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“The mystery of life is not a problem to solve, but a reality to experience.

A process that cannot be understood by stopping it.

Understanding must move with the flow of the process, must join it and flow with it."
- Frank Herbert, Dune






Abstract

As ambitious projects such as Industry 4.0 and the Internet of Things evolve, the con-
sequent drive towards next-generation telecommunication standards (i.e., 5G) implies
increasing exposure to electromagnetic (EM) radiation at higher frequencies (2.5 -6 GHz
and 24 — 52 GHz) compared to those currently implemented (600 MHz up to 2.5GHz, i.e.,
2G-4G). This frequency shift brings into focus the absorption of EM energy in the outer-
most millimeters of the body, and especially in the skin. This highlights the need for both
areevaluation of current exposure guidelines and for refined methodological approaches
that allow the dedicated assessment of EM absorption in tissue microstructures down to
the cellular level in order to determine precisely where in the subcellular structure EM
energy is converted to heat.

In response to this challenge, the research presented here introduced scale-back projec-
tion, a top-down, multiscale approach that accounts for the intricate interplay between
tissue morphology, histochemical composition, and EM absorption at the cellular level.
For this approach to be effectively applied, a tailored material description that is adapted
to the specific tissue anatomy was required. To this end, a hierarchical bottom-up model
of the epidermis was developed, offering a coherent representation of material proper-
ties at both macroscopic and microscopic scales. Central to the epidermal model is its
detailed representation of the life cycle of keratinocytes, modeling the differentiation of
epidermal cells across 24 cell layers by capturing changes in cell geometry, internal struc-
ture, and histochemical composition.

Scale-back projection allows a deeper exploration into EM exposure within individual
cell microvolumes, precisely quantifying EM absorption relative to the specific location
of individual epidermal cells. Using this innovative approach reveals a surprisingly high
level of variability of EM fields induced in the cellular microstructure of such cells by up
to 71%, and exposure values which are up to 45% higher than previously predicted by
conventional dosimetric studies considering skin exposure on only a macroscopic scale.
By providing more accurate exposure profiles across the epidermis, scale-back projection
not only offers a detailed exposure map, but also emerges as a promising tool to comple-
ment and enhance conventional multiphysics simulation techniques currently used in
EM dosimetry.
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Kurzfassung

Angetrieben durch ehrgeizige Projekte wie Industrie 4.0 und das Internet der Dinge fiihrt
die konsequente Umstellung auf Telekommunikationsstandards der ndchsten Genera-
tion (d. h. 5G) zu einer erh6hten Exposition durch elektromagnetische (EM) Strahlung
bei h6heren Frequenzen (2,5—-6 GHz und 24 —52 GHz) im Vergleich zu derzeit verwende-
ten Standards (600 MHz bis 2,5GHz, d. h. 2G-4G). Diese Frequenzverschiebung riickt die
Absorption von EM Energie in den dufdersten Millimetern des Kérpers und insbesondere
in der Haut in den Mittelpunkt. Daraus folgt, dass sowohl eine Neubewertung der derzeit-
igen Expositionsrichtlinien als auch verfeinerte methodische Ansitze erforderlich sind,
die eine gezielte Bewertung der EM Absorption in den Mikrostrukturen des Gewebes
bis hinunter auf die Zellebene ermdoglichen, um genau zu bestimmen, wo in der sub-
zelluldren Struktur EM Energie in Warme umgewandelt wird.

Als Antwort auf diese Herausforderung wurde in der hier vorgestellten Forschungsarbeit
die Scale-Back-Projektion eingefiihrt, ein top-down Multiskalen-Ansatz, der die kom-
plexen Wechselwirkungen zwischen Gewebemorphologie, histochemischer Zusammen-
setzung und EM Absorption auf zelluldrer Ebene beriicksichtigt. Um diesen Ansatz effek-
tiv anwenden zu koénnen, ist eine maligeschneiderte Materialbeschreibung erforderlich,
die an die spezifische Gewebeanatomie angepasst ist. Zu diesem Zweck wurde ein hi-
erarchisches Bottom-up-Modell der Epidermis entwickelt, das eine konsistente Darstel-
lung der Materialeigenschaften sowohl auf makroskopischer als auch auf mikroskopis-
cher Ebene ermoglicht. Im Mittelpunkt des Epidermismodells steht die detaillierte Dar-
stellung des Lebenszyklus der Keratinozyten, wobei die Differenzierung dieser epider-
malen Zellen in 24 Zellschichten durch die Erfassung von Verdnderungen der Zellge-
ometrie, der inneren Struktur und der histochemischen Zusammensetzung modelliert
wird.

Die Scale-Back-Projektion ermdéglicht eine detailliertere Untersuchung der EM Exposi-
tion innerhalb einzelner Zellmikrovolumina durch die genaue Quantifizierung der EM
Absorption in Abhdngigkeit von der spezifischen Position einzelner epidermaler Zellen.
Die Anwendung dieses innovativen Ansatzes zeigt sowohl eine iiberraschend hohe Vari-
abilitédt der in die zelluldre Mikrostruktur solcher Zellen induzierten EM Felder von bis zu
71% als auch Expositionswerte, die um bis zu 45 % hoher liegen als bisher durch konven-
tionelle dosimetrische Studien vorhergesagt, die die Hautexposition nur auf makroskopis-
cher Ebene betrachten. Durch die Ermittlung genauerer Expositionsprofile tiber die Epi-
dermis liefert die Scale-Back-Projektion nicht nur eine detaillierte Expositionsbewertung,
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sondern erweist sich auch als vielversprechendes Werkzeug zur Ergdnzung und Verbesser-
ung konventioneller multiphysikalischer Simulationstechniken, die derzeit in der EM
Dosimetrie eingesetzt werden.
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1 Introduction

Ambitious projects such as Industry 4.0 and the Internet of Things require high data
rates and low latencies, thus driving network expansion towards 5G. Depending upon
future technological and regulatory changes, this means that people may become in-
creasingly exposed to electromagnetic (EM) radiation at higher frequencies (24 GHz to
52 GHz) compared to those currently implemented by telecommunication standards (2G
at1.9GHz, 3G at 2.1 GHz and 4G from 600 MHz up to 2.5 GHz). EM exposure will therefore
not be limited primarily to public spaces, as has been the case in the past, but will also
have a massive impact on the workplace or remote areas such as those used for agricul-
ture implementing smart farming. The resulting increase in the duration of exposure to
EM fields at frequencies that are currently absent or only present at very low extents in
our environment necessitates a more detailed reassessment of existing radiation guide-
lines, as anticipated by the International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) [1]. This shift to higher frequencies thereby draws attention to absorption
in the outermost millimeters of the body surface, especially in the skin and the eyes, and
raises the question of exactly where in a tissue microstructure EM energy is absorbed
and converted into thermal energy. In order to perform microdosimetric investigations
to predict the effects at this scale, new methodological approaches are needed.

The primary objective of prevailing exposure guidelines is to impose restrictions on an-
thropogenic EM radiation, aiming to maintain levels below thresholds that prevent ther-
mal damage by limiting the heat generated in exposed tissues [1, 2, 3]. To comply with
ethical standards and avoid potential harm, in vivo experiments on human subjects are
explicitly excluded from determining these limits. Instead, multiphysics simulations are
used to determine cause-and-effect relationships between environmental exposure, EM
energy absorbed by the tissue, and resulting temperature increases, which form the sci-
entific basis for establishing these guidelines [4,5,6,7,8,9,10,11,12]. The exposed tissues
in such simulations are commonly represented as homogeneous bulk materials, enabling
efficient numerical predictions of EM absorption across an exposed body (i.e., organ or
body part). This representation, however, is inherently limited as it does not allow the
consideration of the intricate interactions between the EM fields and the microstructure
of the irradiated tissues at the cellular level. As this research will demonstrate, these in-
teractions play a crucial role in the precise determination of EM absorption within in-
dividual tissue-specific cells and their subcellular structures. Therefore, the overarching
objective of this work is to develop a methodological framework that extends the exist-
ing multiphysics simulation approach, allowing for a comprehensive assessment of the
energy absorption in high-resolution tissue models.
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However, the development of such tissue models is challenging because biological tis-
sues are highly symbiotic systems consisting of a multitude of complex structural fea-
tures at all possible length scales [13]. This is particularly true for the skin, which can be
considered an organ system with a profoundly intricate stratified topology, encompass-
ing various tissues and is divided into three distinct sublayers: the epidermis, dermis, and
hypodermis. Furthermore, the skin exhibits a complex arrangement of macroanatomical
cross-layer features, further increasing the level of complexity. As a result, the develop-
ment of a performant computational model that captures the skin in its entirety is impos-
sible. In order to still be able to describe the interaction of EM fields and our skin, a useful
approach is to decompose the overall system into definable subsystems that are hierar-
chically organized according to their spatial dimensions. Following this approach, the
representation of the skin can be broadly divided into a macroscopic scale, which cap-
tures its overall topology and macroanatomical features, and a microscopic scale, which
focuses on the microstructure of individual cells. The primary challenge in implement-
ing this approach is to maintain consistency in the essential properties of all subsystems
between these two scales.

The methodological framework to address this challenge is a bottom-up multiscale mod-
eling approach published in [14], where a comprehensive skin model was synthesized by
applying analytical mixing rules and numerical simulations to derive the dielectric prop-
erties of skin tissues on a microscopic scale. The modeling approach presented there was
developed in the context of diagnostic applications in the frequency range between 10
and 100MHgz, i.e., in a frequency range where the dielectric signature of biological tissues
is predominantly determined by Maxwell-Wagner interfacial polarization. With this po-
larization as a primary effect, it was acceptable in [15] to consider only the geometry of
the cell exterior when developing cell models at the microscopic scale and consequently
to neglect the cell interior. However, at the frequencies used for mobile communication,
research has shown that EM fields penetrate significantly into the interior of cells and
that the membranes of the organelles contained therein contribute significantly to the
energy absorption process [16, 17, 18]. Therefore, it is essential to develop cell models
that represent the internal structure of the cell according to its anatomical features with
a sufficient level of detail in a way that takes into account two crucial aspects: (1) a real-
istic quantification of the absorption and (2) an adequate localization of this absorption
within the cell.

To accommodate the symbiotic nature of biological systems within the skin model de-
veloped in this thesis, consideration is given to physiological variations occurring within
tissues, distinguishing it from existing modeling approaches. Consequently, unlike [14],
the representation of a specific tissue at the microscopic scale does not rely on a single
prototypical cell model. Instead, a series of parametric cell models are used that differ
in shape, size, internal structure, and histochemical composition depending on their in-
tended position within the tissue model. In order to achieve this, a broad spectrum of
detailed knowledge in the fields of histoanatomy and cytoanatomy must be translated
into computer models that coherently represent the intertwined relationship between
the macroscopic and microscopic scales, which, applied to all tissue types of the skin, is



beyond the scope of this work. For this reason, the development of a bottom-up tissue
model will be limited to only the top layer of the skin, i.e. the epidermis, here.

