lines report about angular shifts that were below our resolution.
(e) Latitudinal aggregate shift of the aggregates projected on the YZ plane versus time. Aggregates and
labeling as in d. (f) Latitudinal aggregate shift of the aggregates projected on the ZX plane versus time.
Aggregates and labeling as in d.
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plane, revealing that rotational movement occurred both in the longitudinal
and the ZX latitudinal planes (Figure 4.5d, 4.5f). In contrast Aggregate 1,
before and after lumen initiation, as well as Aggregate 2, 5, and 6 after lumen
initiation repetitively changed direction of their movement in all three angular planes classifying them as random walk aggregates. No quantification
could be obtained for Aggregate 2 and 4 before lumen formation, as for this
period only two data points were available. However, qualitative assessment
of the barycenter displacements indicated that no alteration of the motion
before and after lumen formation occurred in these developments. Thus, Aggregate 2 is a continuously random walking and Aggregate 4 is a continuously
rotating aggregate.
Comparing the qualitative motion assessment with this quantitative classification, revealed that aggregates performing a persistent circular motion in
the observed XY plane indeed were classified as rotating aggregates and, consistent with the qualitative assessment, no direction change occurred in the
longitudinal XY plane. The quantification could further disclose that rotational movement occurred also sometimes in the ZX latitudinal plane (Figure
4.5b). In addition, aggregates with qualitatively frequent direction changes
in certain periods were congruently in the quantitative assessment classified
as random walk movements. Consequently, in our quantitative assessment
we reveal the same three behavior patterns shortly before and immediately
after lumen initiation as in the qualitative assessment. Thus, aggregates can
initiate a lumen with three very different behaviors, namely, when they are
permanently in a random walk motion, or permanently rotating or when
they switch from rotation to random walk with lumen initiation (Figures
4.4, 4.5b). This variability shows that neither one of the behavior patterns
nor one of the motion classes are necessary for lumen initiation. It leaves
however the possibility that motion per se might influence lumen initiation
or vice versa.

4.4.5
Rotation
predominantly
on the XY
plane

Quantitative characterization of circular aggregate motions

We determined the vector perpendicular to the average plane, in which the
circular motion before and after lumen initiation took place, to reveal its
principle component (Figure 4.5c). Surprisingly, all rotating aggregates rotated in average in the XY plane. This result is confirmed by the fact that,
for exactly these aggregates, rotation was in the longitudinal plane detectable
(Figures 4.5b, 4.5d). In addition, consistent with the repeated changes of directions for the aggregates with random walk motion, for these a single prin36
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Figure 4.6: Quantitative characterization of non-lumen-forming aggregates. (a) Overview of
imaged developments. Each horizontal line with symbols illustrates the observation window for each individual aggregate (Aggregate 7-9, cell number in aggregate). Labeling as in Figure 4.5a. (b) Scheme
depicting the number of changes of direction of the movement in each of the spherical planes normalized
to the analyzed period. The first/second/third number codes correspond to the percentage of time point
pairs with direction changes in the longitudinal XY, latitudinal YZ and latitudinal ZX planes, respectively, before and after lumen initiation. A zero number reports about a persistent circular motion in
that plane and, thus a rotation (black filling). (c) The vectors corresponding to the average planes of
absolute aggregate angular shifts over the imaged developments normalized to unit length. Shown are the
strengths of the X, Y and Z components of each vector squared. Numbers on top of each bar report about
aggregate identity. Development-specific classification code is used. (d) Longitudinal aggregate angular
shifts projected on the XY plane. Each line with symbols illustrates the observation window for each
individual aggregate (Aggregate 7-9). Labeling as in Figure 4.5d. (e) Latitudinal aggregate shift of the
aggregates projected on the YZ plane versus time. Labeling as in Figure 4.5d. (f) Latitudinal aggregate
shift of the aggregates projected on the ZX plane versus time. Labeling as in Figure 4.5d.

ciple plane of motility was not detectable. Aggregate 1 before and Aggregate
2 after lumen initiation had the Cartesian Y and X axes, which correspond
to the ZX and YZ planes, respectively, as their principle component in their
movement. Thus, the aggregates can use for circular movements all three
directions in space as the major axis of their movement. Clearly detectable
is for all analyzed aggregates (Aggregates 1-9) an emphasis of movement in
the XY plane, which is represented by the dominant strength of the Z-axis
component (Figures 4.5c, 4.6c). This emphasis might result from the proximity between the imaged aggregate and the glass coverslip, which might result
in anisotropy in the matrix around the aggregates.
Next we analyzed in detail the time resolved movement in 3D space (Fig- Magnitude of
ure 4.5d, 4.5e, 4.5f). We found that the angular shifts in the longitudinal rotational
movements
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plane were in average 14.45 ± 8.18 degrees (mean ± s.e.m., n=6) and maximally 79.17 degrees considering all available data points (Figure 4.5d). For
the YZ latitudinal shifts the average was 3.04 ± 1.63 degrees (mean ± s.e.m.,
n=6) and maximally 21.01 degrees (Figure 4.5e). The ZX latitudinal shifts
were in average 3.65 ± 2.09 degrees (mean ± s.e.m., n=6) and maximally
27.17 degrees (Figure 4.5f). Thus, the motions are highly variable in magnitude, occurred predominantly in the longitudinal plane, and the activities
in the two latitudinal planes were similar and about 4 times smaller than in
the longitudinal plane.
Rotation was predominantly detectable in the longitudinal plane (Figure
4.5b). Consistently, the aggregates that move constantly by rotation (Aggregates 3, 4) and rotate before lumen initiation (Aggregates 5, 6) have, during
these periods, the largest angular shifts. They move in average by 34.88 +/10.93 degrees (mean ± s.e.m., n=4) and have a maximum of 79.17 degrees,
and all shifts above our resolution limit of 2.18 degrees (Figure 4.5d). In
contrast, the aggregates exhibiting random walk movement before and after
(Aggregates 1, 2) or only after lumen initiation (Aggregates 5, 6) only displaced with minor angles. In average they moved by 3.35 ± 1.73 degrees
(mean ± s.e.m., n=4), with a maximum of 14.35 degrees. Only approximately one third (n=14) of these 46 small displacements, belong to segments
below our resolution. These segments are surrounded by time point pairs in
which the classification could be unambiguously determined or at the beginning or the end of a development and thus not influencing the classification
result. Thus all rotating aggregates show angular shifts in the longitudinal
plane that about 10 times bigger than aggregates moving by random walk.
Aggregate 3 after and Aggregate 5 before lumen initiation not only have
no directional changes in the XY longitudinal but also in the ZX latitudinal
plane. Thus with the exception of these two cases, all other lumen initiation
aggregates had frequent direction changes in the YZ and the ZX planes and
minor angular shifts (Figure 4.5e, F). We found that in the YZ plane in 77%
(55 of 71) of all time point pairs and in the ZX plane in 73% (52 of 71) of
all the time point pairs the angular shifts were smaller than 4 degrees, the
upper limit in the means of angular shifts for both the YZ and ZX planes,
with a total 30% (43 of 142) of all time point pairs in those two planes below
our resolution of 2.18 degrees.
Similar analyses were performed with small aggregates of 2 to 3 cells that
never formed a lumen during the imaging period (Aggregates 7, 8) or Aggregate 9, which had a lumen from the start of image acquisition (Figure 4.6).
The movements of these three aggregates used for control purposes (Aggregates 7, 8 and 9) were all classified as rotation, as no change of directionality
in the longitudinal plane of motion was detected (Figure 4.6b). Surprisingly
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similar to the lumen-forming rotating aggregates is the fact that, in average, their Z component dominated in their aggregate rotation vector (Figure
4.6c). Thus, rotation in the XY plane is not restricted to lumen-forming
aggregates. The aggregate with lumen (Aggregate 9) consisted of 3 cells
and displaced similarly as the 3-cell aggregate without lumen (Aggregate 7)
(Figures 4.6d, 4.6e, 4.6f). However, Aggregates 7 and 8 at the 2-cell stage
displaced stronger in the YZ latitudinal plane than the 3-cell aggregates, raising the possibility that there might be a dependency between displacement
activity and the number of cells in an aggregate (Figure 4.6e).
Only Aggregate 8 was imaged by confocal microscopy. It behaved sim- Confocal vs.
ilarly to other rotating aggregates, which were imaged using a wide-field widefield
microscope. Thus, different imaging techniques did not influence the angular microscopy
shifts. In addition, the duration of imaging neither influenced the morphologic development of lumen initiation nor the rotational speeds, as Aggregate
7, which does not have a lumen, moved continuously and fast for up to 330
min, and as this movement was comparable to that of Aggregate 3, which
initiated a lumen during the similarly long imaging period of 270 minutes
(Figure 4.7). Remarkably, cell division events in Aggregates 6 and 7 also did
not disturb the persistence of the rotation motions, further supporting our
statement that the cell matrix interaction is highly dynamic (Figures 4.5,
4.6, 4.7).

4.4.6

Speed of circular motion

Analysis of the cumulative absolute angular shifts of the aggregate developments revealed two main activity patterns (Figure 4.7). Aggregates 3 and
4 continued their circular motility with strong angular changes even after
lumen initiation, while Aggregates 1, 2, 5, and 6 hardly moved after lumen
initiation (Figure 4.7a, 4.7b).
The rate of the displacement between individual time points of a devel- Velocity
opment was in general highly variable within an aggregate (Figure 4.7b). variability
However, Aggregate 2 before and after lumen initiation and Aggregates 5
and 6 after lumen initiation, moved with small rates, remarkably free from
big variations; Aggregate 2 before lumen initiation: 0.14 ± 0.01 degrees/min
(mean ± s.d.), Aggregate 2 after lumen initiation: 0.13 ± 0.06 degrees/min
(mean ± s.d.), Aggregate 5 after lumen initiation: 0.14 ± 0.13 degrees/min
(mean ± s.d.) and Aggregate 6 after lumen initiation: 0.19 ± 0.1 degrees/min
(mean ± s.d.). Only 17% (6 out of the 35 time point pairs) of the above described individual rates were smaller than 2.18 degree per 30 min, the imaging
interval in those developments, and thus below our resolution. Hence these
aggregates did move but only minimally. Most importantly, Aggregate 2
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Figure 4.7: Analysis of aggregate motility. (a) Absolute aggregate angular shifts of lumen forming
aggregates plotted versus time. Labeling as in Figure 4.5d. (b) Rates of absolute aggregate angular shifts
of lumen initiating aggregates. Numbers along the horizontal axis report about the aggregate identity.
Symbol positions indicate the rate of absolute aggregate angular shifts calculated for each time-point pair
in the development. Solid circles represent time point pairs without lumen, hollow circles time point
pairs with lumen. Box whisker plots show the minimum, 25%, median, 75% and maximum values for
each aggregate. The numbers on top of the box plots report the number of time point pairs analyzed.
Black and grey data points report that the period-specific classification result was “rotation” and “random
walk”, respectively. (c) Absolute aggregate angular shifts of non-lumen initiating aggregates plotted versus
time. Labeling as in Figure 4.7a. (d) Rates of absolute aggregate angular shifts in non-lumen initiating
aggregates. Labeling as in Figure 4.7b. (e) Absolute aggregate angular shifts between time point pairs (n)
of all aggregates (Aggregates 1-9) versus the number of cells in each aggregate. (f) Normalized frequency
of cellular motion classes per time point pairs of all aggregates, that were previously classified into rotation
(black), random walk (grey) in the periods before and after lumen initiation (Aggregates 1-6) and for the
entire imaged development (Aggregates 7-9), respectively.
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formed a lumen although only minimally displacing.
Mean absolute angular velocities for rotating aggregates lay between 0.55
and 1.67 degrees/min for Aggregate 6 before lumen initiation and Aggregate
3 after lumen initiation, respectively. Mean absolute angular velocities for
random walk aggregates lay between 0.1 and 0.38 degrees/min for Aggregate
5 after lumen initiation and Aggregate 1 before lumen formation, respectively.
To identify possible differences between groups of aggregate movements sta40
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tistical analyses were performed and summarized in Table 4.1. We found that
neither random walk aggregates that maintained in this mode of motion after
lumen formation (Aggregates 1, 2; Test 1; p = 0.3) nor rotating aggregates
that maintained in this mode of motion after lumen formation changed absolute angular velocities with lumen initiation (Aggregates 3, 4;Test 2, p =
0.4). Thus lumen formation is not mirrored in the absolute rates of motion.
However, the aggregates that switched from rotation to random walk motion
with lumen initiation (Aggregates 5,6) significantly reduced their angular
velocities (Test 3, p = 2e-4), raising the possibilities that either the different classes of motion differ intrinsically in these rates or the rate difference
reflects the morphological event of lumen initiation. Opposing the second
possibility, all random walk aggregates (Aggregates 1, 2 before and after lumen formation, and Aggregates 5, 6 after lumen formation) and all rotating
aggregates (Aggregates 3, 4 before and after lumen initiation, Aggregates 5, 6
before lumen initiation, and Aggregates 7, 8, 9) did not significantly differ in
absolute angular velocities (Test 4, p = 0.3 and Test 5, p = 0.2, respectively).
Supporting however the first possibility, we found that rotating aggregates
show a significant higher angular velocity than random walk aggregates (Test
6, p < 1e-4).
Test
1
2
3
4
5
6

7
8

Group 1
1, 2 before LI
3, 4 before LI
5, 6 before LI
1, 2 before LI
4, 5, 6 before LI
Agg. 7, 8
Agg. 1, 2 before LI
Agg. 1, 2, 5, 6 after LI

Agg.
Agg.
Agg.
Agg.
Agg. 3,

All time points with 2 cells
All time points with 2 cells

Group 2
1, 2 after LI
3, 4 after LI
5, 6 after LI
1, 2 after LI
3, 4 after LI
Agg. 9
Agg. 3, 4, 5, 6, before LI
Agg. 3, 4 after LI
Agg. 7, 8, 9
All time points with 3 cells
All time points with 3 cells
Agg.
Agg.
Agg.
Agg.
Agg.

Group 3

Agg. 5, 6 after LI

p-value
0.3
0.4
2e-4
0.3
0.2

<1e-4
All time points with 4 cells
All time points with 4 cells

5e-3
1e-4

Table 4.1: Statistical analysis of rates of absolute angular aggregate shifts. Summary of all
the different statistical tests performed, the groups tested, and the calculated p-values. Data illustrated
in Figure 4.7 were fit to a linear mixed model with the aggregate identity being the random effect (test
1-7) or tested for correlation according to Spearman (test 8) in the ‘R’ statistical environment (software
obtained from the R Project for Statistical computing. LI, lumen initiation; agg., aggregate.

Consistent with our observation that cell number seemed to influence the Number of
angular shifts in individual planes for Aggregates 7-9 (Figures 4.6d, 4.6e, cells influences
4.6f), we identified that, if all aggregates were investigated under this as- velocity
pect, the absolute rate of rotation significantly decreased in aggregates with
increasing numbers of cells (Test 7, p = 5e-3, (Figure 4.7e). In 2-cell aggregates the average rate was 0.43 ± 0.5 degrees/min (mean ± s.d., n = 42), in
3-cell aggregates 0.37 ± 0.49 degrees/min (mean +± s.d., n = 37), and in
4-cell aggregates 0.19 ± 0.4 degrees/min (mean ± s.d., n = 19 in 1 aggre41
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gate). In addition, we reveal a correlation between the frequencies of time
point pairs, in which motions were previously classified as rotation, and aggregate cell number. The rotation frequency decreased from 73.8% in 2-cell
aggregates to 26.3% in a 4-cell aggregate (Test 8, p = 1e-4, Figures 4.1a, 4.5,
4.6). Together, these results are consistent, as higher rates of displacement
occur in the class of rotational movements.
Taken together, the classification in rotating and random walk motions
correlated with high (1.08, ± 0.29 degrees/min (mean ± s.e.m., n = 6)) and
lower (0.23 ± 0.09 degrees/min (mean ± s.e.m., n = 6)) absolute angular
velocities, respectively. In the analyzed small aggregates circular motion
parameters like speed, number of direction changes, and principal component
of rotation axis did not correlate with lumen initiation (Figures 4.5, 4.6,
4.7). Even aggregates with very small aggregate motions (0.14 degrees/min)
initiated a lumen. However, we discovered that the speed of motion decreased
with increasing numbers of cells in an aggregate and that this decreasing
rate of circular motion correlated with a decreasing frequency of rotational
motility (Figures 4.7e, 4.7f).

4.5

Discussion

Summary Based on these unidirectional steps, which accompany distinct physical boundary conditions, we analysed polarised circular motion in MDCK cell aggregates in 3D during epithelial polarization. We developed a method to quantify the rotation of individual components of multi-component systems that
can change their shapes and volumes and applied it to the analysis of circular
motion of 3D MDCK epithelial cell aggregates forming a lumen. Our method
development was necessary, as a method for the analysis of 3D rotation in
the presence of differently sized and shape-changing objects did not exist.
Novelty of the
Our outline-barycenter-based method is a novel approach in the analysis
method of 3D rotation. The novelty lies in two points. First, the full 3D outline
of the cells was used instead of the nuclear position. Second, a weighted
averaging scheme was applied to calculate angular shifts in the presence
of deformations and relative movements between individual cells. It is a
very robust method, because it is based on an averaging process and on
closed form analytical equations. By averaging all points of a cellular outline,
the method calculates the cells geometric center and therefore follows an
average cellular movement. This is more relevant than methods based on
tracking the nuclear position, as the nucleus is not necessarily positioned in
the geometric center of a cell [20, 41]. Our outline-barycenter-based method
describes rotation even when significant cellular deformations take place in
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the observation window or with objects that differ significantly in size. If
a cell produces protrusions asymmetrically to one side, this will locate the
barycenter towards that direction and our method will register a movement
of the cell in that direction. On the other hand a symmetric shape change
will not shift the barycenter position and no movement will be registered.
Importantly, our method can analyze the rotation in all three principal planes
of the Cartesian coordinate system and does not make assumptions about
the actual plane in which the rotation takes place. Thus it has the potential
to uncover rotation movements in systems, in which it was so far hidden due
to 2D analyses.
The method can be applied to any situation, where segmented 3D geometries of the respective clusters are available, and can therefore be used
in the 4D quantitative analysis of the rotation of sub-cellular, cellular and
multi-cellular systems such as nuclei [20], Dictyostelium cells [25] and the
heart of zebra fish [42] respectively, and even non-cellular systems. We had
applied this method to analyze the events around the time of lumen initiation
in MDCK aggregates [31].
All analyzed aggregates were motile. However, their motility can be discriminated into the two classes of circular motion, rotation and random walk,
which were so far not characterized in any 3D system. The first is defined
by minimally one constant rotation direction and correlated with higher angular velocities. In contrast, the latter is defined by non-persistent and thus
changing directions of circular movement and correlated with lower angular
velocity (Figures 4.5, 4.7).
The absolute rates of angular shifts can be converted into linear migration
rates. Amongst all our data, Aggregate 5 had the maximal absolute rotation
rate of 1.96 degrees/min, which is equivalent to 0.0342 radians/min. During
the time points, in which this motion occurred, Aggregate 5 consisted of two
cells with a distances of 5.21 and 5.25 µm from the aggregate barycenter,
which thus results in an average distance of 5.23 µm per cell from the aggregate barycenter. Hence its high circular speed yields a linear velocity of 0.178
µm/min, which is slower than an average fibroblast and slightly more rapid
than astrocytes, which move very slowly. Thus, in average the velocity, with
which MDCK cells move as a cohort in a 3D matrix, is very slow compared to
2D moving cells like amoeba moving with 60 µm/min or keratocytes moving
with 10 m/min [43].
Interestingly, cells in one aggregate not only coordinated to pursue a persistent rotation but also to change abruptly from a rotational to a random
walk mode during lumen initiation. Nevertheless, a certain mode of motion
or its change is not necessary to form a lumen. Thus, especially aggregate
rotation is not necessary to initiate a lumen. Further, our limited number of
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lumen initiating developments allows the statement that the developmentally
critical step of cell polarization to establish a lumen de novo can be achieved
with a high plasticity in circular motility. However, those 6 developments do
not represent a statistical relevant sample size and therefore do not allow a
general statement. However, we could statistically analyze circular motility
of 2- and 3-cell aggregates. We show correlations between the cell number
per aggregate and the frequency of classified cell aggregates performing rotational motion and aggregate velocities. Previously, a correlation between the
cell number per aggregate and the cumulative frequency to form a lumen was
discovered [35]. About half of all aggregates had formed a lumen at the 3-cell
stage. Thus, the in average solid 2-cell aggregate was more motile than the
4-cell aggregate that in average had a lumen and in which every cell was thus
epithelially polarized. The difference in aggregate volume might be a reason
for a loss of motility activity with increasing cell number, if degradation of the
surrounding matrix is not occurring to compensate for the increasing pressure in it. However cellular proteases are known to modify and thus possibly
relax the matrix leaving room for an alternative possibility [44]. In a solid
2-cell aggregate a yin-yan-ness of the cells, described in cells on 2D patterns,
was detectable (Figure 4.1c), [45]. While in none of the random walking aggregates such protrusions were seen, 83% of the analyzed rotating aggregates
had cells with such protrusions (Figure 6 in [35]). Thus the phenomenon
that single cells in highly motile aggregates seem to form protrusions near
the matrix, reminiscent of leading edges describe in cells migrating on 2D
surfaces, is more general. A leading edge of a cell is a polarized structure
and characterized by the accumulation of polarizing proteins, e.g Cdc42 and
Par6 to name a few, which also play important roles in epithelial polarization [46, 47]. Thus it is tempting to speculate that during the development
from a solid 2-cell aggregate to an aggregate with a large lumen the motility
activity decreases because migratory polarization is converted into epithelial
polarization. Indeed, the fact that the above mentioned polarity regulators
are also regulating epithelial to mesenchymal transition, early events in the
formation of metastases, support this possibility [48, 49].