By incorporating the aforementioned innovations into bottom-up multiscale modeling,
the epithelial tissue of the epidermis is represented at the microscopic scale using its
predominant cell type, the keratinocyte. At the macroscopic scale, the epidermis is con-
ceptualized as a sequence of cell layers, enabling the modeling of the entire life cycle of
cells, including their formation, maturation, and eventual death. Consequently, the un-
derlying biochemical processes driving this life cycle can be reconstructed and translated
into effective material parameters. This highly detailed model of the epidermis facilitates
dosimetric investigations of the skin, specifically considering the unique position of the
epidermis as the outermost layer in terms of potential impedance matching effects, as
recently discussed in [19]. Moreover, the availability of a cell-layer-specific model of the
epidermis allows targeted dosimetric examinations of the basal and subbasal rows (i.e.
the bottommost cell layers), which hold particular significance for two main reasons.
Firstly, these layers are crucial for skin resurfacing as they contain the proliferative pool
of the epidermis. Excessive EM exposure in these layers carries the risk of adverse health
effects if mitotic activity is negatively affected. Secondly, the proliferative pool is situated
above the basement membrane, an aggregation of proteins and structures separating the
epidermis from the dermis, which contributes significantly to skin thermoregulation and
metabolic transport. For these anatomical reasons, the epidermis/dermis interface has
been explicitly identified by ICNIRP as heat-sensitive under exposure to EM radiation,
making it an area of particular interest [1].

In order to conduct comprehensive dosimetric studies of the skin and to thoroughly eval-
uate the influence of physiological variations within the epidermis on the absorbed EM
energy, it is necessary to verify and integrate the bottom-up tissue model of the epidermis
into a realistic and comprehensive skin model. These steps are based on a modular mod-
eling approach presented by Sasaki et al. in [4,5], where the dispersive material properties
of each skin layer (i.e., epidermis, dermis, and hypodermis) are represented using exper-
imental data obtained from in vitro measurements on fractionated skin. Adapting the
experimental data enables the verification of the effective macroscopic material proper-
ties of the individual cell layers considered in the bottom-up model of the epidermis and
facilitates the construction of modular skin models encompassing all sublayers. As a re-
sult, two different skin models can be created. The first model, which closely follows the
specifications presented in [4], serves as a reference model in this thesis. It is considered
a reference because of its wide recognition and acceptance in the scientific community,
its significant influence on the currently accepted exposure limits [1], and its high degree
of realism as an empirical model. The second model represents a modified version of
the reference model in which the metrologically recorded representation of the epider-
mis is replaced by the bottom-up model developed in this thesis. This modified model
thus combines methodologically derived representations of the skin layers with the nu-
merically derived representations of the epidermis and is therefore considered a hybrid
model. By subjecting both skin models to a generic exposure scenario involving plane
EM waves, it is possible to determine the influence of physiological variations on the ab-
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sorbed EM energy through comparison, in particular within the individual cell layers of
the epidermis.

Using the hybrid skin model, the primary objective of this thesis is now achievable: the
development of a methodological framework for the assessment of EM energy absorp-
tion at the microscopic scale. This framework follows a twofold top-down multiscale ap-
proach. In the first step, the spatial distribution of the induced EM fields across the entire
hybrid skin model is determined. The coherent representation of the epidermis, includ-
ing both macroscopic and microscopic scales, makes it possible to evaluate the energy
absorbed by microvolumes corresponding to the size of single keratinocytes in each in-
dividual epidermal cell layer. In a second step, this absorbed energy is then projected
onto the microscopic scale, allowing a comprehensive study of the effects of EM expo-
sure using fully resolved parametric models of the underlying keratinocytes. Therefore,
this methodological framework is introduced as "scale-back projection" due to its abil-
ity to project and analyze EM energy absorption across multiple scales. It embodies the
approach of starting with a top-down perspective, encompassing the entire hybrid skin
model, and subsequently scaling back to the microscopic scale to focus on the individ-
ual keratinocytes and their response to EM exposure. This makes it possible to assess
how the morphology (size, shape and internal organization) and histochemical compo-
sition of the cells influence the field variations in the microstructure and, based on this
assessment, to introduce a micro-SAR (Specific Absorption Rate) derived from the sta-
tistical analysis of these field variations. In a microdosimetric analysis of the epidermis,
the micro-SAR is compared with the classical SAR derived from the bulk representation
of cellular microvolumes across the epidermis at the macroscopic scale. Based on this
comparison, the suitability of micro-SAR as a potential metric for setting exposure limits
within the ICNIRP guidelines is discussed.

1.1 Outline

Following this introduction, Chap. 2 offers a general introduction to the dielectric be-
havior of both homogeneous and heterogeneous media, encompassing dielectric func-
tions, polarization mechanisms, and fundamental methodological concepts within ef-
fective material theory.

This is followed by a brief introduction to skin anatomy in Chap. 3, which describes the
complexity of the skin as a symbiotic biological system. Physiological adaptations, ev-
ident in aspects such as cellular composition and histological organization that occur
within the skin and its sublayers to maintain normal function are detailed and quanti-
fied. Since the focus of this work is the microdosimetric study of the epidermis, special
attention is given to keratinization, the process of programmed cell death characterized
by fundamental structural and histochemical changes in epidermal cells that serves to
maintain the barrier function of the skin. The focus of this introduction is to build a de-
scriptive foundation, anchored in the standardized nomenclature of histoanatomy and
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cytoanatomy, which allows physiological changes to be integrated into computational
tissue models.

On this basis, Chap. 4 discusses the complex challenges involved in developing mul-
tiscale skin models and addresses these challenges by proposing a novel classification
scheme that serves as a conceptual template for developing appropriate computational
models. This innovative scheme provides a meaningful categorization and organization
of skin structures into hierarchical classes based on their size. Furthermore, it recognizes
the symbiotic relationship between macroanatomical and microanatomical structures,
ensuring consistent numerical linkage between computational models across these in-
tertwined hierarchical scales. By dividing the skin system into organ, tissue, and cellular
scales, the classification scheme offers an approach that allows microdosimetric studies
to consider structural and histochemical changes within individual tissues at multiple
hierarchical scales simultaneously.

This is followed by a comprehensive review of the state of the art in Chap. 5, covering
three relevant topic areas: skin modeling in dosimetric research, muliscale modeling of
skin, and modeling of eukaryotic cells. This review outlines the paradigms and methods
that have been established in the modeling of skin tissues at the macroscopic and mi-
croscopic scales, and highlights the current methodological limitations in linking these
scales into comprehensive skin models that are suitable for comprehensive microdosi-
metric investigations.

In the context of these limitations, Chap. 6 presents scale-back projection as a concept
that integrates both bottom-up and top-down multiscale approaches in a simulation cy-
cle. This chapter provides a comprehensive overview that outlines the implementation
of scale-back projection into computer models within a simulation environment that
enables microdosimetric investigations to be performed at any hierarchical scale in an
integrated manner. In addition, the relationship between scale-back projection and con-
ventional multiphysics simulation approaches is elucidated, establishing the foundation
for a detailed discussion on how scale-back projection could complement the repertoire
of methods currently accepted as standard by ICNIRP for the assessment of exposure
limits.

Chap. 7 offers a summary of the ICNIRP guidelines for limiting exposure to electromag-
netic fields. In this chapter, the prevalent terminology, metrics, and limits concerning
EM exposure in human tissue are introduced. Furthermore, it provides a foundation to
ensure that the research presented in this thesis is in alignment with the guidelines es-
tablished.

After these semi-introductory chapters detailing specific research aspects, Chap. 8 delves
into the complexities of modeling eukaryotic cells for accurate EM exposure risk assess-
ment. This chapter examines the importance of an accurate volumetric representation of
subcellular structures, especially organelles enclosed by membranes of low conductivity.
Using a systematic review and comparison of generic eukaryotic cell models of increasing
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complexity, the effect of the volumetric extent of these organelles on the internal distri-
bution of EM fields and the resulting loss distribution is identified.

In Chap. 9, drawing upon the findings of Chap. 8, the detailed development of a high-
resolution bottom-up model of the epidermis is presented. Initially, the epidermis is de-
lineated into 24 anatomically accurate layers, encompassing both the viable epidermis
and the stratum corneum. On a conceptual level, each layer is defined by a distinct con-
centration profile, capturing its histochemical composition while considering variations
introduced by different stages of keratinization and hydration. To allow these layers to
be integrated into a comprehensive model of the skin, parametric cell models of ker-
atinocytes and corneocytes are developed, tailored to represent the unique characteris-
tics of each specific layer. These models capture specific details in terms of cell shape,
internal cellular structures, and histochemical composition, highlighting the nuanced
differences in the histochemical constituents of various cellular compartments. Using
these parametric cell models, the macroscopic effective material properties of each layer
are derived. This results in a comprehensive bottom-up model of the epidermis that
includes physiological variations across the layers, ensuring representation at both the
macroscopic and microscopic scales.

In Chap. 10, the bottom-up model of the epidermis is integrated into a comprehensive
skin model based on the modular modeling approach presented by Sasaki et al. in [4].
For verification, this model is compared with measurements of epidermal material prop-
erties from the same study. As a result, the model presented by Sasaki serves as a consis-
tent reference throughout this thesis. Subsequent extensive dosimetric studies elucidate
the effects of physiological variations on the transmission and absorption of EM energy
across individual cell layers, with particular emphasis on absorption in the proliferative
pool.

In Chap. 11, the consistent representation of the epidermis at both the macroscopic and
microscopic scale allows the introduction of scale-back projection as a top-down mul-
tiscale approach. This approach allows the projection of macroscopically determined
EM field distributions onto the detailed microstructure of epidermal cell models. Fol-
lowing consideration of the microscopic scale, a parameter referred to as the micro-SAR
is defined, which quantifies absorption across the epidermal cell models using statisti-
cal measures, i.e. arithmetic means and standard deviations. This offers a more nuanced
insight into absorption by factoring in the influence of cell morphology on the distribu-
tion of losses within the cell interior. Using this micro-SAR, microdosimetric studies are
performed to quantify field variations across all of the 24 cell layers of the epidermis. In
addition, the chapter contrasts conventional SAR, as defined by ICNIRP, with the newly
introduced statistical micro-SAR at the microscopic scale. Based on these investigations,
the chapter evaluates the potential integration of the scale-back projection into the con-
ventional multiphysics simulation framework for focused microdosimetric studies.

Finally, in Chap. 12, the paradigms, approaches, and findings presented in Chap. 3 through
Chap. 11 are summarized and comprehensively concluded.



2 Technical Description of
Dielectric Media

2.1 Dielectric Functions and Polarization
Mechanisms

The macroscopic properties of an isotropic dielectric material system can be described
by a complex relative permittivity:

€, =€ —jer (2.1)

where €] and ¢! denote its real and imaginary part respectively.

To describe the spectral response of a material system, the relative permittivity must nat-
urally be considered as a function of angular frequency, i.e. £ (w). The dielectric function
can either be described as a relaxation or a resonance process, both of which are illus-
trated in Fig. 2.1 as Debye relaxation and Lorentz resonance respectively. When the an-
gular frequency of the applied electric field approaches the characteristic frequency of
the physical process described, wy, the real part of each dielectric function shows a roll-
off from &, towards &, . In the case of Lorentz resonance, this is accompanied by over-
shoots and undershoots either side of the characteristic frequency. The roll-off of the di-
electric constant, €], corresponds to a bell-shaped distribution of the dielectric loss term,
€/, which reaches its maximum value at the characteristic frequency. While relaxation
processes are broadband phenomena, resonance processes are narrowband in compari-
son.

Dielectric relaxation can be described mathematically by a variety of formulas to model
the decay of an excited (polarized) state of a material to its ground state. If a material
system is sufficiently described by a single relaxation time (or frequency), a simple Debye
type relaxation formula can be applied:

€15 ~ €r00

£ =€root+ ——— 2.2
=TT 4wt (2:2)
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Figure 2.1: Spectral response of a Debye type relaxation and Lorentz type resonance. €,s and €
denote the permittivity in the polarized and non-polarized state of the mechanisms described
and wy is the characteristic frequency in each case. €} ., and ££min denote the maximum and
minimum values of the real part of the resonant spectral response, while w; and w» give the fre-
quencies at which these occur. €/ ., denotes the maximum of the imaginary part of the spectral

r,max
response.

with its real and imaginary parts

/ Ers — €r,00
e =€ —_ 2.3
TP 4 (01)2 (@3)
(Ers — €r.00)WT
1 y )
& =— 2.4
! 1+ (wt)? (24)

In these equations, €, and €, denote the permittivity in the polarized and unpolarized
states respectively. 7 is the relaxation time of the system and is related to the characteristic
frequency, fo, using fo = (277)7L.

For a more complex material to be described, further parameterizable modifications of
the Debye formula can be applied. These include the Cole-Cole [20], Davidson-Cole [21]
or Havriliak-Negami [22] relaxation. Dielectric relaxation describes relatively slow elec-
tromagnetic processes such as interfacial or orientational polarization. Interfacial polar-
ization, also called Maxwell-Wagner polarization, describes the diffusion of free charge
carriers towards material interfaces and thus the accumulation of surface charges at such
an interface. Orientational polarization describes the alignment of the positive and neg-
ative charge centres of molecules to an applied electric field (i.e. dipole orientation).



2.1 Dielectric Functions and Polarization Mechanisms
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Figure 2.2: The real and imaginary parts of a generic dielectric function. The characteristic fre-
quencies of interfacial polarization and orientational polarization are typically found at radio fre-
quencies (RF) or millimeter-wave frequencies (MW) respectively. The characteristic frequencies
of atomic and electronic polarization typically occur in the optical spectrum (OS) or at even higher
frequencies in the x-ray range.

Dielectric resonances, in contrast, describe relatively fast electromagnetic processes at
molecular or atomic scales occurring in the THz and optical range. Resonances caused
by vibrational modes of inner molecular bonds can be considered as molecular or atomic
polarization whereas resonances caused by vibrational states between the nucleus and
bonding electrons are caused by electronic polarization. In analogy to a mechanical har-
monic oscillator, dielectric resonances can be described by a dielectric Lorentz func-
tion:

€ =E€root - (2.5)
! w5 — w? +jwy
with its real and imaginary parts
2 2_ 2
W5 (Ers — Er,00) (WG — W)
eh=1+-"2 r2s ;o: 0 > (2.6)
(W — w)* + (wY)
2
p WolErs — Erco)WY 2.7

re (3 — w?)? + (wy)?

where y is a damping constant.



2 Technical Description of Dielectric Media

To model the dielectric function of a material over a wide frequency range, the sum of
the relaxation and resonance terms can be used to approximate its spectral material re-
sponse. As shown in Fig. 2.2, the four polarization mechanisms mentioned are allocated
to their respective frequency ranges. Since the investigations presented here are primar-
ily performed at radio frequencies (RF) and millimeter-wave frequencies (MW), only in-
terfacial and orientational polarization are of immediate importance with respect to the
investigations. The other two polarization mechanisms (i.e. atomic and electronic po-
larization) occur in the optical spectrum (OS) or at even higher frequencies in the x-ray
range.

2.2 Heterogeneous Materials and Effective Material
Theory

Effective material theory (EMT) is concerned with the question of whether and how the
macroscopic material of a composite can be represented by an equivalent homogeneous
bulk material. A comprehensive standard work on the subject of EMT in the context of
electromagnetic field problems is [23]. The basic idea of homogenization is illustrated in
Fig. 2.3 and is explained using a generic composite placed in an ideal capacitor. The com-
posite is a heterogeneous material structure in which spherical inclusions of a material
with permittivity, € ;, are embedded in a host medium with permittivity, ¢, . In the con-
sidered case, the inclusions and the host medium have isotropic material properties and
the external electric field field applied, Ee, can be considered quasi-static. As depicted
in Fig. 2.3(a), the electric field within the host medium is a function of space, Ep (). The
spatial variations of Ej, can be explained by depolarization fields around the inclusions.
The electric field within an inclusion, Ei, and the depolarization field around it, Ed, are
depicted in Fig. 2.3(c). The strength of the depolarization field is caused by charge carrier
diffusion towards the interface between the host medium and the inclusions and thus
strongly depends on the contrast between the material properties of these two media
as well as on the frequency applied (see interfacial polarization in Sec. 2.1). By applying
numerical or analytical mixing rules, an effective permittivity, £, can be found that gen-
erates a field within the surrogate medium that corresponds to the spatial average of the
field within the composite.

Following this idea, £, can be derived as the scaling factor between the (volume-)averaged
electric field (E(7)) and flux density (D(P)) in the composite:

(D(F)) = & £0(E(F)). (2.8)

The averaged electric field and flux density can be formulated as:

(D(P) = cye €0 Ei+ (1 - c) €,y 0 Be 2.9)
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Figure 2.3: Principle of homogenization illustrated using an arbitrary composite with spherical
inclusions as an example: (a) Heterogeneous material structure with spherical inclusions of per-
mittivity £ ; embedded in a host medium of permittivity ¢, ,. The external electric field field ap-
plied, Ee, can be considered quasi-static. The electric field within the host medium is Ej, (7). (b)
Using numerical or analytical mixing rules, the heterogeneous material is converted into a ho-
mogenized surrogate representing equivalent macroscopic material properties, ., correspond-
ing to the (volume-)averaged flux density, (D), and electric field strength, (E), defined in Egs. 2.9
and 2.10 respectively. (c) Detailed enlargement of an inclusion. E; and E4 denote the electric field
within the inclusion and the depolarization field in its surrounding, respectively.

and

(E@)=cEi+(1-c) Ee (2.10)
where ¢, denotes the volume fraction of the inclusions.
Dividing Eq. 2.9 by Eq. 2.10, the effective permittivity can be determined to be

CvEs; A+(1—-cy) Erh

& —
A+ (1 —-cy)

) (2.11)

where A denotes the ratio between the electric field internal and external to the inclu-
sions. In the case being discussed, both fields can be regarded as spatially independent
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2 Technical Description of Dielectric Media

constants and can therefore be written as

A= 2.12)

The relation between E; and E, can also be derived from the permittivities inside and
outside the inclusions by considering these as polarized dielectric spheres in a quasi-
static electric field. Thus, A can be rewritten as

3§r,h

A= ———. (2.13)

gr,i - gr,h

Replacing A in Eq. 2.11 by Eq. 2.13, the Maxwell-Garnett mixing rule for spherical inclu-
sions can be derived:
gr,i - Er,h

Eri + 2gr,h - CV(gr,i - gr,h)

E =€, t30vE (2.14)

Due to the simplifying assumptions mentioned above, the application of the Maxwell-
Garnett mixing rule is subject to some limitations:

(a) The Maxwell-Garnett mixing rule can only be applied to diluted mixtures since
coupling between the depolarization fields of adjacent inclusions is not consid-
ered.

(b) In the given form, the Maxwell-Garnett mixing rule can only be applied to spheres.
However, modifications of this formula can be applied to other highly symmetrical
types of inclusions, such as ellipsoids, to guarantee an analytical solvability for the
polarization of an inclusion.

(c) In general, mixing rules are applicable only under quasi-static conditions. Thus,
the operating frequency of the applied electric field, E., must satisfy d; =< %, where
d; and A denote the diameter of the inclusions and the wavelength of the field in
the material.

By applying various assumptions that take into account interactions between the depo-
larization fields of adjacent inclusions, mixing rules can be derived that apply to volume
densities up to 80 %, leading to the Hanai-Bruggeman mixing rule:

- 1
E —€ri \(En)3
1-cy = (—r—“) (Lh) (2.15)

Erh—Eri) \ &

A detailed overview of mixing rules, their derivation and suggested fields of application
can be found in [23], [24], and [25]. The principles outlined in this chapter are used fre-
quently in this thesis from Chap. 4 onwards.
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3 A Brief Introduction to Skin
Anatomy

Skin is the largest, outermost organ (system) of the human body covering a variety of vi-
tal functions. It protects the body against physical, chemical and biological agents, con-
tributes to heat and fluid regulation, allows tactile and thermal perception, and serves as
an energy storage system. To accommodate this functional diversity, the skin has evolved
into a complex system consisting of epithelial, connective and nervous tissue [26]. An
illustration providing an overview of the morphological complexity of human skin is pro-
vided by Fig. 3.1.

Blood Hair
Vessels Follicle

Stratum Corneum

Viable Epidermis EPidermis
Upper Vessel Papillary
Plexus Dermis
Dermis

iugpielly Lzt Reticular

Dermis

Deeper Vessel

Bl Hypodermis

Figure 3.1: Illustration showing the layered structure of the skin and its cross-layer features
(adapted image from [27]).

Macroscopically, it is characterized by a stratified structure consisting of three layer: the
epidermis, dermis and hypodermis. Variation in skin layer thickness and structure can
be seen from individual to individual in a population based upon factors such as gen-
der, ethnicity, age and lifestyle. These measures also show distinct variation in different
regions of the body [4, 28, 29]. A summary of the mean thicknesses of the individual skin
layers and their variations among a population at relevant parts of the body is provided
and displayed in Tab. 3.1.
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3 A Brief Introduction to Skin Anatomy

Table 3.1: Thickness of the individual skin layers in different parts of the body (adapted from [4]).