4.6

Conclusion

We developed a method for quantifying the time-resolved circular motion of
3D rendered multi-part systems. The systems can be cell aggregates, cells,
sub-cellular structures or even non-cellular objects of different sizes that alter
shape and position in space over time. Our method is thus general and due
to the set up robust. The novelty of our method is that it considers asym44
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metric deformations of individual system parts. This is a big advancement in
comparison to already available 3D methods that are based on the analysis
of the nuclear position, which does not always report about the geometrical
center of a cell. We applied our method and report here for the first time
absolute time-resolved velocity rates and angles for the 3D motion of small
MDCK aggregates, which move as a coordinated cohort in a collagen matrix.
Our analysis revealed that lumen-initiating aggregates exhibit rotational
and random walk movements around the aggregates barycenter. Rotating cell
aggregates, move with a higher angular velocity compared to those performing random walk. Lumen initiation as one developmentally critical step in
cystogenesis is not dependent on any circular motion class revealing a strong
plasticity in a critical morphological step. However, we show a correlation
between aggregate cell number and both angular velocity and the frequency
of time points of aggregates previously classified as rotating suggesting a link
between circular motility and lumen presence.
Although our method is currently geared towards rotational analysis, it is
straight forward to extend it to include a cross correlation analysis including
surface areas, and volumes, as well as translation information to analyze the
system more completely.
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Topography-mediated apical
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Kurtcuoglu and A. Ferrari, ‘Topography-mediated apical guidance in epidermal wound healing’, Soft Matter (2012)

5.1

Abstract

Topographic modifications of the substrate of a cell culture have the potential to guide cell polarization and migration, through which epidermal wound
healing may be accelerated. Classic topographic contact guidance is based
on the interaction between cells and a supporting scaffold that interferes with
the establishment of focal adhesions, thereby influencing the organization of
the actin cytoskeleton. Exploiting soft lithography techniques on PDMS,
we engineered gratings of groove and ridge width of 1µm and groove depth
of 0.6µm. These gratings were applied to the apical free surface of human
dermal fibroblasts during in vitro wound healing. Gratings oriented perpendicularly to the wound induced a significant enhancement of cell polarization,
migration speed and directionality which resulted in faster wound coverage.
The apically applied texture influenced the deposition of extracellular matrix
into the wound yielding homogeneously distributed fibronectin fibers. Apical
guidance was not mediated by the establishment of focal adhesions between
cells and the topographically modified patch, thus allowing for removal of
the latter after complete healing. Altogether, our results demonstrate an
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alternative guidance scheme based on the apical, adhesion-free interaction
between migrating cells and an anisotropic surface topography, which leads
to faster healing in an in vitro wound model.

5.2

Introduction

Wounding Acute mechanical epidermal wounding, defined as the breaking of continuity
of an epidermal tissue, is followed by a wound healing response organized
in three basic stages: Inflammation, tissue formation and tissue remodeling
[16]. During tissue formation, the wound is populated by cells mostly through
directional migration from the wound edges [16, 50]. More specifically, dermal
fibroblasts rapidly migrate into the wound where they become the dominant
cell population and produce an early provisional extracellular matrix (ECM)
mainly consisting of newly deposited collagen and fibronectin [50].
Regeneration
Whether and to what extent the healing process results in new functional
vs. scarring tissue or in a scar critically depends on the proper and fast execution of all
wound healing stages [4, 5]. Fibroblasts play a central role during the initial
phase of tissue formation; their migration constitutes a rate-limiting step
that controls the outcome of the subsequent processes [51]. Indeed, a slow
and inefficient wound colonization by fibroblasts results in scar formation
[50, 52]. Additionally, the architecture of the ECM deposited by fibroblasts
into the wound area governs the ensuing migration of epidermal cells [4]. In
particular, inhomogeneous distribution of ECM fibers is linked to scarring
[50, 5].
Contact
The migration of dermal fibroblasts and the early matrix deposition have
guidance been widely studied both in vivo and in wound healing models in vitro [53,
54]. During migration, fibroblasts follow a number of overlapping directional
signals that derive from gradients of soluble molecules [16] as well as from the
chemical [55] and physical properties of the extracellular environment [56].
In particular, the local topography of the ECM influences cell polarization
and migration in a process termed contact guidance [57].
Contact
Contact guidance requires signal transmission through transmembrane
guidance integrin receptors that directly recognize and bind to specific epitopes in the
mechanisms ECM [53, 58]. Integrin engagement fosters the establishment and maturation
of a cytoplasmic complex, the adhesion plaque [59], which in turn provides the
functions of signal transduction [60] and mechanical anchoring [61] between
the cell and the substrate. Initial small integrin-based adhesions enlarge
and mature into larger focal adhesions by recruiting a number of adaptor,
signaling or actin-regulator proteins to the adhesion site [15]. Mature focal
adhesions eventually connect with the actin cytoskeleton through proteins
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such as vinculin [60]. In this way the adhesions to the substrate can remodel
the cell shape and polarization during migration [61, 62].
Topographical modifications of surfaces such as grooves [63] and pillars
[64] have been shown to deeply influence the polarization and migration behavior of several cell types including neurons [65], epithelial cells [66], and fibroblasts [67]. These scaffolds mimic the interaction between cells and ECM,
imposing geometrical constraints to the establishment and maturation of focal adhesions [68]. Fibroblasts, in particular, readily respond to gratings with
lateral feature size between 0.1µm [69] and 10µm [70] by polarizing and migrating along the topography. The deposition and remodeling of ECM fibers
by migrating fibroblasts is similarly influenced by topographically-modified
substrates [71].
One common characteristic of previous contact guidance studies is that
cells are forced to assemble integrin-based adhesions at the interface with
the structured surface. Hence, upon wound healing, the artificial scaffold is
integrated into the regenerated tissue and cannot be removed [72]. This is in
contrast with the application of a textured substrate on the free surface (i.e.
the apical cell surface) of an existent cell layer, which more closely resembles
the deployment of an engineered dressing on a wounded epidermis. The
possibility of guiding cell migration through the interaction with the apical
cell surface has not been investigated yet.
In this study we demonstrate that it is indeed possible to influence fibroblast migration as well as the architecture of newly deposited ECM through
an apically applied topography. Additionally, our data imply that this guidance effect is obtained without the establishment of focal adhesions between
migrating cells and the textured surface, thus allowing for clean removal of
the textured surface after wound closure. Altogether we demonstrate a novel
“top guidance” mechanism based on the apical, adhesion-free interaction between migrating cells and an anisotropic surface topography, which leads to
faster wound healing.

5.3
5.3.1

Contact
guidance
research

Integrin
mediated vs.
adhesionless
guidance

Novelty

Materials and Methods
Patch fabrication

Patches to assist wound healing were made of Polydimethylsiloxane (PDMS, Fabrication
Dow Corning, USA) at 1 : 10 mixing ratio. The mixed PDMS was degassed
in a vacuum chamber for 10 minutes to remove trapped air and poured
at 500µm thickness onto a micropatterned cyclic olefin copolymer (COC)
mold consisting of parallel grooves with 2µm period, 1µm groove width and
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600µm groove depth [73]. Subsequently, the PDMS was briefly degassed for
a second time and cured for 4 hours at 60°C. The cured PDMS patches
were separated from the mold with tweezers and cut into squares of 1cm2
with a scalpel. Blank patches were similarly created by pouring PDMS onto
flat COC substrates. Subsequently, all patches were left in ethanol overnight
to dissolve any uncrosslinked material and, then left to dry. The stiffness
of the resulting patches was measured by uniaxial testing and their Youngs
modulus was calculated to be 1.53 ± 0.057M P a. As individual fibroblasts
can produce traction forces in the 10 − 100nN range [74], we assume that
the deformation of topographic features on the surface during wound healing
is negligible.

5.3.2

Constructs and Transfection

Fluorescent In the experiments where focal adhesions and actin filaments visualization
proteins was required, cells were transfected using a Neon Transfection System (Invitrogen, USA). LifeAct-EGFP (Green Fluorescent Protein) and VinculinFP635 (Far Red Fluorescent Protein) constructs were a kind gift of Dr.
Ralph Kemkemer (Max Planck Institute for Intelligent Systems, Stuttgart,
Germany).

5.3.3

Antibodies

Antibodies Mouse monoclonal [A17] anti-fibronectin antibody (ab26245) was purchased
from Abcam (USA) and secondary goat anti-mouse IgG-FITC antibody was
purchased from Sigma Aldrich (USA).

5.3.4

Cell Culture

Cell culture Human dermal foreskin fibroblasts (HDF) were supplied by the Tissue Biology Research Unit (Department of Surgery, University Children’s Hospital
Zurich, CH) and obtained according to the principles of the Declaration of
Helsinki. Human juvenile foreskin samples were digested overnight at 4°C
in dispase (0.5mg/ml, Roche, CH) in Hanks buffered salt solution (HBSS
without Ca2+ and Mg2+ , Invitrogen) containing 5µg/ml gentamycin. This
allowed subsequent separation of epidermis and dermis using forceps. To
establish primary dermal fibroblast cultures, the dermis was dissociated into
single-cell suspensions using HBSS containing collagenase III (1mg/ml, Worthington Biochem., USA) and dispase (0.5mg/ml, Roche) at 37°C for 1 hour.
Finally, the cells were cultured in RPMI-1640 medium supplemented with
10%v/v Fetal Bovine Serum, 2mM L-Glutamine, 100U/ml Penicillin and
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100µg/ml Streptomycin (all from Sigma Aldrich) and maintained at 37°C
and 5% CO2 . In all reported experiments, cells with less than five passages
in vitro were used.
To coat the PDMS patches with gelatin, the following procedure was
followed: The patches were first treated with oxygen plasma to increase
the hydrophilicity of the surface. The process time of 120 seconds at 10W
and at a pressure of 0.1mbar was chosen after testing a range of intervals
from 30 to 150 seconds (Supplementary Figure S5.7) as the one yielding the
lowest contact angle (20.2 ± 0.5°). Subsequently, 1.5% gelatin (Merck, USA)
in water was added to the samples and let to adsorb for 1 hour at room
temperature (RT). Subsequently, the gelatin was cross-linked by incubating
with 2% glutaraldehyde (Sigma Aldrich) in water for 15 minutes at RT. After
a sterilization step with 70% Ethanol in PBS (Sigma Aldrich), the substrates
were washed 5 times with PBS and left overnight at RT in 20mM Glycine
(Sigma Aldrich) in PBS to neutralize the glutaraldehyde. Finally, the PDMS
patches were washed 5 times with PBS and stored at 4°C until use. Tissue
culture plates were coated with gelatin using the same procedure.
To coat the PDMS patches with PEG, the following procedure was followed: First, the patches were ultrasonicated in ethanol for 10 minutes at
room temperature, rinsed with H2 O and dried. Then they were treated with
oxygen plasma (120 seconds at 10W and 0.1mbar) and sterilized under UV
for 30 minutes. Subsequently, they were covered with 0.2mg/ml solution of
PLL(20)-g[3.5]-PEG(2) (Susos AG, Switzerland) in HEPES-2 buffer. The
PEG coated patches were rinsed once with PBS and stored in PBS at 4°C
until use. Finally, the PEG coating was tested in culture to ensure that the
substrates did not support cell adhesion and spreading.
To generate confluent monolayers, the cells were seeded on an unstructured basal support (i.e. 10cm2 tissue culture wells in 6-well plates or in a custom built frame with six glass bottomed dishes) at a density of 5·104 cells/cm2
and cultured for 2 days. In order to facilitate automatic wound coverage segmentation by microscopy, the confluent monolayers were treated for 30 minutes with 5-chloromethylfluorescein diacetate (CellTracker™Green CMFDA,
Invitrogen) at 1.5µg/ml. This concentration was calibrated as the lowest to
still ensure good image quality along the entire wound healing experiment.
After staining, the monolayers were washed with PBS and a straight wound
was induced mechanically with a pipette tip. The average initial wound size
in the reported experiments was 539 ± 10µm. Subsequently, the cultures
were gently washed twice with complete medium to remove cell debris and
the PDMS patches were applied on top of the cultures observing to the following placement protocol: The patches were mounted on 1mm thick glass
slides and approached to the surface to within 1 − 2mm and then dropped.
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Four additional glass slides were added with the same technique to act as
weights. No additional pressure was applied to the cells. Before starting the
experiment, the z position of the patch was checked under the microscope to
ensure that the patch was in contact with the monolayer and that all imaged
regions of the wound were well within the patch boundaries for both experimental conditions (gratings and blank). In all experiments, three patterned
patches and three blank patches were imaged in parallel.

5.3.5

Decellularization and Immunostaining

Immunostaining In order to image the fibronectin fibers deposited by the cells on the basal
support after complete wound coverage, the patches were gently removed and
the cultures were decellularized for subsequent fibronectin staining. For this,
the cultures were washed with PBS and the cell membranes were lysed by
adding a solution containing 0.5%(v/v) Triton X-100 (Sigma Aldrich) and
20mM N H4 OH in PBS. The specimens were then left overnight in PBS at
4°C to fully dissolve cellular debris. The following day, the PBS was gently
aspirated and the deposited fibronectin was stained as follows: The specimens
were incubated first for 1 hour in blocking buffer (5% BSA in PBS) and then
overnight (at 4°C) with primary antibody. After washing 3 times (1 hour
each) with blocking buffer, the specimens were incubated with the secondary
antibody for 1 hour at RT. The samples were finally washed five times with
PBS and immediately imaged.

5.3.6

Wide field microscopy

Microscopy Cell imaging was performed using an inverted Nikon-Ti wide-field microscope (Nikon, Japan) equipped with an Orca R-2 CCD camera (Hamamatsu
Photonics, Japan). After patch mounting, the plates were placed under the
microscope in an incubated chamber (Life Imaging Services, CH), where temperature, CO2 concentration, and humidity were maintained at 37°C, 5% and
95% respectively. Images were collected with a 20x, 0.45N A long-distance
objective (Plan Fluor, Nikon). Nine adjacent non-overlapping fields were
recorded in parallel for each sample. This allowed for parallel time-lapse
imaging of wound healing with an effective field of view of 1290x983µm.
Parallel movies were acquired with time resolution of 1 hour and a total
duration of 31 hours or more. At each time of measure a transmission and
a fluorescent image were acquired using a differential interference contrast
(DIC) and a FITC filter set, respectively. Focal drift during the experiment
was avoided using the microscopes PFS autofocus system.
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Fluorescent images of newly deposited fibronectin were obtained with a
40x, 1.30N A oil immersion objective (PlanFluor, Nikon) using a FITC filter.
For each well, the exact location of the original wound was automatically
re-located using the motorized stage. Z-stacks (sampling distance of 300nm)
were collected in three different locations within the wound and in one control
location away from the wound.
Fluorescent images of HDF expressing LifeAct-EGFP and Vinculin-FP635
were collected with a 60x, 1.20N A water immersion objective (PlanApo,
Nikon) using a FITC and a TRITC filter, respectively.

5.3.7

Image Analysis

Wound healing movies were analyzed using ImageJ (National Institutes of
Health, USA) with the following protocol (Supplementary Figure S5.8): The
fluorescent channel was contrast-enhanced and a threshold was applied to
provide a black and white image. These images were then despeckled to
reduce noise. The wound boundaries were automatically detected in the first
image using the tracing tool of ImageJ and were saved in order to quantify
the wound healing dynamics. For each frame of the time-lapse, the cell
coverage within the original wound region was measured, thus providing a
quantification of wound coverage area (in µm2 ) at each time measured.
In order to quantify individual cell migration and orientation, the images
with applied threshold were further examined and, where necessary, overlapping cell profiles were manually separated inside ImageJ. Individual cells were
detected using the analyze particles tool of ImageJ and the cell orientation
was measured by using the fit ellipse tool. The resulting values were normalized to the initial wound orientation: An angle of 0° indicates an orientation
parallel to the wound, whereas 90° indicates orientation perpendicular to the
wound. Cell migration tracks were extracted using the “particle tracker”
plug-in of the software Imaris (Bitplane, CH). In particular, only migratory
tracks continuously detected for a minimum of 15 hours were extracted and
the corresponding length, average velocity, overall displacement and travelled
paths were automatically calculated.
In order to measure the orientation of fibronectin fibers, the corresponding
z-stacks were loaded into ImageJ and their average projections were obtained.
Subsequently, fast Fourier transform (FFT) was applied (by using the FFT
tool of ImageJ) to identify the direction of maximum spatial frequency of
intensity variations (the major axis of the resulting ellipse) and, therefore,
reveal the direction perpendicular to the principal orientation of the fibers.
Thus, the principal orientation of the fibers, relative to the wound, was extracted from the FFT image as parallel to the minor axis of the resulting
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ECM
homogeneity
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Adhesions

ellipse.
To calculate the fibronectin matrix homogeneity, the standard deviation
of the pixel intensity was measured in each average projection image using
the Measure tool of ImageJ. ECM homogeneity was defined as the inverse of
this standard deviation.
For the measurement of focal adhesion number and size, fluorescent images were loaded in ImageJ and individual focal adhesions were manually
counted by using the cell counter plug-in. The profile of individual focal adhesions was manually drawn using the Freehand selection tool. A value for
the focal adhesion size (in µm2 ) was obtained using the Measurement tool.

5.3.8

Statistical Analysis

Statistical Statistical analysis was performed in MATLAB (The MathWorks, USA). The
methods differences in wound healing, cell migration, fibronectin orientation and focal
adhesion number and size between cultures under the patterned and blank
patches were examined by using the Mann-Whitney-Wilcoxon rank sum test
(α = 0.05). Comparison of cell orientation and cell migration orientation
were performed by chi-squared independence test, α = 0.05. All quantitative
measurements reported are expressed as average values ± the standard error
of the mean. The total number of events counted is displayed in the upper
right corner of the graphs. When not explicitly displayed, the confidence
interval for the statistical tests is reported with one, two and three asterisks
as p < 0.05, p < 0.01 and p < 0.001, respectively.