Body Part Epidermis Dermis Hypodermis

Forearm 102 £ 34pum 1080+ 160pm 3890 + 1400 um
Triceps 83.5+36.2um 1030+330pum 8650 +4280um
Quadriceps 94.8+23.6pum 1220+320um 9350 +4170pum
Abdomen  79.4+339um 1250+260pm 14300 + 7500 um

3.1 Detailed Skin Microstructure

The epidermis is the outermost layer of the skin and is itself a multi-layered squamous
epithelium predominantly populated by keratinocytes, which account for over 90% of the
total cell population [30, 31]. In addition to keratinocytes, melanocytes, Langerhans cells
and Merkel cells are also found in the epidermis, which are mentioned for completeness
only. The average thickness of the epidermis over the entire body is 0.4 mm with local
extrema ranging from 0.02mm thickness at the eyelids to 1.5 mm thickness at the palms
and soles [30]. Going from the outside inwards, the epidermis itself can be further di-
vided into four sublayers: the stratum corneum (SC), the stratum granulosum (SG), the
stratum spinosum (SS) and the stratum basale (SB). The latter three sublayers contain vi-
able cells, which means that they have an intact metabolism, while the stratum corneum
contains dead, cornified keratinocytes, thus called corneocytes. In a 30 to 50 day period,
proliferated keratinocytes move towards the surface and undergo a process of differenti-
ation known as keratinization [32]. During this process, they are subject to functional and
morphological changes in which they alter their chemical composition significantly. This
process of differentiation is called keratinization because keratin, arranged in tonofila-
ments, is stored inside the cell and can account for up to 80% of the protein present in
the cells of the stratum granulosum [30]. Due to its importance to provide protection
against external agents, this process will be outlined in detail in the following, starting
with the stratum basale and then moving upwards.

The stratum basale, also referred to as the stratum germinativum, consists of a single
layer of columnar or cuboidal keratinocytes connected to and aligned along the base-
ment membrane. Basal keratinocytes have a comparatively large nucleus, are rich in ri-
bosomes and poor in cytoplasm [32]. The next layer, the stratum spinosum, is, on aver-
age, five to ten cell layers thick and composed of polyhedral keratinocytes adhering to
each other by desmosomes [32]. It is in the stratum spinosum where the keratinization
process begins, because keratohyalin granules are increasingly deposited in the cell with
decreasing distance from the skin surface [32]. These deposits have a high electron den-
sity and are easily distinguishable from other structures of the cell and the intercellular
space as dark areas on electron micrographs. The upper layers of the stratum spinosum
increasingly contain cells that possess keratinosomes, also known as Odland corpuscles.
These lamellar organelles are formed in the Golgi apparatus, are 80 to 130nm in size and
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3.1 Detailed Skin Microstructure

contain the glycoproteins, lipids and enzymes needed in the cornification process of the
skin [32]. The stratum granulosum is a thin sublayer consisting of three to five cell lay-
ers in which the first signs of apoptosis, or programmed cell death, manifest. This occurs
primarily by caryopyknosis, a process in which the nucleus shrinks and the chromatin
it contains condenses into a uniform mass [33]. The shrinkage of the nucleus results in
the cell as a whole flattening and orienting parallel to the skin surface. It is in this layer
where granular keratinocytes secrete keratinosomes into the extracellular space result-
ing in the formation of the hydrophobic lipid envelope of the skin that serves as a dif-
fusion barrier and protects the skin against dehydration. In the upper layer of the stra-
tum granulosum, this apoptosis is terminated resulting in the exocytosis of the remain-
ing metabolic content of the cell (i.e. keratinosomes), which leads to the compaction
of the extracellular space into a binding mass that creates the mechanical integrity of
the stratum corneum [34, 35, 36]. The corneocytes of the stratum corneum move to the
body surface by cell proliferation in the viable epidermis, where they are eventually shed
as skin flakes. The life cycle of keratinocytes described here in a histological manner is
not only related to chemical and morphological changes of the cells, but also manifests
in their size and orientation with respect to the skin surface. Basal and suprabasal ker-
atinocytes of the stratum basale and the directly adjoining layer of the stratum spinosum
have cell diameters of approximately 10um [37] and a nuclear diameter between 6um
and 8um [38]. These two layers form the proliferation pool of the epidermis and are re-
sponsible for 97 % of the total miotic activity, with 63 % on the basal row and 34 % on the
suprabasal row [37, 39, 40]. The remaining 3% of miotic activity occurs in higher rows,
showing a decrease in the probability of proliferation with increasing distance from the
basal layer. In higher layers, keratinocytes lose their proliferative abilities and instead
grow by metabolizing substances for cornification. This results in diameters of differen-
tiated cells of approximately 16um [37] and nuclear diameters of 9um to 12um in the
stratum spinosum and 12pm to 15um in the stratum granulosum [38]. An overview of
the cellular and nuclear diameters is provided by Tab. 3.2. Independent of their location,
the nucleus of a keratinocyte can be regarded as a prolate spheroid. Depending on their
location, the ratio between the semi-major axis and the two semi-minor axes, ¢, varies
between 1.4 and 1.9 [41]. In addition, the orientation of the semi-major axis rotates from
perpendicular to parallel to the skin surface [38,41].

The epidermis is separated from the dermis by an aggregation of proteins and structures
forming the basement membrane. The basement membrane has two functions. The first
function is to act as a mechanical barrier that protects the blood and lymphatic systems
of the body while allowing the epidermis to be supplied with fluids and nutrients, and al-
lowing metabolic products to be removed. This is necessary since the epidermis itself has
no vascular system of its own. The second function is to connect the epidermis and der-
mis mechanically. To provide this mechanical connection, keratinocytes of the stratum
basale are connected to the basement membrane by anchoring filaments of hemidesmo-
somes and the dermis is connected to the basement membrane by anchoring fibrils con-
sisting of type VII collagen. Due to this connective function of the basement membrane,
the interface between the epidermis and dermis is often referred to as the dermoepider-

15



3 A Brief Introduction to Skin Anatomy

Table 3.2: Overview of the cellular and nuclear diameter of keratinocytes in the individual sublay-
ers of the epidermis as well as the estimated cell density adopted from [37] and [38].

Layer . Cell l\fuclear Number of Surface Densigy
Diameter Diameter Layers (Number/mm*)
Stratum Basale 10pum 6pum - 8um 1 7000
Str?;ﬁg;:ﬁ:;:;“m 10pm  6pm - 8um 1 7000
Stratum Spinosum 16um 9um - 12um 5-10 4000
Stratum Granulosum 16 um 12pm - 15pm 3-5 1500

mal junction. To reinforce the mechanical connection between the two layers, the der-
moepidermal junction is characterized by an undulating topology providing more struc-
ture by enlarging the surface area of the basement membrane. The resulting downward
invaginations of the epidermis and upward interdigitations of the dermis are termed rete
ridges and dermal papillae respectively.

The dermis is an irregular connective tissue located between the epidermis and the hy-
podermis, and is primarily populated by stationary fibrocytes and fibroblasts synthesiz-
ing collagen [42] but also by free connective tissue cells such as macrophages, mast and
plasma cells. Fibrocytes and fibroblasts have an oval cell body with long irregular cyto-
plasmic extensions, known as stellae, spreading from them. The diameter of the oval cell
body is approximately 5pum to 10um and that of the complete stellate cell approximately
70um [43]. These cytoplasmic extensions connect with cytoplasmic extensions of other
fibroblasts and form a loose network. In contrast to the epidermis, the cell density in the
dermis is low [44]. The main components of the extracellular matrix of the dermis are
macromolecules such as elastic fibers and collagen fibers of type I and III, providing me-
chanical durability to the skin. The proportion of collagen in in vivo dermis is 18 —30%
and accounts for about 75% of its dry weight [45]. The macromolecules contained in the
dermis are hydrophilic yielding a high concentration of bound water (between 60% and
70%) [45]. In addition, the dermis contains fine vascular structures such as capillaries of
the blood and lymphatic system, and nerve fibers that enable tactile and thermal sen-
sation. Depending on its location, the dermis is 15 to 40 times ticker than the epidermis
and can be further divided into the papillary dermis, forming an interface with the epi-
dermis, and the reticular dermis, forming an interface with the subcutaneous tissue of
the hypodermis. The two sublayers can be differentiated histologically by structural par-
ticularities of the collagen fibers. The papillary dermis consists mostly of type III collagen
which is poorly arranged in thin structures while the reticular dermis consisting mostly
of type I collagen is well-organized and characterized by thicker structures [30]. Another
morphological characteristic that aids in distinguishing the two sublayers of the dermis
is the dermal vasculature, the blood vessel system of the skin, which consists of two in-
terconnected vascular networks, the superficial vascular plexus and the deep vascular
plexus. The vessels of the deep vascular plexus show larger diameters than those of the

16



3.1 Detailed Skin Microstructure

superficial vascular plexus and are located at the bottom of the reticular dermis. The su-
perficial plexus is located in the papillary dermis and is characterized by fine capillary
loops extending into each dermal papilla.

The hypodermis consists of connective tissue containing lobules of white adipocytes sep-
arated by fibrous septa. It provides mechanical support, thermal insulation, and serves
as an energy store. Adipocytes are basically differentiated fibrocytes in which glycerol is
stored as an energy carrier within a vacuole [46]. A single adipocyte consists of a lipid
vacuole, which occupies about 95% of the cell volume, and the peripheral cytoplasm
with cell organelles. Adipocytes are approximately spherical with a diameter of about
100pum (depending on the size of the lipid vacuole) [32,47]. Even a brief overview of skin
anatomy, such as the one presented in this chapter, makes clear the challenges presented
by the task of modeling the skin and its constituent structures.
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4 Multiscale Modeling of the Skin
- The Categorization of
Hierarchical Scales According to
Anatomical Attributes

The previous chapter provided an overview of skin anatomy, illustrating its complexity
and highlighting the symbiotic relationship between numerous macroanatomical and
microanatomical structures that pose significant challenges when attempting to model
skin using computational approaches. As mentioned in the introduction, this challenge
can only be effectively addressed by decomposing the whole system into definable sub-
systems using a multiscale modeling approach. However, as discussed earlier, the de-
composition of biological systems into macroscopic and microscopic scales does not
always provide a straightforward framework that can be readily applied to specific ap-
plications. Therefore, it becomes necessary to subdivide the system to be modeled into
even finer categories in order to capture the intricacies associated with skin modeling ac-
curately. Although the development of tissue models in the context of this thesis focuses
only on the epidermis, the conceptual division into length scales and the assignment
of macrostructural and microstructural features to these scales will be discussed in the
context of the entire skin system using Fig. 4.1. Based on the comprehensive overview
of the human skin and its intricate structures on both macroscopic and microscopic
length scales depicted in this figure, a suitable partitioning scheme is proposed to clas-
sify the skin into three hierarchical scales, based on shared morphological attributes: (1)
an “organ scale" comprising the layered structure of the skin and its cross-layer features
as a whole (see Fig. 4.1(a)), (2) a “tissue scale" comprising many cells in a network (see
Fig. 4.1(b)), and (3) a “cell scale" comprising a single cell and its subcellular structures
(see Figs. 4.1(c)-(k)).

In this way, all of the morphological attributes that give the skin its overall structure can
be captured at the organ scale. This includes attributes such as the thickness and density
of hairs and sweat glands [48, 49, 50], wrinkles , the capillary network of the upper and
lower vascular plexus [14], topological features such as the undulating epidermis/dermis
interface [51] and the thickness of individual skin layers [4, 19]. These are all attributes
that are highly dependent on the body part being analyzed, as well as attributes depend-
ing on the age, gender, and ethnic origin of the skin being modeled. This already opens
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Figure 4.1: Overview of human skin and its fine structures on macroscopic and microscopic
length scales: (a) Schematic of the layered topology of the skin showing several macroscopic
features such as a hair with its sebaceous glands. (b) Detailed magnification of the epidermis
showing, from top to bottom, the stratum corneum (SC), stratum granulosum (SG), stratum
spinosum (SS) and stratum basale (SB), illustrating the transformation of keratinocytes to corneo-
cytes across these epidermal sublayers with different cell shapes and colors. (c)-(e) Micrographs
showing the degree of keratinization of keratinocytes in the SG, SS, and SB respectively [32]. (f)
Micrograph of a fibrocyte [32]. (g)-(i) Detailed magnifications of the fibrocyte shown in (f). Figures
(g) and (h) show subcellular structures in the cytoplasm such as the endoplasmic reticulum (ER)
or mitochondria (M) [32]. Figure (h) shows the nucleus (N). The different shades of gray indicate
regions of higher and lower electron density and thus material heterogeneity within the nucleus.
(j) Micrograph of an adipocyte showing a large lipid vacuole displacing the remaining cytoplasm
to the edge of the cell [32]. (k) Detailed magnification of the cytoplasm [32].
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up a large potential parameter space for skin modeling at this conceptual scale. As for
the skin modeling on an organic scale, the research conducted in this study adopts the
modeling approach outlined by Sasaki in [4], only considering the stratified topology of
the skin on a macroscopic scale.

At the tissue scale, all of the histoanatomical attributes that describe the morphology of
a specific tissue must be captured. These include attributes such as the cellular compo-
sition which focuses on the specific types of cells present in a tissue and the histological
organization which describes the arrangement and spatial relationships of these cells.
The cellular composition is well illustrated by comparing the hypodermis depicted in
Fig. 4.1(a) and the epidermis depicted in Fig. 4.1(b). The epidermis shows a very regular
and dense cell arrangement of keratinocytes typical of epithelial tissue, especially in its
lower layers, while the hypodermis shows a more amorphous arrangement of adipocytes.
The translation of such morphological attributes into performant computer models is
challenging and highly context dependent. For instance, the amorphous arrangement of
cells in the hypodermis suggests modeling the tissue at the tissue scale by a randomized
arrangement of many adipocytes. However, this reduces the level of detail at which the
interior of the cell can be represented at this scale due to the need to limit the numerical
complexity of the model. As such, it becomes necessary to shift the representation of the
cell interior to the cellular scale. The conceptual implementation of such an approach
is demonstrated in Appendix E by means of a generic representation of the hypodermis,
which serves as an illustrative example. There, the histological organization of tissues is
discussed as a factor that significantly influences the limits of analytical and numerical
homogenization approaches. However, the regular arrangement of cells in the epidermis
allows a modeling approach in which the histological organization of the tissue is approx-
imated by a general cell arrangement adhering to a primitive orthorombic unit cell. This
assumption allows an efficient numerical treatment of the tissue using a single cell model
with a high level of detail and numerical boundary conditions that take into account the
periodicity of the cell model regarding the regular arrangement of entire epidermal cell
clusters. This will be elaborated in detail in Chap. 9. The comparison of the hypodermis
and the epidermis reveals the prominent context dependency in the choice of an ade-
quate approach. This leads to the understanding that, in the case of the epidermis, the
tissue scale and the cellular scale merge as the histological organization of the tissue is
implicitly incorporated using appropriate boundary conditions. Given the original divi-
sion of multiscale approaches into macroscopic and microscopic scales, the tissue scale
can be considered a mesoscopic scale whose implementation requires a highly tissue-
specific approach.

At the cellular scale, all of the cytoanatomical attributes describing the morphology of
a cell and its interior must be captured. These attributes cover a wide range of aspects,
including the overall geometry, such as the size and shape of the cell, but also attributes
related to the interior of the cell, such as the appearance and arrangement of subcellular
structures, or the position and shape of the nucleus. While the internal structure of cells
markedly varies depending on the specific tissue, common features are shared among all
eukaryotic cells. The cell body is delimited by a plasma membrane, comprising a phos-
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pholipid bilayer with incorporated and attached membrane proteins. Organelles within
the cell, also surrounded by membranes, serve various functions in cell metabolism, with
the nucleus and endoplasmic reticulum occupying the largest portion of the cell volume.
Unlike the nucleus, the endoplasmic reticulum is not a continuous structure, but a sys-
tem of channels distributed throughout the cell. Additionally, other organelles like mito-
chondria, Golgi bodies, and lysosomes contribute to cellular functionality, located in a
gelatinous fluid called the cytosol. All subcellular structures, excluding the nucleus, col-
lectively constitute the cytoplasm, while the material within the nucleus is referred to as
the nucleoplasm.

A more detailed discussion on how the overall shape and internal structure of cells dif-
fer depending on the tissue under consideration will be discussed in more detail using
micrographs showing the predominant cell types of each skin layer. Micrographs of ker-
atinocytes in the stratum basale, stratum spinosum and stratum granulosum are shown
in Figs. 4.1(c)-(e) to illustrate keratinization. The differentiation of basal keratinocytes is
illustrated by changes in cell shape and deposition of keratohyalin granules, observed
as dark regions in the micrographs. The contrast in these micrographs results from local
differences in electron density, documenting biochemical distinctions within the nucleus
and cytoplasm. This potentially allows conclusions about the biochemical composition
on a “molecular scale" to be drawn. Fig. 4.1(f) presents an example of a fibroblast em-
bedded in the dermal collagen matrix, featuring its elongated cell body with a narrow
nucleus and branched extensions connecting fibroblasts throughout the dermis. An ex-
amination of the detailed enlargements of the fibrocyte in Figs. 4.1(g)-(i) shows that the
interior of the cells also has a complex structure consisting of various organelles. An ex-
ample of how the structure of a cell depends on its function can be seen by comparing
the structure of the fibrocyte with that of an adipocyte given in Fig. 4.1(h). In principle,
the adipocyte is a differentiated fibrocyte that becomes a univacuolar fat cell due to the
incorporation of triglycerol [46]. As a result, the volume of the cells increases and the or-
ganelles are pushed to the edge of the cell (see. Fig. 4.1(i)). This serves as an illustration of
the complexity of the skin which must be addressed in modelling that will be dealt with
in the following chapters.
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5 State of the Art in Modeling
Biological Systems

After discussing the challenges of conceptualizing suitable multiscale models, the follow-
ing chapter provides an overview of the state of the art in modeling biological systems.
The field is divided into three relevant topic areas: (1) skin modeling in dosimetric stud-
ies, (2) multiscale modeling of skin, and (3) modeling of eukaryotic cells. The paradigms
and methods that have been established for modeling biological systems within these
three largely independent areas will be examined. Special emphasis will be placed on
identifying the current methodological limitations that arise when attempting to inte-
grate these established methodologies into comprehensive multiscale skin models.

5.1 Skin Modeling in Dosimetric Studies

The configuration of a suitable skin model on a macroscopic scale (i.e. organ scale) in-
volves two aspects: (a) the level of detail with which morphological attributes of the skin
are considered in the geometric setup of the model, and (b) the material properties asso-
ciated with these.

Regarding aspect (a), two general approaches in skin modeling emerge concerning the
consideration of morphological attributes in a macroscopic representation of the skin
when reviewing the scientific literature. In the first approach, the skin is modeled as a
one-dimensional, layered material structure, with each sublayer represented as a homo-
geneous material. This approach is commonly employed to investigate the influence of
EM exposure on the volumetric power densities induced in the skin tissue and the result-
ing temperature distribution in a generalized manner. Studies conceptualized in this way
serve as the scientific basis for the definition of appropriate metrics [4,6,7,8,11,12] and
exposure limits [19, 52, 53, 54], as adopted by ICNIRP. In order to establish a direct refer-
ence, and thus ensure comparability with current exposure guidelines, the research pre-
sented in this thesis follows this one-dimensional modeling approach, which describes
the skin as a layered material, which describes the skin as a layered 1D material at the
macroscopic (i.e. organ) scale. However, as the frequency of EM fields increases, their
wavelengths shorten to orders of magnitude corresponding to the dimensions of cross-
layer skin appendages. To study the specific effects of this phenomenon, the second ap-
proach involves modeling the skin as a three-dimensional material structure, accounting
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5 State of the Art in Modeling Biological Systems

for the undulating topology of the skin and the presence of these appendages. Studies
such as [48,50,51] show that certain appendages of the skin, such as hair or sweat glands,
can be considered as antennas that significantly influence the EM absorption behavior
of the skin. Three-dimensional modeling of these appendages proves valuable in iden-
tifying morphological arrangements that lead to "extreme" values in the distribution of
EM fields induced in the tissues, thus generating considerable interest and discussion in
the scientific community. However, it is important to note that the exposure limits cur-
rently accepted by ICNIRP do not take into account studies involving three-dimensional
modeling of skin appendages and are mentioned here for the sake of completeness.