5.4
5.4.1

Results
Fibroblast wound healing

In order to test the effect of the PDMS patches on cell migration in vitro,
freshly isolated human dermal fibroblasts (HDF) were grown to confluence
on a gelatin-coated basal support. A wound was then mechanically induced
in the monolayer with a pipette tip, and the active gelatin-coated surface of
the PDMS patches was applied apically to the culture as depicted in Figure
5.1.
Healing rate
Figure 5.2 shows the dynamics of HDF wound healing under perpendicularly oriented gratings (Figure 5.2a) or under a blank patch (Figure 5.2b).
Shortly after wounding (t = 0, Figures 5.2a and 5.2b) the cells started migrating into the wound from the edge regions. Cell coverage of the wound
was evident already after 12 hours under the perpendicular gratings, and cells
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Figure 5.1: Description of the experimental setup. (a) A PDMS patch is generated by soft lithography.
(b) The PDMS patch is plasma-treated to obtain a hydrophilic surface for supporting the gelatin coating
(green). (c) A confluent layer of primary human dermal fibroblasts (HDF) is obtained by culturing cells
on a gelatin coated basal support (a Petri dish). (d) The monolayer is mechanically wounded and (e) the
active surface of the patch is applied over the wound.

could re-establish a confluent monolayer after 24 hours (Figure 5.2a). Importantly, in the same experimental conditions, wound healing under a blank
patch proceeded less efficiently as large uncovered regions were present at 12
hours and low confluence was still evident at 24 hours after wounding (Figure
5.2b). In order to quantify the difference in wound healing dynamics under
perpendicular gratings or a blank patch, the cell-coverage in the wound area
was measured over the entire wound healing process. The graph in Figure
5.2c depicts the wound coverage over time and shows, for the perpendicular
gratings and the blank patch conditions, a two-phase behavior: Between 0
and 10 hours after wounding, the wound coverage grew rapidly, while at a
later stage (between 10 and 30 hours after wounding, Figure 5.2c) the coverage tended to a plateau. Importantly, the coverage was significantly higher
under perpendicular gratings at the end of the initial phase, and this difference was maintained during the later slow phase (Figure 5.2c). These results
suggest that the cellular processes supporting wound healing were both faster
and more efficient under the topographically modified patch. Interestingly,
there was neither wound healing enhancement nor retardation when the gratings were oriented parallel to the wound. In this case, the wound coverage
dynamics were similar to those obtained under a blank patch (Figure 5.2d),
indicating that the healing effect depends on the relative orientation between
the gratings and the wound.
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Figure 5.2: Enhanced wound coverage through apical application of perpendicularly oriented gratings
(a) Fluorescent images extracted from a time-lapse of fibroblast wound healing under the PDMS apical
patch. The orientation of the gratings is shown in the last panel (t = 24h). (b) Corresponding fluorescent
images extracted from a control time-lapse of wound healing under a blank patch. The entire wounded
region is visible at time 0h (left panel). A white rectangle at time 0h defines a region of interest in the
wound. A zoomed view of the corresponding region of interest is reported at time 12h (middle panel) and
24h (right panel). (c) Comparison of wound healing dynamics under perpendicular gratings (gray curve)
or blank patch (black curve). (d) Comparison of wound healing dynamics with parallel gratings (gray
curve) or blank patch (black curve). The graph insets display the statistical significance (p-value) at each
time of measure.
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5.4.2

Apical guidance during wound healing

In order to evaluate whether the measured effect of the perpendicular gratings
(Figure 5.2) is based on a guidance mechanism, individual tracks of migrating cells were extracted from wound healing movies. The analysis of tracks
obtained under perpendicular gratings (Figure 5.3a) and under a blank patch
(Figure 5.3b) revealed that cells in contact with the topographically modified
surface migrated over longer distances and in straighter paths, thereby penetrating deeper into the wound area. The average cell displacement from the
original position to the final position upon wound healing was 21% higher
for cells migrating under the perpendicular gratings (Figure 5.3c) compared
to cells migrating under the black patch. Longer migration tracks resulted
from faster movement (the average migration velocity was 13% higher under the perpendicular patch) and improved directionality (the ratio of total
distance traveled over total displacement was in average 10% lower under
the perpendicular patch). Importantly, these activities were translated into
faster wound coverage by better track orientation as shown by a significant
increase (13%) in the percentage of tracks aligned within 60° to 90° toward
the wound (Figure 5.3d).
Analysis of individual cell polarization (Figure 5.4) supports the results
of the migration track study: Cells under the perpendicular gratings were
better aligned toward the direction of the gratings and thus perpendicular to
the wound. In particular 18% more cells aligned within 60° to 90° relative to
the direction of the wound. The global distribution and orientation of focal
adhesions and microfilaments in cells migrating under perpendicular gratings
(Figure 5.4b) or under a blank patch (Figure 5.4c) further reveal an improved
cell orientation which correlates with adhesion alignment, supporting the
generation of actin stress fibers along the main cell axis. Altogether, these
results suggest that perpendicular gratings contribute to orient the migration
of underlying fibroblasts by reinforcing cell polarization along the topography.

5.4.3

Individual cell
migration

Individual cell
orientation

Apical guidance results in aligned ECM fibres
deposition

The architecture of fibronectin fibers newly deposited by migrating fibrob- ECM
lasts into the wound region strongly influences the transition to wound res- orientation
olution or scaring in vivo [75]. In order to test whether the guidance effect
induced by the perpendicular gratings (Figures 5.2, 5.3, 5.4) influenced ECM
deposition by migrating HDF, the global architecture of fibrillar fibronectin
deposited into the wound area was visualized after complete healing (Figure 5.5). Fibronectin fibers deposited (or remodeled) on the basal support
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Figure 5.3: Apical guidance of fibroblast migration. (a) Characteristic tracks of individual cells migrating
into the wound under perpendicular gratings, or (b) blank patch. (c) Comparison of individual cell
displacement, average velocity, and migration directionality upon wound healing under perpendicular
gratings (gray) or blank patch (black; p < 0.001). (d) Distribution of individual track orientation (relative
to the blank control) for cells migrating into the wound under perpendicular gratings. An orientation of
90° indicates alignment perpendicular to the wound.
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Figure 5.4: Cell polarization along the gratings. (a) Orientation of cells migrating into the wound
under perpendicular gratings (gray) or blank patch (black). The orientation of randomly migrating cells
in subconfluent cultures (light gray) is reported as control (gratings vs. blank: p < 0.001, gratings vs.
control p < 0.001). (b) Orientation of actin microfilaments and focal adhesions in cells migrating under
perpendicular gratings (b) or a blank patch (c). The pictures report the inverted fluorescent signal at the
as revealed by LifeAct-EGFP (top panel) and Vinculin-FRP (middle panel) expression, respectively. The
bottom panel shows an overlay of the green (LifeAct-GFP) and red (Vinculin-FRP) fluorescent channels.
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(Figure 5.1) by fibroblasts penetrating into the wound under perpendicular
gratings were homogeneously distributed and showed a basketweave organization with preferential alignment in the direction of the gratings (Figure
5.5a). In sharp contrast, the matrix deposited by cell migrating under a
blank patch was less organized and showed regions of varying fibronectin
density (Figure 5.5b) similar to those found in unwounded regions of the
monolayer (Figure 5.5c). Fourier analysis of global matrix alignment (Figure 5.5d) confirmed that fibroblasts migrating under perpendicular gratings
aligned fibronectin fibers perpendicularly to the wound while the alignment
of fibers deposited under a blank patch was significantly worse (59.8° ± 6.1°).
We next quantified the homogeneity of fibronectin deposited upon wound
healing. A significantly lower standard deviation of the pixel intensity for
wounds healed under the perpendicular patch revealed that the matrix was
more homogeneous than under the black patches or in control unwounded
regions (Figure 5.5e).
In summary, these results demonstrate that the apically applied topography influences the global architecture of the matrix deposited in the wounded
region, yielding better overall distribution and orientation of the fibers.

5.4.4

Apical guidance does not require the establishment of new focal adhesions

Apical We next asked whether the guidance effect induced by the apical applicaguidance and tion of perpendicular gratings (Figures 5.2, 5.3, 5.4) required an interaction
focal adhesions between topographical features and focal adhesions. The size and location
of focal adhesions established by fibroblasts was revealed by the transient
expression of vinculin-FP635 (Figure 5.6a). Under our experimental conditions, overexpression of vinculin did not affect the migration and polarization
of HDF as reported by others [76]. Fibroblasts established focal adhesions at
the interface with the basal support as revealed by punctuate fluorescent signal (Figure 5.6a). Interestingly, under both experimental conditions, only a
minimal number of cells established few, optically resolvable focal adhesions
at the interface with the apical patch (Figure 5.6b). Indeed, the average
number of focal adhesions established by HDF with the basal support was
101 ± 12 for cells migrating under perpendicular gratings and 56 ± 12 for cells
under a blank patch, while the average number of adhesions established with
the apical patch was in both cases less than 2. This result indicates that
the biological interaction with the basal support was significantly stronger
than with the apical patch. To confirm this hypothesis, the patches were
removed after complete wound healing (Supplementary Figure S5.9). In all
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Figure 5.5: Architecture of cell-deposited fibronectin. The apical interaction with perpendicular gratings influences the deposition of fibronectin by migrating fibroblasts. (a) Inverted fluorescent image of
fibronectin fibers deposited on the basal support by cells migrating in the wound area under the perpendicular gratings, or (b) blank patch. (c) Randomly oriented fibronectin deposited by cells in unwounded
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Coloring as in (d).
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Figure 5.6: Focal adhesions establishment and maturation by migrating fibroblasts. (a) Focal adhesions
established at the interface between the cell and the basal support. (b) Comparison of the number of focal
adhesions established at the interface with the basal support or the apical patch, under the perpendicular
gratings and blank patches (p = 0.04). (c) Comparison of focal adhesion size of cells under the patterned
and blank patches (p = 0.004).

cases, the patch removal could be accomplished without damaging the healed
monolayer (Supplementary Figures S5.9e and S5.10f) or stripping the cells
off.
It is worth noting that the average size (i.e. the maturation stage) of
adhesions established by fibroblasts migrating under perpendicular gratings
was significantly smaller than the size of adhesions established by cells under
a blank patch (0.95 ± 0.04 vs. 1.14 ± 0.07 µm2 ; Figure 5.6c). This result is
consistent with an increased migrating phenotype displayed by cells under
perpendicular gratings (Figure 5.3). Altogether, these data demonstrate that
guidance induced by apically applied perpendicular gratings on HDF is not
mediated by the interaction between cell-established focal adhesions and the
topographical features on the surface. Instead, the observed effect has to be
ascribed to a novel, focal adhesion-independent mechanism.
Guidance with
Finally, to rule out any contribution of biological adhesions to apical guidadhesionless ance, we performed a set of wound healing experiments with non-adhesive
patches (i.e. PEG coated PDMS) patches and compared cell coverage over time
for both experimental conditions (gratings and blank). The effect of apical
guidance on wound healing was fully preserved under PEG coated patches.
Wound coverage proceeded faster for the case of the perpendicular gratings
62

5.5. Discussion
relative to the flat substrates (Supplementary Figure S5.10). Importantly,
the absolute wound coverage velocity was similar under PEG and gelatine
coated patches for both blank and gratings conditions (Figure 5.2 and Supplementary Figure S5.10). Altogether, these data demonstrate that guidance
induced by apically applied perpendicular gratings on HDF is not mediated
by the interaction between cell-established focal adhesions and the topographical features on the surface. Instead, the observed effect has to be
ascribed to a novel, focal adhesion-independent mechanism.

5.5

Discussion

The herein presented results demonstrate the possibility of guiding the migration of human dermal fibroblasts through the application of a microengineered patch on the apical, free surface of a wounded cell monolayer
(Figure 5.1). The interaction between the featured anisotropic topography
and the migrating cells is sufficient to enhance cell polarization and favor
directional migration into the wound, thereby promoting wound coverage
(Figures 5.2, 5.3 and 5.4). This “top guidance” process is further reflected in
the architecture of the extracellular matrix, which is newly deposited on the
basal support within the wounded region (Figure 5.5). Importantly, this set
of guidance effects is obtained without the establishment of integrin-based
adhesions between the cell and the apical patch (Figure 5.6), thus allowing
patch removal after healing without damaging the cell layer (Supplementary
Figure S5.9)
Contact guidance by textured basal substrates has been widely investigated and can be described as a bottom-up process mediated by the biological
interaction between the cell and the underlying topography. In this scenario,
topographical features of various sizes and shapes act as physical barriers
that hamper or hinder the establishment and maturation of integrin-based
adhesions [77]. This interaction eventually results in a geometrical constraint
of focal adhesion maturation such that, when the substrate topography supporting the cell is anisotropic, the majority of focal adhesions is established
and matures along the direction dictated by the substrate [68]. The distribution of adhesions is then linked to the overall remodeling of the cell shape (i.e.
cell polarization) by the assembly of actin stress fibers and by the generation
of cell-mediated contractility [68, 77]. With the same mechanism, migrating
cells are restricted on their path by the topographical boundaries provided
by the substrate [63].
In contrast, “top guidance” is not mediated by integrin-based adhesions
and has thus no direct effect on the polarity of migrating cells. Under our
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experimental conditions, although exposed to two chemically identical interfaces, fibroblasts maintained an unaltered apico-basal polarity. Indeed, they
conserved focal adhesions and deposited fibronectin on the lower, unstructured, basal support. We therefore speculate that the effect of the apically
applied topography results from an anisotropic shear stress distribution on
the apical cell surface: Movements parallel to the gratings may therefore
minimize the mechanical resistance in polarized cells. In this way the spatial confinement of cell activities induced by “top guidance” may work in
synergy with the inherent wound healing stimulus resulting from the loss
of cell-cell contacts upon wounding [78]. Indeed, cell confinement in narrow
PDMS channels or within parallel layers of agarose has been shown to induce
friction-based motility in cancer and immune cells [79, 80]. The observation
that cells can still migrate toward the open space when the apical gratings
are oriented parallel to the wound (and thus perpendicularly to the healing direction) supports the hypothesis that “top guidance” originates from
a physical restriction of cell movements rather than from a biological signal
inducing cell polarization and directional migration.
It is important to note that in “top guidance” the interaction between
apical topography and migrating fibroblasts is transmitted to the basal cell
surface: Cells display an overall stronger migration phenotype characterized
by an increased number of immature adhesions and by a stronger orientation
of the actin cytoskeleton (Figures 5.4 and 5.6). Additionally, “top guidance”
affects the basal deposition of fibronectin fibers into the wound area (Figure 5.5). Migrating fibroblast depose a new extracellular matrix which is
more homogenous and better oriented when healing is assisted through “top
guidance”. The resulting matrix architecture may originate primarily from
a specific spatial pattern of fibronectin deposition by apically guided cells or
it may result from matrix remodeling due to the improved directional migration [71]. Altogether, the conversion of apical shear stress distribution
into a global adaptation of the cell activities requires a mechanical transduction which may be provided by a cortical actin structure or through the
deformation of the cell nucleus [81].
Fibroblasts in a monolayer respond to anisotropic mechanical stresses by
collectively reorienting in the direction perpendicular to the stimulus [82, 83].
“Top guidance” supported healing yields areas of cells collectively oriented
along the wound closing direction. Our recordings show that after complete
wound healing the cells can dynamically rearrange their shape and position
within the confluent monolayer. Based on these observations we speculate
that cell alignment induced by “top guidance” does not hinder or delay the
response to mechanical stresses.
Overall, the reported findings lead us to the conclusion that the applica64
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tion of a patterned topography on the apical side of an established fibroblast monolayer will increase migration speed and directionality in a wound
healing scenario. In addition, the guidance mechanism, herein termed “top
guidance”, works in a purely mechanical way and does not require the manifestation of adhesions. It does, however, result in a change in the number
and size of focal adhesions at the basal support side as well as in a more
aligned matrix deposition.
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Supplementary Figures
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Figure 5.7: Water static contact angle measured on the active PDMS patch surface upon different plasma
treatments. The contact angle of untreated PDMS patches is compared with the contact angle of patches
treated with low power (10W ) plasma for 30, 60, 90, 120, and 150 seconds and with the contact angle of
gelatin coated PDMS.
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Figure 5.8: Image processing and analysis. (a) Raw fluorescent image. (b) Contrast enhanced fluorescent
image. (c) Image after threshold application. (d) Automatic wound boundary detection. (e) Calculation
of cell coverage of the wounded region during a wound healing experiment. (f) Individual cell detection
and alignment calculation.
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Figure 5.9: Patch removal after complete wound healing. (a) Illustration of a wounded monolayer before
and (b) after patch application. (c) Illustration of the healed monolayer before and (d) after patch removal.
(e) DIC image of a healed region before and (f) after patch removal.
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Chapter 6
Development of a
micropatterned surface for
practical WH applications
6.1

Design Requirements for Wound Dressings

Wound dressings are used to cover the wound and aid with the natural healing
process. To perform this function it must firstly stabilize mechanically the
wound to prevent wound reopening and excessive scar formation. Secondly, it
must prevent pathogens from entering the wound. Thirdly, it must regulate
the wound environment to promote the process of wound healing. In that
last function, a lot of innovation can be made.
There is a number of parameters that must be taken into consideration
when designing a wound dressing for a specific application. Transparency is
a useful property of the dressing material for large wounds and ulcers, since a
transparent dressing allows for monitoring of the healing progress which enables the timely replacement of the dressing when needed. Low adhesivity of
the wound contacting material is also important. The ideal dressing should
not attach strongly to the wound because removal of the dressing could otherwise damage the newly healed and, thus, sensitive tissue. Wounds heal
optimally when the right amount of moisture is present. For this reason it is
important to ensure that the material is absorbent enough to collect excess
moisture. On the other hand, a relatively moist environment is often needed
to facilitate cellular activity. The dressing should also be permeable to gases,
but not permeable to bacteria. In addition, wound dressing are often impregnated with antibacterial agents such as iodine and silver or with agents that
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will promote wound healing [84, 85].
Safety
Finally but most importantly, the material used must be safe. In parConsiderations ticular, the material must be biocompatible. Biocompatible materials must
primarily not be toxic or irritating and must not cause an immune reaction by the body. In addition, the materials used must be tested against
carcinogeneity and adverse reproductive effects [86].

6.2

Biodegradable Materials

Biodegradable In wound dressings, such as those described above, biocompatibility and
materials lack of adhesivity are sufficient properties, since the dressing is meant to be
changed regularly and ultimately removed after wound healing. In certain
cases, however, such as in the healing of deep or internal wounds, the ability
to leave the healing device in the body is important. This device will need
to be dissolved and absorbed by the body. Such biodegradable materials
are usually polymers, but can also be metallic [87] or ceramic [88]. The two
latter, however, are usually meant for applications where special mechanical
properties, such as in cardiovascular or bone repair applications, are required.
Biodegradable
A large number of biodegradable polymers are currently in use or under
polymers development. One class of biodegradable polymers are polyesters. These include Poly(α-hydroxy acid)s: Poly(lactic acid), Poly(glycolic acid) and their
copolymers, Poly(-caprolactone)s, Poly(hydroxyalkanoate)s and Poly(alkylene
dicarboxylate)s [89]. Another class of biodegradable polymers is polyurethanes
which can be blended with polyesters to create materials with desirable properties [90]. Other materials can be natural polysaccharides, such as starch,
cellulose and chitosan, or proteins, such as collagen and gelatin, or lipids, such
as hyaluronic acid. These materials can again be blended with polyesters to
generate biomaterials with desirable properties.