Regarding aspect (b), two possible approaches to access the dielectric material proper-
ties of tissues can be identified: (1) analytical or numerical derivations based on effective
material theory, and (2) measurements. Both approaches have their individual advan-
tages and cases of application closely corresponding to aspect (a), i.e. the geometrical
setup on a macroscopic scale. For example, the derivation of material properties using
effective material theory is most commonly applied to three-dimensional models of skin
because there are no measurements of the material properties of hair or sweat. The fun-
damental assumption of this theory in the context of tissue modeling is that the macro-
scopic effective material properties of each skin feature are primarily governed by three
constituents: the amount of free water, the amount of bound water, and the amount of
dry biological material contained in a tissue [48, 50, 51]. In contrast, measurements offer
an approach to derive the dielectric material properties of a biological system with high
reliability over a wide frequency range [55, 56, 57] from the generalized EM response of
the entire organ system such as the liver, the brain (i.e. grey and white matter), or the
skin. However, the decision whether these metrologically obtained material properties
can be used in the modeling of a biological system must be made entirely in the context
of three factors. The first two factors relate to the measurement system (i.e. equipment)
and measurement method (i.e. transmission / reflection) used to acquire material prop-
erties. Depending on these two factors, average properties are thus determined over the
area and depth of penetration into the tissue covered by the measurement. This aver-
aging includes all morphological attributes at the measurement location. Therefore, the
separation of the influence of specific skin appendages, such as sweat glands, on the ab-
sorption of EM energy in the tissue is not possible with current measurement technology.
The third factor, the most important and subtle one, concerns the material model used
in the postprocessing of the measured signal, i.e. the underlying model used to recon-
struct the acquired measurement data and translate them into material properties. The
importance of this is evident when comparing the pioneering work of Alekseev et al. [58]
and Sasaki et al. [4, 5]. In [58], Alekseev conducted in vitro skin measurements using two
rectangular waveguides, one with dimensions of 5.2 x 2.6 mm and the other 3.6 x 1.8 mm,
operating in the frequency ranges of 37 to 53GHz and 53 to 78 GHz, respectively. The
objective of the study was to deduce a heuristic representation of the topology of the
skin as a multilayer structure consisting of four homogenized dispersive layers. However,
reconstructing the thickness and dielectric properties of the multilayer skin model pre-
sented an ill-posed problem, relying solely on measured reflection data. Consequently,

24



5.2 Multiscale Modeling of the Skin

the layered skin model and calculated dielectric material properties were derived using
educated guesses for numerous unknowns, rather than verified knowledge. As a result,
the skin model encountered significant measurement uncertainty that is challenging to
quantify. In contrast to Alekseev, Sasaki [4,5] addressed the ill-posed problem by separat-
ing the skin according to the individual skin layers and measuring them separately. This
was performed using both a coaxial sensor operating between 1 and 100 GHz and a THz-
time-domain-spectroscopy system operating in reflection mode in the frequency range
between 100 GHz and 1 THz [4]. The accuracy of the resulting dielectric description of the
individual material layers thus only depended on the precision of the measurement sys-
tem and the possibility to divide the skin tissue into individual sublayers. This allowed
a modular representation of the skin as a stratified material structure composed of arbi-
trarily thick layers. As the comparison of the two studies shows, both Alekseev and Sasaki
rely on a layered skin model to derive dispersive material properties from measured data.
Thus, the use of these material properties is limited to simulations with a similar layered
approach. A layered skin model thus represents a generalized view of the skin, which, by
adapting the material properties of the individual sublayers as published in [4, 5], pro-
vides both a metrologically based foundation for and a direct reference to the latest ex-
posure limits provided by ICNIRP. For this reason, Sasaki’s material models were used to
represent the dielectric properties of the distinct skin layers on a macroscopic scale.

5.2 Multiscale Modeling of the Skin

The use of mixing formulas in the context of EMT to determine the macroscopic prop-
erties of a composite material dates back to the middle of the 19th century [59, 60] and
can be regarded as the most primitive form of a bottom-up multiscale approach in the
context of this work. It is primitive because the mixing formulas used considered the mor-
phology of the composite only as largely formless carrier substance, in which two-phase
or multiphase composites were considered as spheroidal inclusions. These simplified as-
sumption only allowed the approximate consideration of the morphology of a composite
with respect to the relative orientation of the inclusions. Despite this highly simplified
representation of a composite material, mixing formulas have proven to be an effective
means of predicting the dielectric properties of chemical compounds or more complex
mixtures such as ice, snow, rain, or even rocks with sufficient accuracy, in applications
such as remote sensing. A more comprehensive overview of effective material theory and
its applications is given in the standard work by Sihvola [23]. By clever nesting of several
mixed formulas, in which cells are described as layered spheres or ellipsoids, it is even
possible to represent cells in dilute suspensions and to perform diagnostic analyses by
measuring such suspensions [25,61].

The first attempts to derive a comprehensive bottom-up model of the skin for noninvasive
skin monitoring using dielectric spectroscopy were made by Huclova et al. in [45]. The
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main methodological contribution of this work was the development of hierarchically or-
ganized mixing schemes in which the dielectric material properties of individual skin lay-
ers were described at the macroscopic level by their subcellular composition. These mix-
ing schemes were derived taking into account tissue-specific anatomical features within
these sublayers, making it possible, for the first time, to take into account cellular compo-
sition, histological organization, and cell size and shape when modeling skin. The inno-
vation in the development of these mixing schemes lay in the involvement of a numerical
homogenization procedure that allowed cell shape to be taken into account at the cellu-
lar level, and thus the inclusion of interfacial polarization as the dominant polarization
mechanism in the frequency range between 1 and 100 MHz.

Building on this bottom-up approach, Saviz et al. [17] performed in a numerical study
of corneal tissue exposure in the frequency range between 100 GHz and 10THz and at-
tempted a new method to extend dosimetric studies to a top-down multiscale approach.
In this approach, called de-averaging in [17], three hierarchical scales were defined: (1) a
macroscopic scale, where the eye is considered as a layered material system with homo-
geneous layers, (2) a tissue scale, where individual cells are considered as homogeneous
entities embedded in a homogeneous extracellular matrix, and (3) a subcellular scale,
where the whole cell space is considered as a heterogeneous composition of multiphase
inclusions. The main methodological innovation of [17] was the idea of macroscopically
determining the local electric field strength in the tissue and then using numerical sim-
ulations to project it first to the tissue scale and then to the subcellular scale to allow a
microdosimetric assessment of the field distribution within the subcellular structures.
However, the insight gained by this method was severely limited by the inadequate rep-
resentation of cells at the tissue and subcellular scales. For example, at the tissue scale,
cells were assumed to be homogeneous, so that even the coarsest possible subdivision
of the cell into two compartments, the cytoplasm and a separate nucleus, was not taken
into account. This lack of detail at the tissue scale had direct implications at the subcel-
lular level, where attempts were made to represent the composition of the cell interior
by an arbitrary arrangement of spheres intended to represent organelles such as mito-
chondria, lipid droplets, and lysosomes. However, at both the tissue and subcellular lev-
els, this type of cell modeling neglected the fact that a cell is a highly complex symbiotic
system in which the specific function of the cell within the tissue under investigation de-
termines its internal structure. As vividly illustrated in Chap. 4, a cell is not composed of
small spherical inclusions; instead, it consists of numerous structural units, including or-
ganelles like the endoplasmic reticulum, which forms large interconnected systems rep-
resented as cisternae connected by fine channels occupying a substantial volume within
the cell. The current approach to modeling the tissue scale and subcellular scale therefore
tends to follow the paradigm of squeezing the cell into the framework of effective mate-
rial theory, rather than fully exploiting the design freedom that computational models
allow in modeling complex geometries to authentically represent eukaryotic cells.
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5.3 Modeling of Eukaryotic Cells

5.3 Modeling of Eukaryotic Cells

The example of the study conducted in [17] shows the importance of modeling eukary-
otic cells within a top-down multiscale approach. It is therefore important to know the
state of the art in this field and, based on this, to develop suitable multiscale models that
realistically represent the internal structure of cells.

In its simplest representation, a eukaryotic cell is assumed to be a concentric-shelled
sphere or ellipsoid. In this representation, the interior of the cell is divided into two dis-
tinct compartments: the cytoplasm (CP) and the nucleus. These are separated from each
other and from the exterior by thin membranes. Although this assumption (over)simpli-
fies reality, analytical studies using such cell models have been successfully employed
to investigate the distribution of EM fields in the cell interior, allowing the approximate
determination of induced membrane voltages and losses [16, 62,63, 64]. This simple rep-
resentation of a cell has also proven useful in approximating the EM material proper-
ties of the two compartments and the membranes under consideration. This has been
performed in two phases across a variety of studies. First, dielectric spectroscopy was
used to determine the frequency-dependent macroscopic dielectric properties of cell
suspensions [65, 66, 67, 68]. Then, in a second step, by inversely applying mixing rules
to these properties assuming the same model as used above, a representation of the
cell and its compartments was created that corresponded to the statistical average of
all cells contained in the suspension allowing their material properties to be derived
[23,25,61,69,70,71].

Recent developments in cell modeling have been influenced by improvements in com-
puter hardware and software. Using numerical methods, such as the finite element meth-
od (FEM), it is possible to calculate the field distribution within cell models that have a
much higher morphological complexity, which is expressed in both their shape and in-
ternal organization. This allows for a variety of numerical studies that consider the in-
teraction of EM fields with eukaryotic cells in different contexts and fields of applica-
tion. Focusing on the effects of cell shape on both the EM field distribution and effective
macroscopic material properties, studies have conducted numerical investigations us-
ing Gielis’ super-formula [72], simulating a variety of human cells in vitro [73] and in
vivo [15, 74]. Another trend in cell modeling has been initiated by the advent of biosen-
sors that allow dielectric spectroscopy on single cells. In combination with the numer-
ical methods mentioned above (i.e. FEM), not only is it possible to consider the inter-
action of EM fields with cells in a generic setting but also to create digital twins of un-
derlying experiments, thus allowing phenomenological interpretation of the measured
spectral responses [75,76, 77,78, 79]. Due to the high degree of correlation required be-
tween such simulations and the corresponding experiments, fluorescence microscopy is
used together with edge detection and extraction algorithms to incorporate the individ-
ual shape of the plasma membrane (PM) as well as that of the internal organelles of the
studied cells based on two-dimensional sectional images, [80, 81, 82, 83, 84, 85, 86].
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However, cellular models used for risk assessment require a volumetric representation of
eukaryotic cells and their organelles. In order to develop such models, basic knowledge
of the dispersion properties of cellular components and principles of cellular modeling
are used in this thesis as a starting point to develop parametric cellular models that allow
for physiological changes across the epidermis in terms of histochemical composition,
cell size and shape, and internal organization. While addressing these aspects, the sig-
nificance of subcellular structures in the modeling of eukaryotic cells was investigated
in [18]. This investigation accurately predicted cellular losses in dosimetric studies and is
detailed in Chapter 8. The insights gained from this research are subsequently tailored to
the unique anatomical structure of the epidermis to model keratinocytes within a sym-
biotic biological system, as described in Chapter 9.
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6 The Conceptualization of
Scale-Back Projection

The challenges of developing suitable multiscale tissue models and a comprehensive re-
view of the state of the art in skin modeling have been presented in the previous chapters.
In this chapter, the application of scale-back projection as a method to perform micro-
dosimetric investigations at the cellular level is described in detail. The relationship be-
tween scale-back projection and multiphysics simulation, the latter of which is conven-
tionally used to assess the thermal effects of EM waves on the skin, is also clarified. This
serves to instigate a detailed discussion of how scale-back projection could (potentially)
be used to complement the repertoire of methods currently accepted as standard by IC-
NIRP. However, it is important to note that thermal simulations were beyond the scope of
this work.