6.3

Patch Fabrication

Procedure A micropatterned biodegradable patch for wound healing applications, based
on the “top guidance” concept and made out of polycaprolactone, was developed. First, a mask containing four regions of 3cm3 each, with alternating
ridges and grooves of 3, 5, 7 and 9 µm respectively was designed in Autocad
(Autodesk, USA) and printed in chrome on glass (ML&C, Jena, Germany).
The mask was used to create 2µm deep features on 4 inch silicon wafers using
standard SU-8 (MicroChem, USA) lithography. Next, PDMS (Dow Corning,
USA) was mixed at 1:10 ration and degassed in vacuum before being applied
72

6.4. Biocompatibility Trial
a

e

b

f

c

g

i

d

h

j

Any Material
Si
SU-8
PDMS
Epoxy
Polycaprolactone
Elastic Substrate

Figure 6.1: Polycaprolactone Patch Fabrication: a. Lithography with Chrome Mask, b. Developed SU-8
on Wafer, c. Wafer in casting container, d. PDMS casting, e. Cured PDMS, f. Epoxy resin casting, g.
Cured epoxy resin, h. Polycaprolactone solvent casting, i. Polycaprolactone patch, j. Polycaprolactone
patch mounted on plaster

onto the wafer. The PDMS was crosslinked at 60°C for 4 hours and carefully
separated from the silicon mold with tweezers. A second soft lithography
step was subsequently performed by mixing RenLam Epoxy resin (HY-5212,
RenShape, Huntsman Advanced Materials, Switzerland) at 4:10 ratio and
pouring over the PDMS mold. Curing was performed at 60°C for 6 hours.
The epoxy mold was then stabilized by post curing according to the supplier’s
guidelines by ramping the temperature up to 200°C for 24 hours. This mold
was used to produce the polycaprolactone patches. For this, polycaprolactone of 700 000 to 900 000 molecular weight (Sigma Aldrich, Switzerland) was
dissolved at 1mg/ml in Ethyl Acetate, poured over the epoxy mold and let
for 1 hour for the solvent to evaporate. Then the mold was immersed in
water for 1 hour and the polycaprolactone film was carefully separated with
tweezers and cut in patches of 1cm2 with a scalpel. The fabrication process
is summarized in Figure 6.1

6.4

Biocompatibility Trial

In order to test the produced polycaprolactone patches for cell compatibility Cell culture
and for their effect on cell alignnment, human dermal fibroblasts were cultured directly upon the patches. Human Dermal fibroblasts were obtained
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50 μm
Figure 6.2: Human dermal fibroblasts aligning on micropatterned polycaprolactone patch

as described in the previous chapter and cultured on the polycaprolactone
patches for 1 day. The cell membranes were treated for 30 minutes with 5chloromethylfluorescein diacetate (CellTracker™Green CMFDA, Invitrogen)
at 1.5µg/ml also as described in the previous chapter. Finally the cells were
imaged on a Nikon Ti Eclipse inverted microscope with a 20x, 0.45N A longdistance objective (Plan Fluor, Nikon). Cells were shown to be healthy and
proliferating and also to align along the gratings (Figure 6.2).
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Chapter 7
Outlook I
The herein published work has contributed to the study of cell motility in
general and wound healing in particular.
In chapter 4, a novel method for quantifying the motility of rotating
cellular systems is presented. The method is applied for the case of epithelial
cell cyst development and could be relevant for the regeneration of spherical
and tubular epithelial structures in the skin, such as hair follicles and glands.
It is herein shown that epithelial cysts can excibit two different types of
rotational motion during lumen initiation and that there is a link between
cell number in a cyst and rotational velocity.
In chapter 5, a setup for enforcing contact guidance from the exposed side
of fibroblasts in an in vitro wound healing model is described. This apical
contact guidance behavior is a previously unpublished mode of cellular guidance that does not rely on the establishment of focal adhesion complexes.
Although contact guidance through topographically modified substrates has
been extensively studied in the past, the apical contact guidance wound
healing model may be more realistic as it more closely resembles the scenario
where a topographically modified surface contacts a cell monolayer. This scenario is a more accurate model when studying the application of dressings on
a wound or implants in contact with an exposed cellular surface. It is herein
established that the application of a textured patch on a wounded monolayer
can result in faster wound healing and control of cell and extracellular matrix
alignment.
The issues that need to be considered when attempting to bring the concept of the textured healing patch into market as a medical device are described in chapter 6. Importantly, the fabrication must be low cost, repeatable and using safe and biocompatible materials.
There is much more work to be done in order to understand cell behavior
to a degree that enables true tissue regeneration technologies.
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7. Outlook I
Epithelial
In the study of epithelial morphogenesis it is expected that knowledge will
Morphogenesis be advanced further by the synergy of advanced microscopy techniques, manipulation of cytokines and other growth factors and computer modelling.
Emerging microscopy technologies such as Single Plane Illumination Microscopy (SPIM) will allow the simultaneous study of thousands of cells at
high resolution in development and regeneration cellular models. The use
of chemokines such as the hepatocyte growth factor can allow the study of
the behavior of epithelial cells at different developmental or wound healing
scenaria. Finally, computer modelling, provided enough knowledge on the
behaviour of individual cells is available, could lead to realistic predictions
in the behavior of large numbers of cells and the creation of software similar
in scope and functionality to solvers for continuum mechanics.
Textured
The development of textured surfaces that can manipulate cell behavior
Surfaces and, as a result, promote wound healing is the step forward in the design
of wound dressings. There is still much work to be done in identifying the
ideal texture topography for each cell type and for each application. It is
thus expected that advanced wound dressings, complementary to sealing,
moisturizing and growth factor eluting functions, will also be enhanced by
topographic surfaces. Furthermore, the concept can be applied to internal
surfaces such as the surfaces of implants, which will promote implant integration, and the surfaces of scaffolds for tissue engineerng and deep wound
repair which will allow cells to grow in the topographically modified surfaces
of internal pores.
Overall, these technologies combined are expected to yield better medical
applications for the emerging field of regenerative medicine.
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Chapter 8
Fundamentals: The Pain
Response
8.1

Pain Response Pathways

Pain can be defined as: “an unpleasant sensory and emotional experience Definition
associated with actual or potential tissue damage or described in terms of
such damage”. This is a subjective description that applies only to the
person experiencing it. However, pain can also be described from an objective
perspective as the stimulation of a specific sensory system, known as the
nociceptive system [91], which makes it open to scientific analysis.
The generation of a painful sensation normally starts at the periphery of Pain pathways
the nervous system, at the skin and at internal organs of the body. This is
done by the activation of nerve endings (nociceptors) which include the slow
conducting C fibers and the fast conducting A-delta fibers. These fibers are
activated when a mechanical or thermal stimulation exceeds a certain threshold (pain threshold). After activation, the nociceptive stimulus is transferred
to the closest region in the spinal cord and transferred upwards towards the
brain stem and the thalamus. The brain stem is responsible for the autonomic reaction to the painful stimulus, but not to the conscious sensation
of pain. The conscious sensation of pain is produced by the relaying of the
painful signal towards the secondary and primary somatosensory cortex [91].
It must be noted that pain is only perceivable in the brain and only if the
nociceptive signal reaches the brain. For this reason pain can be felt without
tissue damage in the case of direct stimulation at the brain level or, conversely, tissue damage can occur without pain in the case of desensitization
of the pain pathways.
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8.2

Pathologies

Abnormal pain In a healthy individual, a painful sensation will be felt when tissue damage has occurred or when tissue damage is imminent. There are however
a number of pathological situations where pain is felt in an abnormal way.
Hypoalgesia is a reduced sensitivity to pain. This could be dangerous as
potential damaging situations will not be adequately perceived. Hyperalgesia is an increased sensitivity to pain. Hyperalgesia can result in lower pain
thresholds, higher pain responses and even spontaneous pain without nociceptor stimulation. Hyperpathia is an increase of the pain threshold which is,
however, coupled with a higher pain response. Allodynia is a situation where
a non-nociceptive stimulus is perceived as painful. Neuropathic pain is pain
that arises as a consequence of disease or damage affecting the somatosensory system. It is classified as central neuropathic pain when it affects the
spinal cord or the brain and as peripheral neuropathic pain when it affects
the peripheral nerves or the peripheral ganglia of the spinal cord [91].
Chronic pain
Chronic pain is defined as persistent pain sensations in one or more regions of the body. Patients with chronic pain typically report a diversity
of complaints, including pain, sleep abnormalities, mood disturbance, and
interference with personal, social, and work relationships [92]. In the case
of neuropathic chronic pain, a damage to the nervous system which should
normally decrease the ability of the brain to perceive pain, is in fact causing
elevated pain levels at the affected area. This paradox implies that certain
types of damage to the nervous system lead to changes in the neurobiological
mechanisms that encode pain [93].

8.3

Diagnostic Methods

Since nociceptive stimuli are perceived as pain only when they arrive at the
brain, it is possible to read them through an electroencephalogram (EEG).
This can allow for the identification of damaged pain pathways.
EEG
The EEG is based on the fact that neurons conduct signals electrically.
fundamentals A neuronal cell at rest tends to spontaneously be negatively charged because
they have a high concentration of positively charged potassium ions (relative to the extracellular environment) while their membranes are permeable
to potassium ions but not to the negatively charged sodium ions. The excitation of neurons by binding to certain neurotransmitter substances can
alter the permeability of the membrane to sodium ions, thus depolarizing
the membrane. If sufficient excitation takes place then an action potential
is triggered. This is a depolarization of the cell by 20 mV or more which
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is enough to send a signal along the axon of the neuronal cell and release
neurotransmitters which will excite the next cell in line [94]. The combined
action potentials of a large number of neurons can be picked up and localized by an array of electrodes placed in specified positions on the scalp, thus
producing the EEG signal.
Any kind of sufficiently strong peripheral neuronal stimulation will cre- Contact heat
ate an “evoked potential” which will propagate to the brain and which can evoked
be recorded by EEG electrodes. It is common practice to diagnose neu- potentials
ronal pathway malfunctions in patients by exciting peripheral nerves and
evaluating whether the signal reaching the brain is physiological or not. In
particular, action potentials that are slower to arrive or lower in intensity
can be indicative or neural pathway malfunction. This has been exploited by
using lasers to controllably excite the nociceptors in a specific region of the
skin thus generating “laser evoked potentials” (LEP’s) which are then picked
by an EEG and evaluated. The use of lasers, however, has the disadvantage
that it requires special safety precautions and trained personnel, making it
expensive to employ. In addition, some patients resist to the use of lasers
due to the possibility of minor skin damage. For this reason in some cases
“contact heat evoked potentials” (CHEP’s) have been used as a diagnostic
criterion. These are generated by the localized application of painful heat
by a thermode. CHEP has, however, some accuracy issues because, apart
from possible neuronal damage, the signal can additionally be affected by
patient specific parameters that can affect heat conduction through the skin
and nociceptor activation, such as nociceptor depth and age related effects
[95].
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Chapter 9
Cutaneous heat transfer and its
effect on contact heat evoked
brain potentials
This chapter has been accepted for publication as:
A. Marmaras, S. Wydenkeller, M. Tobler, R. Wirz, D. Poulikakos and V.
Kurtcuoglu, ‘Cutaneous heat transfer and its effect on contact heat evoked
brain potentials’, Experimental Heat Transfer (2012)

9.1

Abstract

The brains response to external painful stimuli can be assessed through contact heat evoked cortical potentials (CHEP), which enables the evaluation
of the integrity of pain pathways. This work aims to improve the reliability
of this diagnostic procedure by decoupling the effects of heat transfer and
nerve fiber conduction. It is herein shown experimentally that the latency
of the N2 CHEP component is the most stable diagnostic parameter. The
contribution of heat transfer to N2 CHEP latency was modeled as a function of the subjects pain threshold, allowing for the separation of nerve fiber
pathology from thermodynamic influences.

9.2

Introduction

Contact heat evoked potentials (CHEP) are neuronal action potentials in- Contact heat
duced by the application of heat through a thermal stimulator (thermode) in evoked
contact with the skin and captured by electroencephalography (EEG). CHEP potentials
are increasingly used to study small nerve fiber function and pain processing
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both in health and disease. Decreased amplitudes and increased latencies
of the CHEP components (individual action potential peaks) are thought to
be indicative of dysfunctional pain pathways [96, 97, 98, 99, 100, 101]. Such
dysfunctions have recently come under scrutiny because they have been associated with certain chronic pain conditions, such as chronic neuropathic pain
after spinal cord injury [102, 103]. In order for the CHEP components to be
useful for diagnostic purposes, factors other than dysfunction of the involved
pathways that could influence these two CHEP read-out parameters should
be well understood.
A previous study has shown that the subjective pain threshold temperature (Thr), defined as the lowest temperature at which the respective subject
feels a painful sensation, correlates positively with the latency of the CHEP
N2 and P2 components [100], i.e. with the first negative CHEP peak and
the first subsequent positive CHEP peak, respectively [101, 104]. It has been
hypothesized that the relatively slow heating rate of contact heat stimulation in combination with the time needed for heat to be transferred from
skin surface to nociceptors is responsible for the interdependence of CHEP
latency and heat pain threshold. There is a significant variability in pain
thresholds across subjects, which causes an overlap of the pathological and
normal latency ranges. This variability in pain threshold can be attributed
to differences in the depth of nociceptive nerve endings within the skin and
/ or to differences in the temperature required to activate a group of nerve
endings and start signal transmission towards the relevant pain processing
centers in the brain.
Another potential source of CHEP variation is the force with which the
thermode is pressed onto the subjects skin: It can be expected that a higher
level of application pressure will facilitate improved thermal coupling between
the thermode and the skin. It has thus been hypothesized that this improved
coupling leads to shorter CHEP latencies [97, 105]. Based on this, we can
further hypothesize that improved heat transfer will also lead to higher CHEP
amplitudes. Since the amplitude of painful evoked potentials correlates with
subjective pain ratings [106, 107, 108, 109], we can additionally hypothesize
that the thermode application force may modulate pain ratings. These three
potential relations have so far not been investigated systematically.
The aim of this study is to increase the reliability of CHEP analysis for the
diagnosis of small nerve fiber degeneration. To this end, we first quantified
the interrelation between CHEP readout parameters, stimulation parameters as well as subjective pain thresholds and ratings, leading to N2 latency
as the most stable CHEP parameter. We then created a bioheat transfer
model to isolate the effects of heat transfer on CHEP readout, assuming that
the subjective pain threshold variability across subjects can be attributed to
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variability in nociceptor depth and nociceptor activation temperature. This
model yielded compensatory charts that can be employed to obtain CHEP
readouts free of heat transfer effects. Using N2 latency as the readout parameter in conjunction with these compensatory charts may increase the clinical
reliability of small nerve fiber degeneration diagnosis through CHEP.

9.3
9.3.1

Materials and Methods
Contact heat evoked potentials

Fourteen healthy subjects were included in the study (age: 26.9 ± 9.2 years,
mean ± standard deviation, eight women). Three experiments were performed: The goal of the first, ExpA, was to assess the influence of stimulation temperature on the CHEP readout parameters. The second, ExpB, was
aimed at determining the influence of thermode application pressure on the
CHEP readout parameters, as well as on the subjective pain ratings. The
final experiment, ExpC, tested whether the thermode application force could
affect subjective pain threshold measurements. ExpB and ExpC were performed five months after ExpA with twelve (age: 27.9 ± 10 years, six women)
out of the fourteen original participants. All measurements were approved
by the local ethics committee and conducted in accordance with the declaration of Helsinki. Informed consent was obtained from all subjects prior to
conducting the experiments.
Painful heat stimuli were applied close to the spine at the skin of the
middle back using a Pathway thermode (Medoc, Ramat Yishai, Israel). Each
subject assumed a sitting position and the thermode was fixed to the subjects
back with an elastic strap. In ExpB, the subjects assumed prone position
on an examination table and the thermode was placed on their backs, establishing contact through the thermodes weight alone (mass of 180g) or
in combination with additional loads of 120g and 500g, respectively. This
translates to application pressures of 3.1kN/m2 , 5.1kN m2 and 11.6kN/m2 ,
respectively. The thermode was positioned 36cm caudal of the inion and
6cm left of the spinal cord in all experiments, with idle temperature of 35°C
and heating rate, when activated, of 70°C/s. All herein given stimulation
temperatures are defined as the peak of the temperature at the surface of
the thermode in contact with the skin. Each stimulation thus consisted of a
rapid increase of thermode surface temperature from idle 35°C to the nominal
stimulation temperature, followed by a rapid return to idle.
Ahead of the initiation of ExpA and ExpB, the pain threshold temperature (T hr) of each subject was determined. Each subject assumed prone
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position and the thermode was manually applied to the back of the subject
without application force beyond its net weight. To determine T hr, each
subject was exposed to four alternatively ascending and descending series
of stimulations. In each of these four series, the inter-stimulus interval was
12 − 14 seconds, while the temperature steps were 2°C for the first series,
1.5°C for the second, 1°C for the third and 0.5°C for the last. The location
of the stimulation was slightly shifted between series to avoid habituation
of the subject. The mean of the peak temperatures of the first (in the two
ascending series) or last (in the two descending series) painfully perceived
stimulations was defined as T hr. ExpC was performed to verify that thermode application pressure did not affect the pain threshold determination
step and that, therefore, the above described procedure would be proper for
both ExpA and ExpB. To this end, the thermode was positioned on the respective subjects back with two different application pressures: either with
its net weight only (corresponding to a pressure of 3.1kN/m2 ) or loaded with
500g (11.6kN/m2 ). To minimize the possibility of subject habituation, the
order in which the different pressure conditions were applied was random for
each subject.
In ExpA, three temperatures in relation to Thr were investigated: T hr +
0°C, T hr + 2°C and T hr + 4°C. For each of the three temperatures, a
series of thirty stimulations was performed at 14 − 17 second intervals. In
ExpB, stimulation temperature was set 3°C higher than T hr. For each of
the three pressure conditions, a series of twenty stimulations were performed,
also at 14 − 17 second intervals. In both experiments, the order in which the
stimuli for each condition were applied was randomized. The stimulation
temperature never exceeded 58°C to ensure subject safety.
In both experiments A and B, subjects had to rate the pain intensity
prompted by an acoustic signal 4s after each stimulation. A visual analog
scale [110, 111] from 0 to 10, where 0 meant no pain and 10 the worst
imaginable pain, was used. Subjects were instructed to avoid blinking and
to look with open eyes straight ahead at a point fixed to the wall in ExpA
or the floor in ExpB.
Continuous EEG was recorded at 500Hz with 30 Ag/AgCl electrodes
on the scalp and two electrodes below the outer canthus of each eye with
a 140Hz low pass filter (Quickamp, Brainproducts GmbH, Germany). The
electrodes were positioned according to the international 10−20 system [112]
with modifications in some cases as described in appendix 1. Subject ground
was at the AFz position and the average of all electrodes was used as the
signal reference. Impedances were kept below 20kΩ, which has been shown to
be adequate for accurate signal acquisition with state-of-the-art electronics
[113, 114]. An optical isolation box (Brain Vision OptoBox, Brainproducts
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GmbH, Germany) was interposed to electrically isolate the subjects from the
data acquisition device and minimize potential signal artifacts that could be
caused by the power supply of the amplifier and analog to digital converter.
The recordings were filtered offline at 0.5 − 30Hz. Segments from −100ms
to 1000ms relative to stimulus onset were used in the subsequent analysis.
Recordings with artifacts exceeding ±80V were automatically excluded from
all analyses. The minimum number of recordings included in the analysis
was 15 per subject for both ExpA and ExpB. In subjects with fewer viable
recordings (n = 2), an independent component analysis was performed to
remove eye movement and blink artifacts [115]. This resulted in 25 ± 4
viable recordings per subject in ExpA and 19 ± 1 recordings in ExpB, which
is similar to the mean number of recordings used in other CHEP studies
[98, 99, 106, 116, 117].
For each subject, the responses to all viable stimuli in ExpA were av- Data
eraged. Similarly, the viable responses in ExpB were also averaged. Next, processing
CHEP components were defined as follows in the averages of individual subjects: N2 and P2 were the main negative and positive peaks on the Cz
electrode. The N2 peak was defined as the strongest negative peak appearing within the 250 − 460ms time window and the P2 peak was defined as
the strongest positive peak appearing within the 400 − 640ms time window.
These two time windows were selected as the most relevant after observing
the grand average over all conditions. Latency (measured from the onset of
stimulation) and amplitude (measured from 0 to peak) of the CHEP were
determined in the averages of each subject for both the N2 and the P2 peaks.

9.3.2

Statistics

In both ExpA and ExpB, latencies and amplitudes were not normally dis- Statistical
tributed according to the Shapiro-Wilk test. For this reason, non-parametric analysis
Friedman tests were used to determine whether differences existed between all
three different experimental conditions (temperatures and pressures). When
two out of three experimental conditions were to be compared, paired Wilcoxon
tests were used instead. Heat pain thresholds in ExpC were normally distributed and were thus compared with paired t-tests. The level of significance
was set to 0.05 for all tests.

9.3.3

Heat transfer model

The Pennes bioheat transfer equation (Equation 9.1) was used to model heat Model
flux from skin surface to the nociceptors. This equation relates changes description
in local temperature (left hand side of the equation) to heat flux due to
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conduction (first term on the right hand side), blood perfusion and metabolic
heat generation:
∂T
000
000
= ∇(k∇T ) + Q̇p + Q̇m .
(9.1)
∂t
In equation 9.1, (ρcp )t is tissue heat capacity (ρ for density and cp for specific
000
heat capacity), T is tissue temperature, k is tissue thermal conductivity, Q̇p
000
is the heat supplied or removed through blood perfusion and Q̇m is the heat
supplied by metabolic heat generation, which is assumed to be constant.
Values for the contribution of blood perfusion to heat transfer are difficult
to obtain and they are thus generally modeled with a lumped parameter
approach as shown in equation 9.2
(ρcp )t

000

000

Q̇p = (ρcp )b V̇ [Ta − (T − λ(Ta − T ))],

(9.2)

000

where (ρcp )b is heat capacity of blood, V̇ is the rate of blood perfusion, Ta
is arterial blood temperature while λ is an equilibrium constant. λ ranges
from 0 (venous blood and tissue in thermal equilibrium) to 1 (no heat exchange between tissue and blood). Since the location under consideration is
a homogeneous region of the skin, we can assume uniform perfusion. Also,
at the temperatures induced by the thermode, the blood perfusion term is
significantly larger for the tissue types present in the skin than the metabolic
source [118] and, therefore, metabolic heating can be neglected. Finally, the
considered skin region contains mainly small blood vessels. In such a region,
heat flux into the tissue will be quickly transferred to the veins, equilibrating tissue and venous blood temperatures [119] and justifying the further
simplification of equation 9.1 by setting λ = 0 in equation 9.2, yielding, in
Cartesian coordinates, the following equation:
∂ ∂T
∂T
000
=
(k
) + (ρcp )b V̇ (Ta − T ).
(9.3)
∂t
∂x ∂x
Further assumptions of this model are isotropic thermophysical properties of
blood and tissue, together with the simplification that arterial blood temperature is constant. Equation 9.3 was investigated in a patch of skin with
surface dimensions 60mm by 60mm and a depth of 43.5mm. In the applied
three-dimensional computational model, the 43.5mm of depth were divided
into skin (dermis and epidermis of 3.5mm thickness), fat (10mm thickness)
and muscle (30mm thickness) as shown in figure 9.1b. An additional layer of
20µm thickness was introduced on the tissue surface to account for the gap
between thermode and skin, consisting of hair, perspiration and air. Tissue
properties were obtained from current scientific literature and are listed in
table 9.1 [118, 120, 121, 122, 123].
(ρcp )t
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Figure 9.1: (a) Temporal temperature profile at the thermode. Shown is the signal with peak at a
maximum of 58°C. Latency is measured from the onset of temperature rise at 500ms. (b) Tissue model
consisting of four layers: contact layer, skin, fat and muscle. Nociceptors lie just beneath the skin surface in
the skin layer. The thickness of the layers is 20m, 3.5mm, 10mm and 30mm, respectively. (c) Temperature
distribution in the skin after stimulation with the temperature profile shown in a. The temperature is
calculated along a straight line, perpendicular to the surface, for a depth of up to 1mm and for 2 seconds.
The axes represent distance from the body surface, time from start of thermode temperature rise and
temperature, respectively. Heat penetration into the tissue is shallow and the tissue temperature reaches
normal body temperature beyond 1mm penetration depth.
Tissue

Description
blood

skin

Density (kg/m3 )

1050

Specific heat capacity (J/kg · K)

3800

Thermal conductivity (W/m · K)
Perfusion (/s)
Temperature (℃)

Contact

fat

muscle

optimal

suboptimal

1080

920

1080

1080

810

3500

2300

3700

3500

2876

0.4

0.2

0.5

0.4

0.31

0.0003

0.0001

0.0005

37

Table 9.1: Physiological parameters for the computational domain

While reported values for heat capacity, heat conductivity and density of Parameters
muscle, fat and skin are in relatively good agreement, the published blood
perfusion values vary up to one order of magnitude between different works.
We chose a value near the lower end of the spectrum, as our subjects were
in a state of rest during the experiments. Variations in thermode application pressure were taken into account through changes in thermal coupling,
i.e. the conductivity of the gap layer was increased with increasing application pressure. For the optimal thermal coupling condition (representing no
air inclusions between skin and thermode), the gap layer parameters were
chosen to match those of skin without perfusion. For suboptimal thermal
coupling, i.e. with air enclosed between skin and thermode, the parameters
were weighted averages of the values of skin without perfusion (75% weight)
and air (Table 9.1).
The geometry shown in figure 9.1b was used to solve equation 9.3 from the Numerical
top of the gap layer (z = 20m) to the end of the muscle layer (z = −43.5mm). domain
Initially, the steady-state temperature distribution in the tissue before the
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onset of heat stimuli was calculated using temperature boundary conditions
of 35°C at the skin surface and 37°C at the bottom of the muscle layer (body
core temperature) and zero heat flux conditions at the lateral boundaries,
respectively. The zero flux boundary condition is justified by the fact that,
at the timescale of the applied stimulations, the thermal parameters of the
tissue give a Fourier number of F o << 1, indicating that the diffused heat
does not reach the domain boundaries (see appendix 2). This temperature
distribution constituted the initial condition for the subsequent transient
simulation of contact heat application. Boundary conditions for the transient simulation were the same as for the steady-state simulation, with the
exception of that at a circular region of 27mm diameter corresponding to the
dimension of the active area of the thermode: Here, the surface temperature
of the thermode was specified. All input temperature curves reflect actual
recordings of thermode temperature obtained through a thermocouple. Since
thermocouples have an attenuating frequency response, they underestimate
temperature signals with large temporal gradients such as those used in the
present study [124]. To account for that effect, we have performed an amplitude correction in the frequency domain on the 5 first harmonics of the
measured temperature. The gains used to perform this correction were taken
from published frequency response charts for thermocouple probes [124]. After correction, the maximum temperature setting of the Pathway thermode,
55°C, corresponded to an actual maximum temperature of 58°C at the skin
surface. All temperatures indicated hereinafter refer to the corrected values.
Solver
The heat transfer model was implemented using the finite-volume multiphysics simulation platform OpenFOAM version 1.6 (www.openfoam.org).
The domain was discretized with hexagonal elements of 4mm by 4mm in
the X and Y directions (parallel to the skin surface) and 2m in the contact
subdomain, 35m in the skin subdomain, 200m in the fat subdomain and
600m in the muscle subdomain in the Z direction. A time step size of 10ms
was chosen for the simulations. The governing set of equations was solved
with the laplacianFoam solver within OpenFOAM, expanded by the perfusion sink term described in equation 9.3. Linear Gauss and Implicit Euler
discretizations were used in space and time, respectively. A diagonal-based
incomplete Cholesky (DIC) preconditioner was applied to the resulting linear
equation system to speed up convergence. Finally, the system was solved by
a conjugate gradient (CG) solver. Independence studies, including grid and
time-step independence, were performed to rule out undue influence of the
numerical solution methodology on the results (see appendix 2).
Solution space
Latency in the simulation was defined as the time elapsed between the
onset of the thermode input signal and the moment the temperature in the
skin at the depth of the nociceptors reaches the threshold nociceptor activa90
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tion temperature. This activation temperature is a simplified way to describe
the necessary local tissue temperature that will activate enough nerve endings to start a neural cascade to cause a painful sensation. It is evident from
the literature that there is a significant variability in nociceptor depth and
activation temperatures. Specifically, nociceptors are estimated to lie within
a depth range of 20m to 570m, but predominantly between 100m and 200m
[125]. We have investigated a nociceptor depth range of 20m to 400m and
activation temperatures of 37°C to 48°C in this study.

9.4
9.4.1

Results
Varying stimulation temperature

The data obtained in ExpA showed that the average pain threshold among Effects of
subjects was 50.0 ± 2.5°C. The largest amplitudes were measured at the Cz stimulation
electrode for all stimulation temperatures and thus all analyses were based temperature
on the Cz electrode. Figure 9.2a reveals that the Cz CHEP waveform has
a well-defined peak for the N2 component, but a more complex and varying
(between the three temperature conditions) shape for the P2 component.
This is the result of a large variability in P2 peak location in individual
subject responses (Figure 9.2b). One subject did not show a CHEP at the
lower stimulation temperatures and was thus excluded from analysis. Friedman tests showed that N2 and P2 latencies had P values above the 0.05
confidence threshold and, thus, were not significantly different between the
three applied temperatures, although a trend towards shorter latency with
higher stimulation temperature was detected for N2 (P = 0.069) as shown
in Figure 9.2c. Post-hoc paired Wilcoxon tests disclosed a trend towards
shorter N2 latencies for the higher stimulation temperatures compared to
stimulation at T hr + 0°C (T hr + 4°C: P = 0.096, T hr + 2°C: P = 0.084).
Amplitudes (N2: P = 0.010, P2: P = 0.006), and pain ratings (P < 0.001)
increased in parallel with stimulation temperature (see Figure 9.2c and Table
9.2, respectively).

9.4.2

Varying thermode application pressure

In ExpB, the data indicated a pain threshold of 50.8 ± 2.9°C. As in ExpA, Effects of
the largest deflections were measured at the Cz electrode for all conditions. stimulation
Therefore, further analyses were based again on the Cz electrode. Visual in- pressure
spection revealed that the CHEP appeared in all conditions with clear peaks
in the grand average, which indicates that individual subject responses are
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Figure 9.2: Contact heat evoked potentials (CHEP) on the Cz electrode against average reference for
different stimulation temperatures: pain threshold temperature (T hr), T hr + 2°C and T hr + 4°C. (a)
CHEP averaged over all subjects. Note the consistency of the N2 latency for the different stimulation
temperatures, which is in contrast to the variable positive peak. (b) Individual CHEP for stimulation at
T hr + 4°C (top) and T hr + 0°C (bottom). The average over all subjects is indicated as bold line. (c)
Distribution of CHEP latency and amplitude of all subjects. Boxes indicate values between the 25th and
75th percentile. The horizontal bar reflects the median and the whiskers indicate minimum and maximum
of data points that are not outliers (< 1.5 interquartile range away from the edges of the box), o = outlier,
∗ = P < 0.05, Wilcoxon test.
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9.4. Results
Varying stimulation temperature
Temperature condition

Median pain rating
(min max)

Varying thermode application pressure
Pressure condition

Median pain rating
(min max)

T hr + 0 ℃

0.14 (0 − 1.5)

3.1 kN/m2

0.19 (0 − 2.2)

T hr + 2 ℃

0.28 (0 − 1.4)

5.1 kN/m2

0.26 (0 − 4.3)

kN/m2

0.59 (0 − 2.4)

T hr + 4 ℃

0.77 (0.3 − 1.8)

11.6

Table 9.2: Pain Ratings. Pain was rated on a scale from 0 (no pain sensation) to 10 (worst imaginable
pain) after each stimulation. The indicated value was calculated as the grand mean over all subjects and
stimulations.

consistent with each other as shown in Figures 9.3a and 9.3b. Friedman
tests revealed, as shown in Figure 9.3c, that CHEP latencies were not significantly different for both the N2 component (P = 0.42) and the P2 component (P = 0.56) when the thermode was applied with the different pressures
(3.1kN/m2 , 5.1kN/m2 and 11.6kN/m2 ). The same was the case for the N2
amplitude (P = 0.34), while the P2 amplitude marginally increased with
higher force (P = 0.046). Post-hoc paired Wilcoxon tests disclosed that
the effect on P2 amplitude was due to increased amplitude for the highest application force compared to the lowest (P = 0.012). The pain rating was different between the three conditions (P = 0.03) and tended to
be lower for the condition where the least pressure was applied, see Table
9.2. The results of the post-hoc paired Wilcoxon tests were: 3.1kN/m2 vs.
5.1kN/m2 : P = 0.08, 5.1kN/m2 vs. 11.6kN/m2 : P = 0.29 and 3.1kN/m2
vs. 11.6kN/m2 : P = 0.01, indicating significant difference only between
the 3.1kN/m2 and 11.6kN/m2 pressure conditions. Finally, ExpC revealed
that heat pain thresholds did not differ between different pressure conditions
(3.1kN/m2 : 51.6 ± 3.6°C, 11.6kN/m2 : 50.7 ± 3.4°C, P = 0.357).

9.4.3

Heat transfer model

The heat transfer model was solved numerically for 33 different temporal Model solution
input profiles, with maxima ranging from 42°C to 58°C at 0.5°C intervals,
taken from available thermode surface temperature recordings lasting 4 seconds each (Figure 9.1a shows the input surface profile with 58°C maximum).
This was done twice, once for a case with optimal heat coupling between
stimulator and skin and once for suboptimal coupling (see Table 9.1) in order to assess the effect of contact resistance to heat transfer. As a result, the
temperature distribution in the modeled skin volume for each point in time
is obtained (Figure 9.1c shows the response of the model for the 58°C input
for the first 2 seconds and for a depth of up to 1mm).
The thus calculated model responses for each stimulation temperature Activation
are the same for all subjects. What differentiates subjects from each other threshold
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Figure 9.3: Contact heat evoked potentials (CHEP) on the vertex Cz electrode against average reference
for varying thermode application pressures: 3.1kN/m2 , 5.1kN/m2 , 11.6kN/m2 . (a) CHEP averaged over
all subjects. (b) Individual CHEP for stimulation at 11.6kN/m2 (top) and 3.1kN/m2 (bottom). The
average over all subjects is indicated as bold line. (c) Distribution of CHEP latency and amplitude of all
subjects. Amplitude of the N2 component was rectified. Boxes indicate values between the 25th and 75th
percentile. The horizontal bar reflects the median and the whiskers indicate minimum and maximum of
data points that are not outliers (< 1.5 interquartile range away from the edges of the box), o = outlier,
∗ = P < 0.05, Wilcoxon test.
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Figure 9.4: Calculated nociceptor depth to nociceptor activation temperature relationship for a given
pain threshold. (a) Results for optimal contact between CHEP thermode and skin plotted at 0.5°C
intervals for pain thresholds between 42 and 58°C. (b) Comparison of optimal and suboptimal contact
conditions: Results shown for 42 and 58°C pain thresholds for optimal contact (solid lines) and suboptimal
contact (dashed lines).

are differences in the subjective pain threshold which are in turn attributed
to differences in nociceptor depth and activation temperature. If the temperature profile exceeds the activation temperature for a physiologically significant number of nociceptors, then the subject will feel a painful sensation.
Because not all nociceptors lie in the exact same depth or are activated at the
exact same tissue temperature, and more than one nociceptor must be activated to cause a painful sensation, it is herein assumed that the temperature
at a nominal nociceptor depth must exceed the nominal activation temperature by a margin of at least 0.5°C to cause a painful sensation. This margin
of 0.5°C, which is not larger than our input profile temperature resolution,
is arbitrarily chosen, but is kept consistent throughout the entire analysis.
Figure 9.4 illustrates the relationship between activation temperature and
nociceptor depth at various pain threshold temperatures for optimal thermal
coupling between skin and thermode (a) and compares it with the same relationship in the case of suboptimal thermal coupling (b). It is evident that
there is minimal difference between the two contact conditions, which is in
very good agreement with our experimental finding that variations in thermode application pressure do not influence the subject response significantly.
The experimentally determined CHEP latency is the sum of the diagnos- CHEP latency
tically relevant time required for signal transmission from the nociceptors to
the brain and the diagnostically irrelevant but subject-dependent time required for heat transfer from the skin surface to the nociceptor locations. In
order to differentiate these pathways and reveal the diagnostically relevant
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part of the total CHEP latency, it is necessary to determine the heat transfer
dependent latency for each individual subject. This can be achieved via the
chart shown in Figure 9.5, where the bold lines represent nociceptor activation temperature and the thin lines nociceptor depth for stimulation up to
the pain threshold temperature T hr (9.5a), 2°C above T hr (9.5b) and 4°C
above T hr (9.5c). Latency increases with higher pain thresholds, since the
thermode requires more time to reach the required temperature for nociceptor activation. The slopes for this dependence are in the region of 10.4ms/°C
to 23.6ms/°C (Figure 9.6). This slope range is compared in Figure 9.6 to a
previously published pain threshold/latency dependence of 10.4ms/°C [100].
The data underlying Figure 9.5 can also be expressed approximately by a
polynomial function as shown in appendix 3.

9.5

Discussion

Summary Two experiments were performed to investigate the manner in which thermode temperature, application pressure and pain threshold affect latency
and amplitude of the N2 and P2 CHEP components, as well as the subjective pain perception. A computational heat transfer model was used to
analyze how nociceptor depth and nociceptor activation temperature affect
the pain threshold, hence, the heat transfer induced latency.
Effects of
Variations in thermode temperature relative to the pain threshold did
temperature not significantly affect the latency of either CHEP component, even though
and pressure they did alter the shape of the positive CHEP component (P2). Variation of
variations the thermode application pressure did not influence N2 component latency,
amplitude or heat pain thresholds significantly, but did affect the P2 amplitude and pain rating. Such an isolated increase of CHEP amplitude without
influence on latency could be explained by an increase of stimulated area
and thus of the number of activated nociceptors. Testing this hypothesis,
however, is beyond the scope of the present study.
Stability of P2
The P2 component was generally unstable in our subjects and stimulation conditions. In addition, its readout was complicated by a further late
positive peak which could represent a P3-like component (see Figure 9.2a).
A possible reason for this late potential is the combination of the low intensity stimulation with the long inter-stimulus interval and the rating task
[126, 127, 128, 129, 130, 131, 132]. Since there are two major types of nerve
fibers involved in heat-pain nociception (the fast conducting Aδ fibers and
the slow conducting C fibers), another possible explanation for the delayed
positive peak with less intense stimulation is the unmasking of C fiber mediated cortical responses. Aδ fibers feature conduction velocities of over 10m/s
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Figure 9.5: Calculated latency between stimulus onset and nociceptor activation. The bold lines represent activation temperatures at nociceptor depth. The thin lines represent nociceptor depth. For a given
activation temperature, the pain threshold variability across subjects is interpreted as a result of nociceptor depth variability. For a given nociceptor depth, pain threshold variability is interpreted as a result
of activation temperature variability. (a) Stimulation at pain threshold temperature. (b) Stimulation at
2°C above that pain threshold temperature. (c) Stimulation at 4°C above that pain threshold temperature. Each of the charts can be used to predict the heat transfer dependent component of the CHEP
latency after the pain threshold has been evaluated and if the nociceptor depth or activation temperature
of the subject is known. Starting from the evaluated subjective pain threshold, follow the vertical line to
intersect the relevant known nociceptor depth (thin line) or activation temperature line (bold line). The
other parameter, nociceptor activation temperature or depth inversely can be directly read from the line
passing through the point of intersection. Finally, the latency can be read by tracing the horizontal line
from the point of intersection to the vertical axis of the chart.
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Figure 9.6: Comparison of calculated dependence between latency and pain threshold with previously
published experimentally obtained results [100]. The latency predictions of the model are given in the
same format as in figure 9.5a. The single line on top reflects the experimental results. As the model only
reflects latency due to heat transfer, calculated and experimental curves are offset in vertical direction.

and activation temperatures in the 40 − 48°C range [105, 109, 133]. In contrast, C fibers have estimated conduction velocities of 1m/s and activation
temperatures below 41°C. [98, 133, 134, 135, 136, 137].
Stability of N2
The N2 component shows significant amplitude variability with different
stimulation temperatures. The latency of the N2 component, however, is
significantly more stable across a range of temperatures than P2, making
N2 the recommended CHEP readout parameter. The N2 component is also
not affected significantly by changes in thermode application pressures, as
demonstrated in ExpB. Changes were only observed in the computational
model with altered thermal coupling conditions and, even there, the differences between the modeled conditions were rather small so that in the
experiment they may have passed below the detection limit, especially since
great care was taken to ensure good skin contact in all experiments. This
should, however, not be generalized to stimulation at other body locations
with less even thermode support area.
Diagnostic
The charts in figure 9.5 show the calculated latency due to heat transfer.
charts The actual neural conduction latency can be obtained by subtracting the
charted values from the measured CHEP latency. The modeled steep decline
of maximal temperature reached at increasing depth in the skin indicates a
strong influence of nociceptor depth on latency due to heat transfer. Further, the model shows that pain thresholds are directly affected by nociceptor
depth and activation temperature (next to factors such as the subjects psychological state [138]). For a given activation temperature, pain thresholds
are thus correlated with nociceptor depth and, consequently, with latency.
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9.6. Conclusion
These results are in agreement with previously published experimental relationships between pain threshold and latency [100].
Latency due to heat transfer is shown for three different stimulation temperatures relative to pain threshold in figure 9.5. Higher relative stimulation
temperatures reduce the influence of pain threshold temperature on latency,
and thus lead to more reliable evaluation of nerve function. However, very
high stimulation temperatures can lead to unnecessary pain and may be
dangerous for the patient. Stimulation at T hr + 4°C appears to be a good
compromise.
In order to obtain latencies due to heat transfer from figure 9.5, either
nociceptor depth or activation temperature has to be known. These parameters may be influenced by, e.g., age, sex, occupation (thickening of the skin
due to mechanical stimuli) and health conditions that do not impair small
nerve fiber function [139, 140, 141]. These parameters may also vary between
different skin locations of the same subject. It is thus necessary to establish
nominal values of nociceptor depth and / or activation temperature for population groups with significant inter-group variation of these values, as well
as for different skin locations within each group. This can be achieved by
performing subjective pain threshold evaluations together with latency measurements on a properly chosen set of subjects without suspected impairment
of small nerve fiber function. Histological analysis [142] of nociceptor depth in
the respective population groups could be used as a supplemental approach.