As illustrated in Fig. 6.1(a), this multiphysics approach can be considered as a nested pro-
cedure in which both thermal and EM simulations are performed. The scale-back projec-
tion, as proposed and discussed in this work, is designed to extend only the EM simula-
tions of this multiphysics approach, as shown on the left in Fig. 6.1(a). This allows the
consideration of EM absorption by investigating the effects of induced EM fields at the
cellular level, as shown in Fig. 6.1(b). As already explained in the introduction, the scale-
back projection is essentially a top-down multiscale approach, which must, as outlined in
Chap. 4, assume coherence between the length scales under consideration and requires
bottom-up modeling of the tissue under investigation based on appropriate cell mod-
els. Applied to the epidermis, the procedure shown in Fig. 6.1(b) can be interpreted as a
simulation cycle that can be divided into three steps. In the first step, virtual impedance
spectroscopy is performed on the cell models of the epidermis using quasi-static EM
simulations, which allows the dispersive effective macroscopic permittivity, £, to be de-
termined. The exact implementation of this numerical homogenization approach will
be detailed later in this thesis, and can be interpreted phenomenologically as a virtual
capacitor experiment by exposing the cell models to an arbitrary voltage, Uy. This pro-
cedure is based on parametric cell models that account for changes in overall cell size
and shape, internal organization, and histochemical composition during the keratiniza-
tion process in the epidermis. Therefore, it can be used to derive a macroscopic model
of the epidermis that represents the life cycle of keratinocytes, with each stage repre-
sented by a homogeneous cell layer. As shown in the middle of Fig. 6.1(b), the epidermis
in this model is represented by 10 such cell layers within the viable epidermis (€, to
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Figure 6.1: Overview of scale-back projection as an extension of conventional EM simulation
models embedded in a multiphysics simulation environment: (a) Multiphysics simulation ap-
proach applied to dosimetric studies on the skin. This establishes a causal relationship between
the incident power S, (7, w), representing the anthropogenic EM exposure, and the volumetric
loss density p(7,w), representing the absorbed EM energy. Temperature increases, AJ(¥,w), are
then determined based on these data. It is important to note that thermal simulations were be-
yond the scope of this work. (b) The proposed scale-back projection, described as a top-down
multiscale approach that requires bottom-up multiscale modeling based on appropriate cell
models to ensure coherence between the macroscopic and microscopic scales. For the epidermis,
this procedure can be implemented as a three-step simulation cycle: (1) Impedance spectroscopy
on cell models of the epidermis using quasi-static EM simulations to determine the dispersive
effective macroscopic permittivity, €. (2) Derivation of a macroscopic tissue model of the epi-
dermis, representing the life cycle of keratinocytes across several homogeneous cell layers illus-
trated in this figure by color gradation. (3) Determination of losses (Pj,q) across epidermal cell
layers within microvolumes corresponding in size to those of the underlying cells being simu-
lated. This allows back projection of microexposure at the cellular level (Uj,q) and performance
of microdosimetric studies based on the variability of the fields projected into the microstructure
(f(F,w)=pr+oy).

&,x,,)» Where the color gradation between cell layers indicates association with the stra-
tum basale, stratum spinosum, and stratum granulosum, as well as g cell layers within
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the stratum corneum (grch). In the context of an overall skin model, it is now possible to
determine losses, Pj,q, across the epidermal cell layers within microvolumes correspond-
ing in size to those of the underlying cell models. Based on these losses, it is possible to
determine voltages, Ujyq, that allow the definition of a microexposure at the cellular level
of an equivalent power for use in parametric cell models of the underlying keratinocytes.
Using this procedure, it is now possible to perform microdosimetric investigations based
on the variability of the fields projected into the microstructure in terms of spatial means
and standard deviations (i.e., f(7,w) = u rxog).

In the course of this thesis, the methodological framework described above will be imple-
mented in a simulation environment that allows modeling of the epidermis and efficient
simulation of EM field exposure of the skin in order to predict the effects of this on the
epidermal microstructure. This simulation environment is divided into three hierarchi-
cal scales: An environmental scale at which the exposure set up is defined; A macroscopic
scale at which the skin is considered as a stratified material structure comprising the epi-
dermis, dermis, hypodermis and underlying muscle tissue; A microscopic scale which
comprises parametric cell models representing the microstructure of the individual epi-
dermal cell layers. To show the high level of interaction between these functional blocks
across all hierarchical levels, a conceptual block diagram is presented in Fig. 6.2. The flow
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Figure 6.2: Conceptual block diagram illustrating the hierarchical organization of the simulation
environment implemented to perform scale-back projection in epidermal tissue. The simulation
environment encompasses three hierarchical scales: An environmental scale defining the expo-
sure scenario, a macroscopic scale representing the stratified structure of the skin consisting of
the epidermis, dermis, hypodermis, and underlying muscle tissue, and a microscopic scale con-
sisting of parametric cell models representing the microstructure of individual epidermal cell lay-
ers.

of information in the block diagram is from the left to the right and starts with the identifi-
cation of appropriate material parameters that describe the tissue at the microscopic and
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macroscopic levels. As derived in the state of the art (see Chap. 5), the macroscopic tissue
data, g, . (), include the dispersive permittivities of the individual skin layers measured
by Sasaki et al. [4,5]. The adaptation of this data allows the development of a modular skin
model and also serves as a metrological reference to validate the bottom-up model of the
epidermis. The microscopic tissue data, €rmi (w), provides essential information about
the dispersive material properties of subcellular structures and fundamental biochemi-
cal components, enabling the accurate modeling of the histochemical composition of the
parametric cell models for the epidermal cell layers. Using these parametric cell mod-
els, numerical homogenization is employed to calculate the effective macroscopic ma-
terial properties, €, . (w), of the individual skin layers at the macroscopic scale. This is
achieved by utilizing Ermi (w) as input for bottom-up multiscale simulations, wherein the
size, shape, and internal organization of the modeled keratinocytes are resolved in great
detail. In the scale-back projection, environmental exposure is simulated using a plane
EM wave, adhering to ICNIRP regulations [1] briefly summarized in the following chap-
ter, which limit the incident power density, Sinc(w), to the latest reference levels. The skin
is modeled as a layered material, incorporating the bottom-up model of the epidermis,
while other sublayers (dermis, hypodermis, and underlying muscle tissue) adopt mea-
sured dispersive permittivities from Sasaki. By implementing this exposure scenario in
an FEM-based simulation environment, the macroscopic exposure model enables the
determination of induced losses, Pj,4(w), in microvolumes corresponding to the size of
epidermal cell models. Using Pj,q(w, 7), local tissue exposure is finally back-projected
onto the high-resolution models of the keratinocytes.
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7 On Electromagnetic Field
Restrictions in Human Tissue
Exposure

In order to specify the scope of the conducted investigations, a brief recap of the doc-
ument Guidelines for Limiting Exposure to Electromagnetic Fields (100kHz to 300 GHz)
provided by the International Commission on Non-lonizing Radiation Protection
(ICNIRP) [1, 2] is given here. This summary briefly outlines the terminology, physical
quantities, and exposure limits defined in these guidelines and their relationship to the
microdosimetric studies presented later. After this recap, the current exposure scenario
is specified introducing the skin and cell models which have been developed.

7.1 Electromagnetic Exposure of Skin Tissue

The exposure limits adopted by the commission to limit electromagnetic (EM) fields are
designed to protect human health and to ensure the highest possible level of safety in
contact with EM fields. To maintain their validity, the established guidelines are sub-
ject to a continuous (re-)evaluation that takes into account the current state of scientific
knowledge as a basis for assessment. Harmful and potentially harmful effects to human
health are identified in a review of the scientific literature concerning the effects of EM
field exposure on biological systems. Provided that the available literature is of sufficient
scientific quality, independently verifiable, and consistent with current scientific under-
standing, it is classified as evidence and the findings documented therein are consid-
ered as a substantiated effect in the evaluation process. Regarding such substantiated ef-
fects, three main mechanisms of interaction can be distinguished: (a) thermal exposure,
(b) nerve stimulation and (c) electroporation. To establish exposure levels based on such
documented findings, the lowest exposure level known to cause an adverse interaction is
determined and is referred to as the adverse health effect threshold. Basic restrictions are
determined using this threshold along with a reduction factor which accounts for biolog-
ical and environmental variability, as well as metrological uncertainties associated with
the underlying evidence. These basic restrictions are quantified by physical measures oc-
curring within an exposed body closely related to the adverse health effects induced by
EM fields. This, however, implies a practical issue using the basic restrictions in opera-
tional scenarios, as the exposure within a living person is difficult to measure. Therefore,
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reference levels expressed by physical quantities measurable outside the body are de-
rived from the basic restrictions such that an equivalent level of protection is ensured
even under worst-case exposure conditions. The restriction values defined in both the
basic restrictions and the reference levels differentiate between individuals of the gen-
eral public and those exposed under controlled conditions associated with their occu-
pational duties restricting, general exposure to lower values but allowing much higher
occupational exposure.

7.2 Electromagnetic Exposure Limits

As outlined above, the guidelines are designed to limit EM field exposure to levels be-
low the thresholds for adverse health effects of the respective mechanisms of interaction.
However, the present study focuses exclusively on the adverse health effects of thermal
exposure. These are related to absolute temperature rises above the normothermic tem-
perature of the body part under investigation [87,88,89]. However, limitation to absolute
temperatures is not possible, since many important factors such as clothing, environ-
mental conditions and metabolic heat generation cannot be considered to be influenced
by a guideline. Instead, the guidelines are designed to limit any temperature increase.
In the following, physical measures to quantify EM field restrictions preventing such an
increase in temperature are introduced.

An important quantity to restrict temperature increases is the specific absorption rate

(SAR) defined as

cMIEPEP  p@
p(7) p(7)

SAR(F) = (7.1)
where o, | E [, p and p denote the electric conductivity, the rms-magnitude of the electric
field strength, the density and the power density respectively, all as a function of 7 which
denotes the position within the tissue. In this formulation, the SAR is considered to be
a function of location expressed in W/kg. In practice, however, it is more applicable to
consider the SAR as a quantity which is averaged over a certain volume [1]:

My pmav_ p;
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In this volume-averaged definition of the SAR;, the index i € {wb,10g} denotes two types
of volume: (a) the whole physical body of a person and (b) a standardized cubic volume
at an arbitrary position within the body with a side length of 2.15 cm representing 10g of
mass assuming that the underlying tissue has the same density as water
(Pwater = 1000kg/m?). This generic volume is considered sufficient to adequately account
for thermal heat diffusion processes resulting from heterogeneous EM field-induced en-
ergy inputs into heterogeneous tissue microstructure in realistic exposure scenarios.