9.6

Latency
stability

Dealing with
intersubject
variability

Conclusion

This article demonstrates that due to the relatively low heating rate of Conclusion
the thermode and the finite speed of heat conduction through the skin, the
subjective pain threshold temperatures critically influence CHEP latency.
The P2 component is considered unstable and its use in order to assess small
nerve fiber function should be avoided. The amplitude of the N2 component
is susceptible to variations in thermode application pressure, whereas N2
latency is insensitive to application pressure and should thus be the preferred
CHEP readout parameter. N2 latency contains an unwanted, nociceptordependent heat transfer induced latency element that needs to be removed
prior to data analysis for diagnostic purposes. The charts given herein may
be used for this purpose and may thereby increase the clinical reliability of
small nerve fiber degeneration diagnosis through CHEP.
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9.7

Appendix

Nomenclature
Variable

Description

(units)

Act

nociceptor activation temperature

(K)

aij

nociceptor depth vs. nociceptor activation temperature relationship coefficient

(K/mi · Kj )

bij

pain threshold vs. latency relationship coefficient for nociceptor depth

(s/Ki · mj )

cij

pain threshold vs. latency relationship coefficient for activation temperature

(s/K i · Kj )

cp

specific heat capacity

(J/kg · K)

d

depth

(m)

Fo

Fourier number

k

thermal conductivity

(W/m · K)

L

lateral domain size

(m)

Lat

heat transfer latency

(s)

metabolic heat source

(W/m3 )

Q̇p

blood perfusion heat source

(W/m3 )

t

time

(s)

tc

characteristic time

(s)

T

tissue temperature

(K)

Ta

arterial temperature

(K)

T hr

pain threshold temperature

(K)

rate of blood perfusion

(1/s)

Latin

000

Q̇m

000

V̇

000

Greek
λ

equilibration constant

ρ

density

(kg/m3 )

Subscript
act

specific nociceptor activation temperature level

b

blood values

d

specific nociceptor depth level

t

tissue values

thr

specific pain threshold level
Table 9.3: List of symbols used in this chapter
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Appendix 1
The following modifications to the international 10 − 20 system were made:
Positions Fpz, AF1/2, F5/6, FCz/3/4, FT9/10, Cz/3/4, CPz/3/4, TP9/10,
P3/4/7/8, POz/9/10 and Iz were introduced additionally, whereas Fz/7/8,
Pz, O1/2 and A1/2 were omitted. For smoother coverage Fp1/2 were placed
10% more laterally than Fp1/2.
Appendix 2
Discretization independence studies were performed individually for each
layer (contact, skin, fat and muscle) in the X, Y and Z directions, as well as
in time. Following that, the influence of domain size on the calculated results
was tested by doubling its dimensions with respect to the nominal size: The
difference in results between the two domains was negligible. This is to be
expected considering the small Fourier number,
Fo =

tc
k
· 2 = 2.94 · 10−5 << 1,
ρcp L

(9.4)

where the characteristic time, tc , is the approximate duration of each stimulation (1s) and the characteristic length, L, is the lateral size of the domain.
The remaining values are taken as those of skin from Table 9.1.
All discretization scenarios were compared in pairs with respect to their
temperature profile predictions, and the maximum relative temperature differences throughout the entire domain were calculated according to
dif f = max

T (depth, time)A − T (depth, time)B
.
T (depth, time)A

(9.5)

The results of the independence studies are listed in table 9.4.
Finally, a sensitivity analysis with respect to the model parameters was
performed. To that end, the values of heat capacity, heat conductivity and
density from table 9.1 were individually increased by 10% each and each
time the simulation was run for the maximum stimulation case of 58°C peak
temperature. The same processing was repeated with values decreased by
10%. Finally, this test was repeated with a 100 times higher than nominal
perfusion. The maximum variability in the resulting temperature profiles is
summarized in table 9.5. Increasing the perfusion term by a factor of 100
causes a maximum temperature decrease of 1.36°C in the resulting response.
In the expected range of perfusion variability, which, according to current
scientific literature, is no larger than five times the nominal value, there is
negligible change in the resulting temperature distributions.
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max relative
difference

fine

coarse

choice

x,y=10 elements

x,y=2 elements

0.01%

x,y=20 elements

x,y=10 elements

0.004%

z contact=10 elements

z contact=1 element

2.2%

z contact=100 elements

z contact=10 elements

0.1%

z skin=10 elements

z skin=1 elements

31%

z skin=35 elements

z skin=10 elements

9.5%

z skin=100 elements

z skin=35 elements

3.7%

z skin=200 elements

z skin=100 elements

1.1%

z fat/muscle=10/10 elements

z fat/muscle=5/5 elements

0.14%

z fat/muscle=20/60 elements

z fat/muscle=10/10 elements

0.10%

z fat/muscle=50/50
elements

x,y domain=120mm

x,y domain=60mm

0.06%

x,y domain=60mm

time step=1msec

time step=10msec

1.2%

time step=1msec

x,y=10 elements

z contact=10 elements

z skin=100 elements

Table 9.4: Results of discretization independence study
parameter

variation

max temperature variability

density

+10%

0.46 ℃

density

-10%

0.51 ℃

density

+10%

0.29 ℃

density

-10%

0.31 ℃

density

+10%

0.51 ℃

density

+10%

0.56 ℃

density

100x

1.36 ℃

Table 9.5: Parameter sensitivity study

Appendix 3
The lowest order polynomial that gave adequate fit for the nociceptor depth
vs. nociceptor activation temperature relationship was of third order and of
the form
Actthr (d) = a3 (T hr)d3 + a2 (T hr)d2 + a1 (T hr)d + a0 (T hr),

(9.6)

where Act is nocieptor activation temperature, d is nociceptor depth in µm
and T hr is the pain threshold temperature in °C. The coefficients of this
polynomial were found to follow a second order trend with respect to T hr.
ai (T hr) = ai2 T hr2 + ai1 T hr + ai0 ,
These coefficients are displayed in table 9.6.
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a3j
j=2
j=1
j=0

−2.6752 ·

a2j
10−10

2.9601 · 10−08
−7.0058 ·

10−07

−2.3806 ·

a1j
10−07

2.8347 · 10−05
−6.9195 ·

10−04

−6.1844 ·

a0j
10−05

9.2425 · 10−03
−2.4584 ·

3.1986 · 10−03
6.0815 · 10−01

10−01

9.2492

Table 9.6: Parameters for the nociceptor depth - nociceptor activation temperature relation

For each nociceptor depth value, the pain threshold vs. latency relationship is linear:
Latd (T hr) = bi (d)T hr + b0 (d),

(9.8)

where Lat is latency caused by heat transfer. Similarly, for each nociceptor
activation temperature, the pain threshold vs. latency is also found to be
linear:
Latact (T hr) = ci (Act)T hr + c0 (Act),

(9.9)

The coefficients of equation 9.8 were found to follow a second order trend
with respect to depth,
bi (d) = bi2 d2 + bi1 d + bi0 ,

(9.10)

while the coefficients of equation 9.9 were found to follow a third order trend
with respect to activation temperature,
ci (Act) = ci3 Act3 + ci2 Act2 + ci1 Act + ci0 ,

(9.11)

Substituting equation 9.10 into equation 9.8 and equation 9.11 into equation
9.9 allows for the calculation of latency for any noiceptor depth and any
nociceptor activation temperature. All coefficients are displayed in Table
9.7.
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Thr + 0

Thr + 2

Thr + 4

b1j

b0j

b1j

b0j

b1j

b0j

j=2

3.2394 · 10−05

−1.8172 · 10−03

4.1774 · 10−05

−2.1912 · 10−03

3.0014 · 10−05

−1.5346 · 10−03

j=1

−2.1099 · 10−02

3.7594 · 10−01

−1.415 · 10−02

7.9119 · 10−02

−1.6221 · 10−02

2.2413 · 10−01

j=0

9.9522

−276.2966

10.1946

−308.6702

10.2273

−315.989

c1j

c0j

c1j

c0j

c1j

c0j

−4.0856 · 10−03

1.0030 · 10−01

−7.7578 · 10−03

2.7867 · 10−01

−1.2500 · 10−02

5.1716 · 10−01

−17.3914

1.1003

−39.7203

1.6908

−69.3718

j=3
j=2

6.3857 ·

10−01

j=1

−32.8342

951.5554

−52.0975

1879.4297

−76.5402

3105.3763

j=0

579.1890

−17610.6035

845.0469

−30397.8719

1180.9393

−47244.1729

Table 9.7: Parameters for the latency pain threshold relation
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Chapter 10
Outlook II
The herein published work has contributed to the practical application of
the diagnosis of small nerve fiber degeneration. Although laser evoked potentials (LEP) can be also used for this diagnostic purpose, the combination
of requirements in expensive equipment and personnel and of discomfort for
the patient make it cumbersome.
The most stable diagnostic criterion for contact heat evoked potential
studies was herein identified. That criterion is the latency of the N2 component of the EEG response.
The modelling of the heat transfer through the skin enables the prediction of the latency between stimulus onset and neural activation and allows
the decoupling of the heat transfer induced latency from the neural transfer latency which allows for pathological latency conditions to be isolated.
This is important since there is significant variability in heat transfer latency through the skin between subjects. To overcome this problem, a pain
threshold determination step is performed before the main diagnostic test
which, based on the herein decribed model enables the prediction of the heat
transfer induced component of the ovarall latency. The model allowed the
creation of detailed charts that can predict this latency for a large array of
possible skin types, based on the pain threshold. These charts are designed
to make diagnosis of small nerve fiber degeneration easier for the physician.
Since the skin parameters of each patient are not known a-priori, it is
required, in order to make this charting tool easily applicable, to systematically identify the regions where each possible patient category lies on the
pain threshold to latency charts. This work will greatly increase the accuracy
and applicability of the contact heat evoked potential diagnostic technique.
Currently the technology to regenerate broken neural connections is still
in its infancy although promising research is being made. When such breakthrough is made it will be important to have easily applicable tools to identify
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the regions with malfunctioning neural pathways. The contact heat evoked
potentials technique is a promising method towards that aim.

106

Bibliography

Bibliography
[1] H. G. Garg, Scarless Wound Healing. New York, NY: Dekker, 2000.
[2] H. Gray,
Anatomy of the Human Body,
Philadelphia:
Bartleby.com,
2000.
[Online].
http://www.bartleby.com/br/107.html

20th ed.
Available:

[3] Z. Zaidi and S. W. Lanigan, Dermatology in Clinical Practice. London:
Springer, 2010.
[4] P. Martin, “Wound Healing–Aiming for perfect skin regeneration,”
Science, vol. 276, no. 5309, pp. 75 –81, Apr. 1997. [Online]. Available:
http://www.sciencemag.org/content/276/5309/75.abstract
[5] M. W. J. Ferguson and S. O’Kane, “Scarfree healing: from embryonic
mechanisms to adult therapeutic intervention,” Philosophical Transactions of the Royal Society of London. Series B: Biological Sciences,
vol. 359, no. 1445, pp. 839 –850, May 2004. [Online]. Available:
http://rstb.royalsocietypublishing.org/content/359/1445/839.abstract
[6] F. A. Auger, F. Berthod, V. Moulin, R. Pouliot, and L. Germain,
“Tissueengineered skin substitutes: from in vitro constructs to
in vivo applications,” Biotechnology and Applied Biochemistry,
vol. 39, no. 3, pp. 263–275, Jun. 2004. [Online]. Available:
http://onlinelibrary.wiley.com/doi/10.1042/BA20030229/full
[7] C. K. Charny and Y. I. Cho,
“Mathematical models of bioheat transfer,” in Bioengineering Heat Transfer. Elsevier, 1992, vol. Volume 22, pp. 19–155. [Online].
Available:
http://www.sciencedirect.com/science/article/B7RNJ4SFB3K1-5/2/497fc5c05b1539081944a33d3551acbd
[8] A. B. Vallbo, K. E. Hagbarth, H. E. Torebjork, and
B. G. Wallin, “Somatosensory, proprioceptive, and sympathetic
activity in human peripheral nerves,” Physiological Reviews,
107

Bibliography
vol. 59, no. 4, pp. 919–957, Oct. 1979. [Online]. Available:
http://physrev.physiology.org/content/59/4/919
[9] D. A. Lauffenburger and A. F. Horwitz, “Cell migration: a
physically integrated molecular process,” Cell, vol. 84, no. 3,
pp. 359–369, Feb. 1996, PMID: 8608589. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/8608589
[10] R. J. Petrie, A. D. Doyle, and K. M. Yamada, “Random versus directionally persistent cell migration,” Nature Reviews Molecular Cell
Biology, vol. 10, no. 8, pp. 538–549, Jul. 2009.
[11] J. Wu, Z. Mao, H. Tan, L. Han, T. Ren, and C. Gao,
“Gradient biomaterials and their influences on cell migration,” Interface Focus, Mar. 2012. [Online]. Available:
http://rsfs.royalsocietypublishing.org/content/early/2012/03/12/rsfs.2011.0124
[12] S. J. Singer and A. Kupfer, “The directed migration
of eukaryotic cells,”
Annual Review of Cell Biology,
vol. 2, no. 1, pp. 337–365, 1986. [Online]. Available:
http://www.annualreviews.org/doi/abs/10.1146/annurev.cb.02.110186.002005
[13] T. D. Pollard, W. C. Earnshaw, and J. Lippincott-Schwartz, Cell Biology, 2nd ed. Philadelphia, Pa: Saunders Elsevier, 2008.
[14] P. Friedl, “Prespecification and plasticity:
shifting mechanisms of cell migration,” Current Opinion in Cell Biology, vol. 16, no. 1, pp. 14–23, Feb. 2004. [Online].
Available:
http://www.sciencedirect.com/science/article/B6VRW4BY9S09-1/2/f3c4805341272ee267564efc6ee5fa08
[15] P. Kanchanawong, G. Shtengel, A. M. Pasapera, E. B. Ramko, M. W.
Davidson, H. F. Hess, and C. M. Waterman, “Nanoscale architecture of
integrin-based cell adhesions,” Nature, vol. 468, no. 7323, pp. 580–584,
Nov. 2010. [Online]. Available: http://dx.doi.org/10.1038/nature09621
[16] A. J. Singer and R. A. Clark, “Cutaneous wound healing,”
The New England Journal of Medicine, vol. 341, no. 10,
pp. 738–746, Sep. 1999, PMID: 10471461. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/10471461
[17] A. Marmaras,
U. Berge,
A. Ferrari,
V. Kurtcuoglu,
D. Poulikakos, and R. Kroschewski, “A mathematical method
108

Bibliography
for the 3D analysis of rotating deformable systems applied on lumenforming MDCK cell aggregates,” Cytoskeleton,
vol. 67, no. 4, pp. 224–240, Apr. 2010. [Online]. Available:
http://onlinelibrary.wiley.com/doi/10.1002/cm.20438/abstract
[18] A. Vasilyev, Y. Liu, S. Mudumana, S. Mangos, P. Lam, A. Majumdar,
J. Zhao, K. Poon, I. Kondrychyn, V. Korzh, and I. A. Drummond,
“Collective cell migration drives morphogenesis of the kidney
nephron,” PLoS Biol, vol. 7, no. 1, p. e1000009, Jan. 2009. [Online].
Available: http://dx.doi.org/10.1371/journal.pbio.1000009
[19] P. J. Keller, A. D. Schmidt, J. Wittbrodt, and E. H.
Stelzer, “Reconstruction of zebrafish early embryonic development by scanned light sheet microscopy,” Science, vol.
322, no. 5904, pp. 1065–1069, Nov. 2008. [Online]. Available:
http://www.sciencemag.org/cgi/content/abstract/322/5904/1065
[20] L. M. Baye and B. A. Link, “Nuclear migration during retinal development,” Brain Research, vol. 1192, pp. 29–36, Feb. 2008. [Online].
Available:
http://www.sciencedirect.com/science/article/B6SYR4NTBFKW-3/2/6637efe93933565d159b86c5f9786b26
[21] K. L. Pope and T. J. C. Harris, “Control of cell flattening and junctional
remodeling during squamous epithelial morphogenesis in drosophila,”
Development, vol. 135, no. 13, pp. 2227–2238, Jul. 2008. [Online]. Available: http://dev.biologists.org/cgi/content/abstract/135/13/2227
[22] C. A. Hale, H. Meinhardt, and P. A. de Boer, “Dynamic localization
cycle of the cell division regulator MinE in escherichia coli,” EMBO
J, vol. 20, no. 7, pp. 1563–1572, Apr. 2001. [Online]. Available:
http://dx.doi.org/10.1093/emboj/20.7.1563
[23] H. Ziegler, “Untersuchungen ber die ersten entwicklungsvorgnge der
nematoden,” Zeitschrift fr wissenschaftliche Zoologie, no. 60, pp. 351–
410, 1896.
[24] V. Nigon, P. Guerrier, and H. Monin, “L’architecture polaire de l’oeuf
et les mouvements des constituants cellulaires au cours des premieres
etapes du developpment chez quelques nematodes,” Bull. Biol. Fr.
Belg., no. 94, pp. 131–202, 1960.
[25] D. Dormann and C. J. Weijer, “Propagating chemoattractant waves
coordinate periodic cell movement in dictyostelium slugs,” Develop109

Bibliography
ment, vol. 128, no. 22, pp. 4535–4543, Nov. 2001. [Online]. Available:
http://dev.biologists.org/cgi/content/abstract/128/22/4535
[26] C. J. Weijer, “Dictyostelium morphogenesis,” Current Opinion in Genetics & Development, vol. 14, no. 4, pp. 392–398, Aug. 2004. [Online].
Available:
http://www.sciencedirect.com/science/article/B6VS04CP18SN-1/2/1d0e6b27c431c67c8b385e08e7d39471
[27] R. Montesano, K. Matsumoto, T. Nakamura, and L. Orci, “Identification of a fibroblast-derived epithelial morphogen as hepatocyte growth
factor,” Cell, vol. 67, no. 5, pp. 901–908, Nov. 1991. [Online].
Available:
http://www.sciencedirect.com/science/article/B6WSN4C6BN7H-3W/2/c697708e5be831bc78f0c0e1483352ac
[28] B. Weigelt and M. J. Bissell, “Unraveling the microenvironmental
influences on the normal mammary gland and breast cancer,” Seminars
in Cancer Biology, vol. 18, no. 5, pp. 311–321, Oct. 2008. [Online].
Available:
http://www.sciencedirect.com/science/article/B6WWY4S4TNXJ-D/2/d84a8428ee846b6c2665d73b8d2a3685
[29] L. E. O’Brien, M. M. P. Zegers, and K. E. Mostov, “Building epithelial
architecture: insights from three-dimensional culture models,” Nat
Rev Mol Cell Biol, vol. 3, no. 7, pp. 531–537, Jul. 2002. [Online].
Available: http://dx.doi.org/10.1038/nrm859
[30] R. Kroschewski, “Molecular mechanisms of epithelial polarity:
About shapes, forces, and orientation problems,” News Physiol
Sci, vol. 19, no. 2, pp. 61–66, Apr. 2004. [Online]. Available:
http://physiologyonline.physiology.org/cgi/content/abstract/19/2/61
[31] A. Ferrari, A. Veligodskiy, U. Berge, M. S. Lucas, and R. Kroschewski,
“ROCK-mediated contractility, tight junctions and channels contribute to the conversion of a preapical patch into apical
surface during isochoric lumen initiation,” J Cell Sci, vol.
121, no. 21, pp. 3649–3663, Nov. 2008. [Online]. Available:
http://jcs.biologists.org/cgi/content/abstract/121/21/3649
[32] J. A. McAteer, A. P. Evan, and K. D. Gardner, “Morphogenetic
clonal growth of kidney epithelial cell line MDCK,” The Anatomical
Record, vol. 217, no. 3, pp. 229–239, 1987. [Online]. Available:
http://dx.doi.org/10.1002/ar.1092170303
[33] M. A. Wozniak, R. Desai, P. A. Solski, C. J. Der, and
P. J. Keely, “ROCK-generated contractility regulates breast
110

Bibliography
epithelial cell differentiation in response to the physical properties of a three-dimensional collagen matrix,” J. Cell Biol.,
vol. 163, no. 3, pp. 583–595, Nov. 2003. [Online]. Available:
http://jcb.rupress.org/cgi/content/abstract/163/3/583
[34] J. C. Friedland, M. H. Lee, and D. Boettiger, “Mechanically
activated integrin switch controls 51 function,” Science, vol.
323, no. 5914, pp. 642–644, Jan. 2009. [Online]. Available:
http://www.sciencemag.org/cgi/content/abstract/323/5914/642
[35] D. Zeng, A. Ferrari, J. Ulmer, A. Veligodskiy, P. Fischer,
J. Spatz, Y. Ventikos, D. Poulikakos, and R. Kroschewski, “ThreeDimensional modeling of mechanical forces in the extracellular
matrix during epithelial lumen formation,” Biophysical Journal,
vol. 90, no. 12, pp. 4380–4391, Jun. 2006. [Online]. Available:
http://www.cell.com/biophysj/retrieve/pii/S0006349506726157
[36] L. E. O’Brien, T. Jou, A. L. Pollack, Q. Zhang, S. H. Hansen,
P. Yurchenco, and K. E. Mostov, “Rac1 orientates epithelial apical
polarity through effects on basolateral laminin assembly,” Nat
Cell Biol, vol. 3, no. 9, pp. 831–838, 2001. [Online]. Available:
http://dx.doi.org/10.1038/ncb0901-831
[37] W. Yu, A. Datta, P. Leroy, L. E. O’Brien, G. Mak, T. Jou,
K. S. Matlin, K. E. Mostov, and M. M. Zegers, “Beta1-Integrin
orients epithelial polarity via rac1 and laminin,” Mol. Biol. Cell,
vol. 16, no. 2, pp. 433–445, Feb. 2005. [Online]. Available:
http://www.molbiolcell.org/cgi/content/abstract/16/2/433
[38] A. Wang, G. Ojakian, and W. Nelson, “Steps in the morphogenesis
of a polarized epithelium. II. disassembly and assembly of
plasma membrane domains during reversal of epithelial cell
polarity in multicellular epithelial (MDCK) cysts,” J Cell Sci,
vol. 95, no. 1, pp. 153–165, Jan. 1990. [Online]. Available:
http://jcs.biologists.org/cgi/content/abstract/95/1/153
[39] P. Oteiza, M. Koppen, M. L. Concha, and C. Heisenberg, “Origin
and shaping of the laterality organ in zebrafish,” Development,
vol. 135, no. 16, pp. 2807–2813, Aug. 2008. [Online]. Available:
http://dev.biologists.org/cgi/content/abstract/135/16/2807
[40] Z. Bao, J. I. Murray, T. Boyle, S. L. Ooi, M. J. Sandel, and R. H.
Waterston, “Automated cell lineage tracing in caenorhabditis elegans,”
111

Bibliography
Proceedings of the National Academy of Sciences of the United States
of America, vol. 103, no. 8, pp. 2707–2712, Feb. 2006. [Online].
Available: http://www.pnas.org/content/103/8/2707.abstract
[41] B. A. Samuels and L. Tsai, “Nucleokinesis illuminated,” Nat Neurosci,
vol. 7, no. 11, pp. 1169–1170, Nov. 2004. [Online]. Available:
http://dx.doi.org/10.1038/nn1104-1169
[42] K. A. Smith, S. Chocron, S. von der Hardt, E. de Pater,
A. Soufan, J. Bussmann, S. Schulte-Merker, M. Hammerschmidt, and
J. Bakkers, “Rotation and asymmetric development of the zebrafish
heart requires directed migration of cardiac progenitor cells,” Developmental Cell, vol. 14, no. 2, pp. 287–297, Feb. 2008. [Online].
Available:
http://www.sciencedirect.com/science/article/B6WW34RTD1MT-K/2/75ff5b8443a3ed87c997626fc22f89ef
[43] D. Bray, Cell Movements: From Molecules to Motility, 2nd ed.
land Science, Nov. 2000.

Gar-

[44] K. Wolf, Y. I. Wu, Y. Liu, J. Geiger, E. Tam, C. Overall, M. S.
Stack, and P. Friedl, “Multi-step pericellular proteolysis controls the
transition from individual to collective cancer cell invasion,” Nat
Cell Biol, vol. 9, no. 8, pp. 893–904, 2007. [Online]. Available:
http://dx.doi.org/10.1038/ncb1616
[45] S. Huang, C. Brangwynne, K. Parker, and D. Ingber, “Symmetrybreaking in mammalian cell cohort migration during tissue pattern
formation: Role of random-walk persistence,” Cell Motility and the
Cytoskeleton, vol. 61, no. 4, pp. 201–213, 2005. [Online]. Available:
http://dx.doi.org/10.1002/cm.20077
[46] S. Iden and J. G. Collard, “Crosstalk between small GTPases
and polarity proteins in cell polarization,” Nat Rev Mol Cell
Biol, vol. 9, no. 11, pp. 846–859, Nov. 2008. [Online]. Available:
http://dx.doi.org/10.1038/nrm2521
[47] I. Mellman and W. J. Nelson, “Coordinated protein sorting,
targeting and distribution in polarized cells,” Nat Rev Mol Cell
Biol, vol. 9, no. 11, pp. 833–845, Nov. 2008. [Online]. Available:
http://dx.doi.org/10.1038/nrm2525
[48] S. Etienne-Manneville, “Polarity proteins in migration and invasion,”
Oncogene, vol. 27, no. 55, pp. 6970–6980, 2008. [Online]. Available:
http://dx.doi.org/10.1038/onc.2008.347
112

Bibliography
[49] R. Kroschewski, A. Hall, and M. Ira, “Cdc42 controls secretory and
endocytic transport to the basolateral plasma membrane of MDCK
cells,” Nature Cell Biology, vol. 1, no. 1, pp. 8–13, 1999.
[50] W. K. Stadelmann, A. G. Digenis, and G. R. Tobin, “Physiology and healing dynamics of chronic cutaneous wounds,”
The American Journal of Surgery, vol. 176, no. 2, Supplement 1, pp. 26S–38S, Aug. 1998. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0002961098001834
[51] S. A. McClain, M. Simon, E. Jones, A. Nandi, J. O. Gailit, M. G.
Tonnesen, D. Newman, and R. A. Clark, “Mesenchymal cell activation
is the rate-limiting step of granulation tissue induction.” The American
Journal of Pathology, vol. 149, no. 4, pp. 1257–1270, Oct. 1996, PMID:
8863674 PMCID: 1865182.
[52] R. Mori, T. J. Shaw, and P. Martin, “Molecular mechanisms linking
wound inflammation and fibrosis: knockdown of osteopontin leads
to rapid repair and reduced scarring,” The Journal of Experimental
Medicine, vol. 205, no. 1, pp. 43 –51, Jan. 2008. [Online]. Available:
http://jem.rupress.org/content/205/1/43.abstract
[53] A. J. Ridley, M. A. Schwartz, K. Burridge, R. A. Firtel, M. H.
Ginsberg, G. Borisy, J. T. Parsons, and A. R. Horwitz, “Cell
migration: Integrating signals from front to back,” Science, vol.
302, no. 5651, pp. 1704 –1709, Dec. 2003. [Online]. Available:
http://www.sciencemag.org/content/302/5651/1704.abstract
[54] M. A. Carlson and M. T. Longaker, “The fibroblastpopulated collagen
matrix as a model of wound healing: a review of the evidence,” Wound
Repair and Regeneration, vol. 12, no. 2, pp. 134–147, Mar. 2004. [Online]. Available: http://onlinelibrary.wiley.com/doi/10.1111/j.10671927.2004.012208.x/abstract
[55] S. B. CARTER, “Haptotaxis and the mechanism of cell motility,”
Nature, vol. 213, no. 5073, pp. 256–260, Jan. 1967. [Online]. Available:
http://dx.doi.org/10.1038/213256a0
[56] C. M. Lo, H. B. Wang, M. Dembo, and Y. L. Wang, “Cell movement is
guided by the rigidity of the substrate,” Biophysical Journal, vol. 79,
no. 1, pp. 144–152, Jul. 2000, PMID: 10866943. [Online]. Available:
http://www.cell.com/biophysj/retrieve/pii/S0006349500762795
113

Bibliography
[57] A. S. Curtis and M. Varde, “Control of cell behavior: Topological
factors,” Journal of the National Cancer Institute, vol. 33,
pp. 15–26, Jul. 1964, PMID: 14202300. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/14202300
[58] B. Geiger, A. Bershadsky, R. Pankov, and K. M. Yamada,
“Transmembrane crosstalk between the extracellular matrix and the
cytoskeleton,” Nat Rev Mol Cell Biol, vol. 2, no. 11, pp. 793–805, Nov.
2001. [Online]. Available: http://dx.doi.org/10.1038/35099066
[59] M. A. Wozniak, K. Modzelewska, L. Kwong, and P. J.
Keely, “Focal adhesion regulation of cell behavior,” Biochimica et Biophysica Acta (BBA) - Molecular Cell Research,
vol. 1692,
no. 2-3,
pp. 103–119,
Jul. 2004. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T204CDJGY6-7/2/131c3b7de95a857aba2496a0944a004a
[60] B. Geiger, J. P. Spatz, and A. D. Bershadsky, “Environmental sensing
through focal adhesions,” Nat Rev Mol Cell Biol, vol. 10, no. 1, pp. 21–
33, Jan. 2009. [Online]. Available: http://dx.doi.org/10.1038/nrm2593
[61] K. A. Beningo, M. Dembo, I. Kaverina, J. V. Small, and Y.-l.
Wang, “Nascent focal adhesions are responsible for the generation of
strong propulsive forces in migrating fibroblasts,” The Journal of Cell
Biology, vol. 153, no. 4, pp. 881 –888, May 2001. [Online]. Available:
http://jcb.rupress.org/content/153/4/881.abstract
[62] S. K. Mitra, D. A. Hanson, and D. D. Schlaepfer, “Focal adhesion
kinase: in command and control of cell motility,” Nat Rev Mol
Cell Biol, vol. 6, no. 1, pp. 56–68, Jan. 2005. [Online]. Available:
http://dx.doi.org/10.1038/nrm1549
[63] A. Ferrari, M. Cecchini, R. Degl’Innocenti, and F. Beltram,
“Directional PC12 cell migration along plastic nanotracks,” Biomedical
Engineering, IEEE Transactions on, vol. 56, no. 11, pp. 2692–2696,
2009. [Online]. Available: 10.1109/TBME.2009.2027424
[64] A. Saez, M. Ghibaudo, A. Buguin, P. Silberzan, and B. Ladoux,
“Rigidity-driven growth and migration of epithelial cells on microstructured anisotropic substrates,” Proceedings of the National Academy
of Sciences, vol. 104, no. 20, pp. 8281–8286, May 2007. [Online].
Available: http://www.pnas.org/content/104/20/8281.abstract
114

Bibliography
[65] A. Rajnicek, S. Britland, and C. McCaig, “Contact guidance of CNS neurites on grooved quartz: influence of groove
dimensions, neuronal age and cell type,” J Cell Sci, vol.
110, no. 23, pp. 2905–2913, Dec. 1997. [Online]. Available:
http://jcs.biologists.org/cgi/content/abstract/110/23/2905
[66] A. I. Teixeira, G. A. Abrams, P. J. Bertics, C.
phy, and P. F. Nealey, “Epithelial contact guidance
defined micro- and nanostructured substrates,” J Cell
116, no. 10, pp. 1881–1892, May 2003. [Online].
http://jcs.biologists.org/cgi/content/abstract/116/10/1881

J. Muron wellSci, vol.
Available:

[67] H. Jeon,
H. Hidai,
D. J. Hwang,
K. E. Healy,
and C. P. Grigoropoulos,
“The effect of micronscale
anisotropic cross patterns on fibroblast migration,” Biomaterials, vol. 31, no. 15, pp. 4286–4295, May 2010. [Online].
Available:
http://www.sciencedirect.com/science/article/B6TWB4YH9YNB-1/2/f65fb3c90df3d89aa26427c4db8a463a
[68] A. Ferrari, M. Cecchini, A. Dhawan, S. Micera, I. Tonazzini,
R. Stabile, D. Pisignano, and F. Beltram, “Nanotopographic control
of neuronal polarity,” Nano Lett., vol. 11, no. 2, pp. 505–511, 2011.
[Online]. Available: http://dx.doi.org/10.1021/nl103349s
[69] D. Kim, K. Han, K. Gupta, K. W. Kwon, K. Suh, and
A. Levchenko, “Mechanosensitivity of fibroblast cell shape and
movement to anisotropic substratum topography gradients,” Biomaterials, vol. 30, no. 29, pp. 5433–5444, Oct. 2009. [Online].
Available:
http://www.sciencedirect.com/science/article/B6TWB4WRD685-9/2/33c5236911e157d59cdd606a03b02fea
[70] W. Loesberg, J. te Riet, F. van Delft, P. Schn, C. Figdor, S. Speller, J. van Loon, X. Walboomers, and J. Jansen,
“The threshold at which substrate nanogroove dimensions
may influence fibroblast alignment and adhesion,” Biomaterials, vol. 28, no. 27, pp. 3944–3951, Sep. 2007. [Online].
Available:
http://www.sciencedirect.com/science/article/B6TWB4P0N8YT-2/2/114d03d118fde155fd9937b640c61f44
[71] X. F. Walboomers and J. A. Jansen, “Cell and tissue behavior on microgrooved surfaces,” Odontology, vol. 89, pp. 2–11, Nov. 2001. [Online].
Available: http://www.springerlink.com/content/69arejtk8dtnhbkm/
115

Bibliography
[72] S. P. Zhong, Y. Z. Zhang, and C. T. Lim, “Tissue scaffolds for skin wound healing and dermal reconstruction,” Wiley
Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology,
vol. 2, no. 5, pp. 510–525, Sep. 2010. [Online]. Available:
http://onlinelibrary.wiley.com/doi/10.1002/wnan.100/abstract
[73] D. Franco, M. Klingauf, M. Bednarzik, M. Cecchini, V. Kurtcuoglu,
J. Gobrecht, D. Poulikakos, and A. Ferrari, “Control of initial
endothelial spreading by topographic activation of focal adhesion
kinase,” Soft Matter, vol. 7, no. 16, p. 7313, 2011. [Online]. Available:
http://pubs.rsc.org/en/Content/ArticleLanding/2011/SM/c1sm05191a
[74] C. G. Galbraith and M. P. Sheetz, “A micromachined device provides
a new bend on fibroblast tractionforces,” Proceedings of the National
Academy of Sciences, vol. 94, no. 17, pp. 9114 –9118, 1997. [Online].
Available: http://www.pnas.org/content/94/17/9114.abstract
[75] I. A. Darby, T. D. Hewitson, and K. W. Jeon, “Fibroblast differentiation in wound healing and fibrosis,” in A Survey of Cell Biology. Academic Press, 2007, vol. Volume 257, pp. 143–179. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S007476960757004X
[76] J. D. Humphries, P. Wang, C. Streuli, B. Geiger, M. J.
Humphries, and C. Ballestrem, “Vinculin controls focal adhesion
formation by direct interactions with talin and actin,” J. Cell Biol.,
vol. 179, no. 5, pp. 1043–1057, Dec. 2007. [Online]. Available:
http://jcb.rupress.org/cgi/content/abstract/179/5/1043
[77] A. Ferrari, M. Cecchini, M. Serresi, P. Faraci, D. Pisignano, and F. Beltram, “Neuronal polarity selection by
topography-induced
focal
adhesion
control,”
Biomaterials,
vol. 31,
no. 17,
pp. 4682–4694,
Jun. 2010. [Online].
Available:
http://www.sciencedirect.com/science/article/B6TWB4YNBRSB-2/2/51d4445e30f2ed8dbb24ded771a0cbc3
[78] M. Poujade, E. Grasland-Mongrain, A. Hertzog, J. Jouanneau,
P. Chavrier, B. Ladoux, A. Buguin, and P. Silberzan, “Collective
migration of an epithelial monolayer in response to a model
wound,” Proceedings of the National Academy of Sciences, vol.
104, no. 41, pp. 15 988–15 993, Oct. 2007. [Online]. Available:
http://www.pnas.org/content/104/41/15988
116

Bibliography
[79] T. Lammermann, B. L. Bader, S. J. Monkley, T. Worbs, R. WedlichSoldner, K. Hirsch, M. Keller, R. Forster, D. R. Critchley, R. Fassler,
and M. Sixt, “Rapid leukocyte migration by integrin-independent
flowing and squeezing,” Nature, vol. 453, no. 7191, pp. 51–55, May
2008. [Online]. Available: http://dx.doi.org/10.1038/nature06887
[80] C. G. Rolli, T. Seufferlein, R. Kemkemer, and J. P. Spatz,
“Impact of tumor cell cytoskeleton organization on invasiveness and migration:
A Microchannel-Based approach,” PLoS
ONE, vol. 5, no. 1, p. e8726, Jan. 2010. [Online]. Available:
http://dx.doi.org/10.1371/journal.pone.0008726
[81] P. Friedl, K. Wolf, and J. Lammerding, “Nuclear mechanics during cell migration,” Current Opinion in Cell Biology,
vol. 23, no. 1, pp. 55–64, Feb. 2011. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0955067410001869
[82] S. Jungbauer, H. Gao, J. P. Spatz, and R. Kemkemer, “Two
characteristic regimes in Frequency-Dependent dynamic reorientation
of fibroblasts on cyclically stretched substrates,” Biophysical Journal,
vol. 95, no. 7, pp. 3470–3478, Oct. 2008. [Online]. Available:
http://www.cell.com/biophysj/retrieve/pii/S0006349508784893
[83] J. T. Zahn, I. Louban, S. Jungbauer, M. Bissinger, D. Kaufmann, R. Kemkemer, and J. P. Spatz, “AgeDependent changes
in microscale stiffness and mechanoresponses of cells,” Small,
vol. 7, no. 10, pp. 1480–1487, May 2011. [Online]. Available:
http://onlinelibrary.wiley.com/doi/10.1002/smll.201100146/full
[84] A. Shai, H. I. Maibach, H. I. Maibach, and H. I. Maibach, Wound
Healing and Ulcers of the Skin Diagnosis and Therapy - the Practical
Approach. Berlin: Springer, 2005.
[85] S. Rajendran, Advanced Textiles for Wound Care, ser. Woodhead Publishing in textiles. Cambridge: Woodhead, 2009, no. no. 85.
[86] S. C. Gad, Safety Evaluation of Medical Devices, 2nd ed.
Marcel Dekker, 2002.

New York:

[87] H. Hermawan, D. Dub, and D. Mantovani, “Developments in metallic biodegradable stents,” Acta Biomaterialia,
vol. 6, no. 5, pp. 1693–1697, May 2010. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1742706109004413
117

Bibliography
[88] S. N. Bhaskar, J. M. Brady, L. Getter, M. F. Grower, and
T. Driskell, “Biodegradable ceramic implants in bone: Electron
and light microscopic analysis,” Oral Surgery, Oral Medicine, Oral
Pathology, vol. 32, no. 2, pp. 336–346, Aug. 1971. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0030422071902386
[89] S. K. Sharma, A Handbook of Applied Biopolymer Technology Synthesis, Degradation and Applications, ser. RSC green chemistry. Cambridge: RSC Publishing, 2011, no. 12.
[90] Y. Hong, K. Fujimoto, R. Hashizume, J. Guan, J. J. Stankus,
K. Tobita, and W. R. Wagner, “Generating elastic, biodegradable
Polyurethane/Poly(lactide-co-glycolide) fibrous sheets with controlled
antibiotic release via Two-Stream electrospinning,” Biomacromolecules, vol. 9, no. 4, pp. 1200–1207, 2008. [Online]. Available:
http://dx.doi.org/10.1021/bm701201w
[91] F. Cervero, Pain, ser. Handbook of clinical neurology.
Elsevier, 2006, vol. 81, no. 3rd series vol. 3.

Amsterdam:

[92] D. A. Marcus, Chronic Pain A Primary Care Guide to Practical Management, ser. Current Clinical Practice. Totowa: Humana Press, 2009.
[93] S. P. Hunt, The Neurobiology of Pain (molecular and Cellular Neurobiology), ser. Molecular and cellular neurobiology series. Oxford:
Oxford University Press, 2005.
[94] J. R. Evans, Introduction to Quantitative EEG and Neurofeedback. San
Diego, Calif: Academic Press, 1999.
[95] F. Xu and T. Lu, Introduction to Skin Biothermomechanics and Thermal Pain. Berlin: Springer, 2011.
[96] M. Valeriani, D. Le Pera, D. Niddam, A. C. N. Chen, and
L. Arendt-Nielsen, “Dipolar modelling of the scalp evoked potentials
to painful contact heat stimulation of the human skin,” Neuroscience
Letters, vol. 318, no. 1, pp. 44–48, Jan. 2002. [Online]. Available: http://www.sciencedirect.com/science/article/B6T0G-44J3V24H/2/b9dfe4148b05e786324a80e8fca5ea7c
[97] G. D. Iannetti, L. Zambreanu, and I. Tracey, “Similar nociceptive
afferents mediate psychophysical and electrophysiological responses to
heat stimulation of glabrous and hairy skin in humans,” The Journal
118

Bibliography
of Physiology, vol. 577, no. 1, pp. 235–248, Nov. 2006. [Online].
Available: http://jp.physoc.org/content/577/1/235.abstract
[98] A. Truini, F. Galeotti, E. Pennisi, F. Casa, A. Biasiotta, and G. Cruccu, “Trigeminal small-fibre function assessed with contact heat evoked potentials in humans,”
Pain, vol. 132, no. 1-2, pp. 102–107, Nov. 2007. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T0K4N6NHN6-5/2/70d03bc30e3900112ea5099b6e74c200
[99] C. Chao, S. Hsieh, M. Tseng, Y. Chang, and S. Hsieh,
“Patterns of contact heat evoked potentials (CHEP) in neuropathy with skin denervation: Correlation of CHEP amplitude
with intraepidermal nerve fiber density,” Clinical Neurophysiology, vol. 119, no. 3, pp. 653–661, Mar. 2008. [Online].
Available:
http://www.sciencedirect.com/science/article/B6VNP4RSS77X-D/2/3aae133451afb4bb3ec5defa2a3ffd92
[100] S. Wydenkeller, R. Wirz, and P. Halder, “Spinothalamic tract
conduction velocity estimated using contact heat evoked potentials: What needs to be considered,” Clinical Neurophysiology, vol. 119, no. 4, pp. 812–821, Apr. 2008. [Online].
Available:
http://www.sciencedirect.com/science/article/B6VNP4RSHR9N-3/2/667065b0a21eb80f0dd13436d542df7d
[101] D. Atherton, P. Facer, K. Roberts, V. P. Misra, B. Chizh, C. Bountra,
and P. Anand, “Use of the novel contact heat evoked potential
stimulator (CHEPS) for the assessment of small fibre neuropathy:
correlations with skin flare responses and intra-epidermal nerve fibre
counts,” BMC Neurology, vol. 7, no. 1, p. 21, 2007. [Online]. Available:
http://www.biomedcentral.com/1471-2377/7/21
[102] S. Wydenkeller, S. Maurizio, V. Dietz, and P. Halder, “Neuropathic
pain in spinal cord injury: significance of clinical and electrophysiological measures,” European Journal of Neuroscience, vol. 30, no. 1, pp.
91–99, 2009. [Online]. Available: http://dx.doi.org/10.1111/j.14609568.2009.06801.x
[103] A. R. Hari, S. Wydenkeller, P. Dokladal, and P. Halder,
“Enhanced recovery of human spinothalamic function is associated with central neuropathic pain after SCI,” Experimental
Neurology, vol. 216, no. 2, pp. 428–430, Apr. 2009. [Online].
119

Bibliography
Available:
http://www.sciencedirect.com/science/article/B6WFG4VB01WC-8/2/acc189603841a5e02c4aaf77cc1474f1
[104] D. Brandeis and D. Lehmann, “Event-related potentials of the
brain and cognitive processes: Approaches and applications,”
Neuropsychologia, vol. 24, no. 1, pp. 151–168, 1986. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T0D45WYT6C-5W/2/a99a102e7a8a7227b961945c6fb8671c
[105] L. Plaghki and A. Mouraux, “How do we selectively activate skin nociceptors with a high power infrared laser? physiology and biophysics
of laser stimulation,” Neurophysiologie Clinique/Clinical Neurophysiology, vol. 33, no. 6, pp. 269–277, Dec. 2003. [Online].
Available:
http://www.sciencedirect.com/science/article/B6VMP4B6C2DK-4/2/1d2a08f270f78f14bd9ea6fdf275eaa7
[106] Y. Granovsky, M. Granot, R. Nir, and D. Yarnitsky, “Objective correlate of subjective pain perception by contact Heat-Evoked potentials,”
The Journal of Pain, vol. 9, no. 1, pp. 53–63, Jan. 2008. [Online].
Available:
http://www.sciencedirect.com/science/article/B6WKH4R2XCTJ-1/2/8cf33f69ad125ecd88617cf10c9c5dc0
[107] L. Garca-Larrea, R. Peyron, B. Laurent, and F. Mauguire,
“Association and dissociation between laser-evoked potentials and
pain perception,” Neuroreport, vol. 8, no. 17, pp. 3785–3789, Dec. 1997.
[Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/9427371
[108] A. Carmon, J. Mor, and J. Goldberg, “Evoked cerebral responses to
noxious thermal stimuli in humans,” Experimental Brain Research,
vol. 25, no. 1, pp. 103–107, May 1976. [Online]. Available:
http://dx.doi.org/10.1007/BF00237330
[109] W. Greffrath, U. Baumgrtner, and R. Treede, “Peripheral and central
components of habituation of heat pain perception and evoked potentials in humans,” Pain, vol. 132, no. 3, pp. 301–311, Dec. 2007. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T0K4NVCD3F-3/2/ab9f2016d1982d36097d8f024284eb1c
[110] E. C. Huskisson, “Measurement of pain,” The Lancet,
vol. 304, no. 7889, pp. 1127–1131, Nov. 1974. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T1B49MMY3P-365/2/5158124f899cac750b27a8740636a178
120

Bibliography
[111] W. W. Downie, P. A. Leatham, V. M. Rhind, V. Wright, J. A. Branco,
and J. A. Anderson, “Studies with pain rating scales.” Annals of the
Rheumatic Diseases, vol. 37, no. 4, pp. 378–381, Aug. 1978, PMID:
686873 PMCID: 1000250.
[112] H. H. Jasper, “Appendix to:
Report of the committee
on methods of clinical examination in electroencephalography:
The ten-twenty electrode system of the international
federation,” Electroencephalography and Clinical Neurophysiology, vol. 10, no. 2, pp. 370–375, May 1958. [Online].
Available:
http://www.sciencedirect.com/science/article/B6SYX482YFXP-2S/2/86bdd4bf9cfe6840aec22a5482f1ee66
[113] T. C. Ferree, P. Luu, G. S. Russell, and D. M. Tucker, “Scalp
electrode impedance, infection risk, and EEG data quality,” Clinical
Neurophysiology: Official Journal of the International Federation
of Clinical Neurophysiology, vol. 112, no. 3, pp. 536–544, Mar.
2001, PMID: 11222977. [Online]. Available: http://www.clinphjournal.com/article/S1388-2457t
[114] P. Halder, S. Brem, K. Bucher, S. Boujraf, P. Summers, T. Dietrich,
S. Kollias, E. Martin, and D. Brandeis, “Electrophysiological
and hemodynamic evidence for late maturation of hand power
grip and force control under visual feedback,” Human Brain
Mapping, vol. 28, no. 1, pp. 69–84, 2007. [Online]. Available:
http://dx.doi.org/10.1002/hbm.20262
[115] T. P. Jung, S. Makeig, M. Westerfield, J. Townsend, E. Courchesne,
and T. J. Sejnowski, “Removal of eye activity artifacts from visual
event-related potentials in normal and clinical subjects,” Clinical
Neurophysiology: Official Journal of the International Federation
of Clinical Neurophysiology, vol. 111, no. 10, pp. 1745–1758, Oct.
2000, PMID: 11018488. [Online]. Available: http://www.clinphjournal.com/article/S1388-2457t
[116] C. Chao, S. Hsieh, M. Chiu, M. Tseng, and Y. Chang,
“Effects of aging on contact heatevoked potentials: The physiological assessment of thermal perception,” Muscle & Nerve,
vol. 36, no. 1, pp. 30–38, Jul. 2007. [Online]. Available:
http://onlinelibrary.wiley.com/doi/10.1002/mus.20815/abstract
[117] Y. Granovsky, D. Matre, A. Sokolik, J. Lorenz, and K. L.
Casey, “Thermoreceptive innervation of human glabrous and
121

Bibliography
hairy skin: a contact heat evoked potential analysis,” Pain,
vol. 115, no. 3, pp. 238–247, Jun. 2005. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0304395905000734
[118] J. Werner and M. Buse, “Temperature profiles with respect to
inhomogeneity and geometry of the human body,” J Appl Physiol,
vol. 65, no. 3, pp. 1110–1118, Sep. 1988. [Online]. Available:
http://jap.physiology.org/cgi/content/abstract/65/3/1110
[119] M. M. Chen and K. R. Holmes, “Microvascular contributions in
tissue heat transfer,” Annals of the New York Academy of Sciences,
vol. 335, pp. 137–150, 1980, PMID: 6931512. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/6931512
[120] C. M. Collins, W. Liu, J. Wang, R. Gruetter, J. T. Vaughan,
K. Ugurbil, and M. B. Smith, “Temperature and SAR calculations
for a human head within volume and surface coils at 64 and 300
MHz,” Journal of Magnetic Resonance Imaging: JMRI, vol. 19,
no. 5, pp. 650–656, May 2004, PMID: 15112317. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/15112317
[121] P. M. van den Berg, A. T. De Hoop, A. Segal, and N. Praagman, “A computational model of the electromagnetic heating of
biological tissue with application to hyperthermic cancer therapy,”
IEEE Transactions on Bio-Medical Engineering, vol. 30, no. 12,
pp. 797–805, Dec. 1983, PMID: 6662539. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/6662539
[122] G. M. Van Leeuwen, J. J. Lagendijk, B. J. Van Leersum,
A. P. Zwamborn, S. N. Hornsleth, and A. N. Kotte, “Calculation
of change in brain temperatures due to exposure to a mobile
phone,” Physics in Medicine and Biology, vol. 44, no. 10,
pp. 2367–2379, Oct. 1999, PMID: 10533916. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/10533916
[123] L. R. Williams and R. W. Leggett, “Reference values for resting
blood flow to organs of man,” Clinical Physics and Physiological
Measurement, vol. 10, no. 3, pp. 187–217, 1989. [Online]. Available:
http://www.iop.org/EJ/abstract/0143-0815/10/3/001
[124] K. Kato, M. Tagawa, and K. Kaifuku, “Fluctuating temperature
measurement by a fine-wire thermocouple probe: influences of
physical properties and insulation coating on the frequency response,”
122

Bibliography
Measurement Science and Technology, vol. 18, no. 3, pp. 779–789,
Mar. 2007. [Online]. Available:
http://iopscience.iop.org/09570233/18/3/030
[125] D. B. Tillman, R. D. Treede, R. A. Meyer, and J. N. Campbell,
“Response of c fibre nociceptors in the anaesthetized monkey to
heat stimuli: estimates of receptor depth and threshold,” J. Physiol.
(Lond.), vol. 485 ( Pt 3), pp. 753–65, 1995. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1158041/
[126] A. Mouraux and L. Plaghki, “Are laser-evoked brain potentials modulated by attending to first or second pain?”
Pain, vol. 129, no. 3, pp. 321–331, Jun. 2007. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T0K4MWXTK2-2/2/3e80802acf304adeb7538acd089a0ef2
[127] V. Legrain, J. Gurit, R. Bruyer, and L. Plaghki, “Attentional
modulation of the nociceptive processing into the human brain:
selective spatial attention, probability of stimulus occurrence, and
target detection effects on laser evoked potentials,” Pain, vol. 99,
no. 1-2, pp. 21–39, Sep. 2002, PMID: 12237181. [Online]. Available:
http://www.painjournalonline.com/article/S0304-3959ract
[128] A. Towell and S. Boyd, “Sensory and cognitive components of the CO2 laser evoked cerebral potential,” Electroencephalography and Clinical Neurophysiology/Evoked Potentials
Section, vol. 88, no. 3, pp. 237–239, May 1993. [Online].
Available:
http://www.sciencedirect.com/science/article/B6SYY482XX8R-3B/2/0b35a07533ad284db18c45e6b867e37c
[129] D. E. Becker, D. W. Haley, V. M. Urea, and C. D. Yingling,
“Pain measurement with evoked potentials:
combination of
subjective ratings, randomized intensities, and long interstimulus
intervals produces a p300-like confound,” Pain, vol. 84, no. 1,
pp. 37–47, Jan. 2000, PMID: 10601671. [Online]. Available:
http://www.painjournalonline.com/article/S0304-3959ract
[130] D. E. Becker, C. D. Yingling, and G. Fein, “Identification of
pain, intensity and p300 components in the pain evoked potential,”
Electroencephalography and Clinical Neurophysiology/Evoked Potentials Section, vol. 88, no. 4, pp. 290–301, Jul. 1993. [Online].
Available:
http://www.sciencedirect.com/science/article/B6SYY482XXTT-C1/2/e354365463057fa553beec140db16190
123

Bibliography
[131] M. Kanda, N. Fujiwara, X. Xu, K. Shindo, T. Nagamine, A. Ikeda,
and H. Shibasaki, “Pain-related and cognitive components of somatosensory evoked potentials following CO2 laser stimulation in
man,” Electroencephalography and Clinical Neurophysiology/Evoked
Potentials Section, vol. 100, no. 2, pp. 105–114, Mar. 1996. [Online].
Available:
http://www.sciencedirect.com/science/article/B6SYY4F78PX3-3/2/5016c6d72ff8c73b4adcde8b2dac9315
[132] R. Siedenberg and R. D. Treede, “Laser-evoked potentials:
Exogenous and endogenous components,” Evoked PotentialsElectroencephalography And Clinical Neurophysiology, vol. 100,
no. 3, pp. 240–249, 1996.
[133] W. Magerl, Z. Ali, J. Ellrich, R. A. Meyer, and R. D.
Treede, “C- and a delta-fiber components of heat-evoked cerebral
potentials in healthy human subjects,” Pain, vol. 82, no. 2,
pp. 127–137, Aug. 1999, PMID: 10467918. [Online]. Available:
http://www.painjournalonline.com/article/S0304-3959ract
[134] U. Baumgrtner, G. Cruccu, G. D. Iannetti, and R. Treede, “Laser
guns and hot plates,” Pain, vol. 116, no. 1-2, pp. 1–3, Jul. 2005.
[Online]. Available: http://www.painjournalonline.com/article/S03043959(05)00210-1/abstract
[135] D. Bragard, A. C. N. Chen, and L. Plaghki, “Direct isolation of ultralate (C-fibre) evoked brain potentials by CO2 laser stimulation of tiny
cutaneous surface areas in man,” Neuroscience Letters, vol. 209, no. 2,
pp. 81–84, 1996.
[136] E. Opsommer, E. Masquelier, and L. Plaghki, “Determination of nerve
conduction velocity of c-fibres in humans from thermal thresholds
to contact heat (thermode) and from evoked brain potentials to
radiant heat (CO2 laser),” Neurophysiologie Clinique/Clinical Neurophysiology, vol. 29, no. 5, pp. 411–422, Oct. 1999. [Online].
Available:
http://www.sciencedirect.com/science/article/B6VMP3YXB9H7-4/2/04f4f517bf1ca735f85d12ed65517cdf
[137] Y. Qiu, K. Inui, X. Wang, T. D. Tran, and R. Kakigi,
“Conduction velocity of the spinothalamic tract in humans as
assessed by CO2 laser stimulation of c-fibers,” Neuroscience
Letters, vol. 311, no. 3, pp. 181–184, Oct. 2001. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T0G442FKWY-B/2/8be2202144f86de30ed8f05ee4e5a80e
124

Bibliography
[138] M. J. Bobey and P. O. Davidson, “Psychological factors affecting pain tolerance,” Journal of Psychosomatic Research, vol. 14, no. 4, pp. 371–376, Dec. 1970. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T8V45WYTYT-32/2/67d632628f73f68471f4e3ca179d34b0
[139] M. C. Chakour, S. J. Gibson, M. Bradbeer, and R. D. Helme,
“The effect of age on a[delta]- and c-fibre thermal pain perception,” Pain, vol. 64, no. 1, pp. 143–152, Jan. 1996. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T0K3VXJK3J-J/2/af952a3db5fb275daf137a0f6c61832c
[140] P. E. Paulson, S. Minoshima, T. J. Morrow, and K. L.
Casey, “Gender differences in pain perception and patterns of
cerebral activation during noxious heat stimulation in humans,”
Pain, vol. 76, no. 1-2, pp. 223–229, May 1998. [Online].
Available:
http://www.sciencedirect.com/science/article/B6T0K3TB4Y4G-X/2/b36adffe990a3017d1cfd835ad6fef24
[141] G. Sjgaard, U. Lundberg, and R. Kadefors, “The role of
muscle activity and mental load in the development of pain and
degenerative processes at the muscle cell level during computer
work,” European Journal of Applied Physiology, vol. 83, no. 23, pp. 99–105, Oct. 2000, PMID: 11104050. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/11104050
[142] G. E. K. Novotny and E. Gommert-Novotny, “Intraepidermal
nerves in human digital skin,” Cell and Tissue Research,
vol. 254, no. 1, pp. 111–117, Oct. 1988. [Online]. Available:
http://dx.doi.org/10.1007/BF00220023

125

List of Publications
1. A. Marmaras, U. Berge, A. Ferrari, V. Kurtcuoglu, D. Poulikakos, and
R. Kroschewski, ‘A mathematical method for the 3D analysis of rotating deformable systems applied on lumen forming MDCK cell aggregates’, Cytoskeleton, vol. 67, no. 4, pp. 224-240, (2010)
2. A. Marmaras, S. Wydenkeller, M. Tobler, R. Wirz, D. Poulikakos and
V. Kurtcuoglu, ‘Cutaneous heat transfer and its effect on contact heat
evoked brain potentials’, Accepted for publication in Experimental Heat
Transfer (2012)
3. A. Marmaras, T. Lendenmann, G. Civenni, D. Franco, D. Poulikakos,
V. Kurtcuoglu and A. Ferrari, ‘Topography-mediated apical guidance
in epidermal wound healing’, Accepted for publication in Soft Matter
(2012)

127

Curriculum Vitae
Personal Details
Name Anastasios Marmaras
Born
21 October 1981 in Athens, Greece
e-mail anastasios.marmaras@gmail.com

Studies
1999 - 2005

Electrical Engineering and Computer Science at the Aristotle
University of Thessaloniki. Specialization at the department of
Electronics and Computing. Graduated with a mark of 8.84 (honors)
4th in a total of 234 students. His diploma project was in the field of
physically based modeling of deformable objects.

2005 - 2007

Medical School of the University of Patras and Electrical/Mechanical
Engineering departments of the National Technical University of
Athens: Interdisciplinary MSc Course in Biomedical Engineering.
Specialization in Biomechanics at the Mechanical Engineering
department of the NTUA. His diploma project was in the field of
cardiovascular biomechanics taking place at the Foundation for
Biomedical Research of the Academy of Athens.

2007 - 2012

Department of Mechanical and Process Engineering of the Federal
Technical University of Zuerich: Doctoral candidate in the field of
cellular biomechanics.

Scholarships
2000 - 2001

Scholarship of the Greek Foundation for Government Scholarships.
129

10. Curriculum Vitae

Work Experience
2003 - 2003

IAESTE sponsored traineeship at the Fraunhofer Institut fuer
Integrierte Schaltungen in Dresden, Germany. During his stay he
developed a simulation model for Bluetooth communications in
SystemC.
2005 - 2007 Freelance work as an electrical engineering subcontractor.

Language Skills
Mother language
1998
1998
2004

130

Greek
University of Michigan: Certificate of Proficiency in English.
University of Cambridge: Certificate of Proficiency in English.
Goethe Institut: Zeugnis der Zentrale Mittelstufenpruefung.