SAR (7.2)
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7.2 Electromagnetic Exposure Limits

In addition to the volume-averaged definition of the SAR, it is also possible to describe
the SAR by the temperature increase within this volume over time:

T;

SAR; =C
At

(7.3)

where AT;, At and C respectively denote the spatial average of the temperature increase
within the investigated volume, a time interval in which this occurs and the specific heat
capacity of the tissue under investigation. These two definitions together provide a phys-
ical foundation to determine the approximate relationship between the power absorbed
by the tissue and its subsequent increase in temperature:

P; _AT;

SAR;=—=C
m; At

(7.4)

The relationship is only labeled as approximate, because the specific heat capacity, C,
is a non-linear function of time, temperature and a variety of physiological and envi-
ronmental influences rather than a constant. This is because of the symbiotic nature of
the whole organism and its tissues on different hierarchical levels (see Fig. 4.1). Thus,
ICNIRP has to rely on scarce numerical and experimental research to establish appropri-
ate adverse health effect thresholds 9, 10]. Applying a threshold for adverse health effects
was set conservatively at a 1°C increase in core body temperature within a 30-minute in-
terval, corresponding to a SAR,, value of 4 W/kg. For occupational and general exposure
respectively, a reduction factor of 10 and 50 has been applied to this operational adverse
health effect threshold. This results in basic restrictions for the whole body SAR values
of 0.4W/kg and 0.08 W/kg averaged over a 30-minute interval. However, to prevent lo-
cal temperature increase, a more differentiated regulatory approach is required. This ap-
proach distinguishes between different normothermic temperatures in different parts of
the body, leading to a classification into type 1 and type 2 tissues. Type 1 and type 2 tis-
sues are classified as tissues with normothermic temperatures greater than 33-36°C and
38.5°C, respectively. Exposure leading to local temperatures higher than 41 °C are consid-
ered to be potentially harmful. Therefore, a threshold for adverse health effects was set
at a 5°C increase in type 1 tissues and a 2°C increase in type 2 tissues within a 6-minute
interval. These correspond to a SAR;og value of 40 W/kg and 20 W/kg for type 1 and type 2
tissues, respectively. For occupational and general exposure reduction factors of 2 and 10
have been applied to this operational adverse health effect threshold. This results in basic
restrictions for type 1 tissues of 20 W/kg and 4 W/kg, and for type 2 tissues of 10W/kg and
2W/kg.

Another factor increasing the complexity of the determination of adverse health effect
thresholds and the subsequent derivation of appropriate basic restrictions is the broad
frequency range covered by the guidelines. With increasing frequency, the penetration
depth of EM fields in the tissue strongly decreases, leading to high absorption predomi-
nantly by the surface tissues of the body, such as skin [4] and the cornea [17]. For that rea-
son, additional measures are needed to quantify local exposure restrictions at frequen-
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cies greater than 6 GHz. A measure quantifying transmission into the outermost millime-
ters of the body is the absorbed power density Sap:

_ J[4Re{S}-TidA
B A

ab (7.5)

Re(S} denotes the real part of the Poynting vector and i denotes the normal vector to the
surface area A over which it is integrated. Due to the low penetration depth at such high
frequencies, a threshold of adverse health effects was set to a temperature increase of 5°C
(type 1 tissue). Adopting the findings from [4], an absorbed power density of 200 W/m?
was set as an operational adverse health effect threshold averaged over an 6-minute inter-
val and a square surface area of 4 cm?. For frequencies greater than 30 GHz, however, an
absorbed power density of 400 W/m? was set as for the same interval but for a square sur-
face area of only 1cm?. For occupational and general exposure respectively, a reduction
factor of 2 and 10 has been applied to this operational adverse health effect threshold. This
results in basic restrictions for the Sy, of 100W/m? and 2W/m? averaged over a 6-minute
interval.

To provide a comprehensive overview, Tab. 7.1 summarizes the basic restrictions limiting
exposure from 100kHz to 300 GHz outlined above.

Table 7.1: Basic restrictions limiting exposure from 100kHz to 300 GHz, for averaging intervals = 6
min [1].

Exposure Frequency SAR,;,  TypeZ2Tissue Type 1 Tissue Sab
Scenario Range (W/kg) SAR;og(W/kg) SAR;oq(W/kg) (W/m3 )

Occup. 100 kHz - 6 GHz 0.4 20 10 NA

> 6 GHz - 30 GHz 0.4 NA NA 100

> 30 GHz - 300 GHz 0.4 NA NA 200

Gen. Public 100 kHz - 6 GHz 0.08 4 2 NA

> 6 GHz - 30 GHz 0.08 NA NA 20

> 30 GHz - 300 GHz 0.08 NA NA 40

As mentioned above, basic restrictions are difficult to apply in practice. Therefore, refer-
ence levels are derived to create more applicable measures that provide a similar level of
protection. In the frequency range investigated here (i.e. 2GHz to 300 GHz), the incident
power density, Sinc, is the measure being restricted. Corresponding to the basic restric-
tions, the value of Sj, varies with both the exposure scenario (i.e. occupational or general
public) and the extent of the exposure to the human body (i.e. whole body or local expo-
sure). An overview of the reference levels in the frequency under investigation is provided
by Tab. 7.2. These values only apply for EM fields under far-field conditions.
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7.2 Electromagnetic Exposure Limits

Table 7.2: Reference levels corresponding to the basic restrictions summarized in Tab. 7.1 adopted
form [1].

Exposure Frequency Whole Body Local
Scenario Range Sinc (W/ m2) Sinc (W/mz)
Occup. 2 GHz -6 GHz 50 200
> 6 GHz - 30 GHz 50 275/ f177
>30 GHz - 300 GHz 50 550/ f177
Gen. Public 2GHz- 6 GHz 10 40
>6 GHz - 30 GHz 10 55/ fo!7
>30 GHz - 300 GHz 10 110/ f2177
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8 The Importance of Subcellular
Structures for the Modeling of
Eukaryotic Cells?!

Cell models used for risk assessment [1, 2] require a volumetric representation of eu-
karyotic cells and their organelles. In order to determine which are the relevant details
that need to be modeled, this chapter systematically reviews and compares different cell
models with increasing levels of detail. The cell models under consideration start from
the simple spherical cell model, containing only a nucleus, and increase in complexity
to an ellipsoidal cell comprising a fully resolved endoplasmic reticulum (ER) surrounded
by a membrane of low conductivity. Special attention has been paid to the volumetric
representation of organelles within the cell. The ER in the most complex cell model, for
instance, is conceptualized as a distributed membrane system, and its volumetric extent
is approximated by cisternae concentrically surrounding the nucleus. Two methods are
therefore presented here to determine the effect of gradually increasing complexity on
the resulting field distribution. One of these methods allows the qualitative separation
of and distinction between the influence of dispersive material properties and changes
in the geometric structure of the cell. The other allows the quantification and graphical
illustration of the effect of an ER on the heterogeneity of the EM field distribution in the
interior of the cell. Considering all of these details, the following questions will be an-
swered:

(1) How is the current and volumetric loss density distributed in the cell interior?
(2) Where is EM energy absorbed?

(3) What are the effects of different levels of detail in the underlying cell models on the
resulting macroscopic material properties?

At all levels of complexity, the EM field distribution within these models is numerically
determined using the finite element method in the context of a virtual capacitor experi-
ment in the frequency range between 10Hz and 100 GHz.

To address all of the above, the modeling of eukaryotic cells in the context of computa-
tional bioelectromagnetic simulations is presented in Sec. 8.1. This includes a detailed

I This chapter is an adapted version of the journal article published in [18].
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description of the eukaryotic cell models of different complexity, their dispersive mate-
rial properties, and the computational setup in which they are placed. Following this,
in Secs. 8.2 and 8.3, the cell models are investigated in terms of their internal field dis-
tributions and effective macroscopic material properties, with special emphasis being
placed on introducing the two methods described in the preceding paragraph. Finally,
the results of these investigations and their consequences regarding future research are
summarized in Sec. 8.4.

8.1 Modeling Eukaryotic Cells in the Context of
Computational Bioelectromagnetics Simulations

This section provides a general overview of the modeling of eukaryotic cells in the context
of computational bioelectromagnetic simulations and is divided into four subsections. In
the first of these, the eukaryotic cell models under investigation are introduced alongside
a method used to spatially resolve and decompose the cell interior for microdosimetric
investigations focusing on current and loss distributions within the cell models. Follow-
ing on from that, the dispersive material properties of the individual cell compartments
are derived based on published data. In the third subsection, a simulation setup is pre-
sented to perform a FEM-based capacitor experiment to predict the distribution of EM
fields within the cell.

8.1.1 Generic Eukaryotic Cell Models and Spatial Segmentation

The three generic cell models under investigation are depicted in Fig. 8.1(a)-(c):
(a) a simple spherical cell containing a spherical nucleus, (b) an ellipsoidal cell contain-
ing a spherical nucleus and (c) an ellipsoidal cell containing both a spherical nucleus and
a distributed ER. The so-called rough ER is approximated by cisternae which surround
the nucleus concentrically.

Taking these structures into account, the cell interior can be divided into two or three
compartments: the cytoplasm (CP), the nucleoplasm (NP), and the endoplasmic retic-
ulum (ER), each separated from the other and from the exterior surrounding, i.e. extra-
cellular medium (EC), by a lipid membrane of low conductivity. The subdivision of the
cell interior into separate (computational) (sub)domains allows field distributions to be
determined with a spatial resolution that allows current and volumetric loss densities to
be integrated in each of these (sub)domains. The volumetric segmentation is shown as
an illustrative example for the most complex cell model in Fig. 8.1(d)-(f). In addition, the
(cross-)sectional segmentation of the cells is shown in Fig. 8.1(g)-(i) allowing the deter-
mination of EM fields in the XY, YZ, and XZ planes. Using these sectional planes in combi-
nation with the volumetric segmentation of the cell into its compartments, it is possible
to determine the currents flowing through each of them, as shown in Fig. 8.1(j)-(1).
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8.1 Modeling Eukaryotic Cells

Inp,xz

Figure 8.1: Overview of the cell models studied and the segmentation used for post-processing:
(a)-(c) Generic eukaryotic cells of different shapes and internal complexity. Starting with a sim-
ple spherical cell model containing only a nucleus (N) in (a), the level of complexity increases
to an ellipsoidal cell model comprising a fully resolved endoplasmic reticulum (ER) in (c).
(d)-(f) Segmentation of the cell interior into (computational) domains to capture integral quan-
tities such as the corresponding compartment losses. In the given example, the domains high-
lighted correspond to the nucleoplasm (NP), the endoplasmic reticulum (ER) and the cytoplasm
(CP). (g)-(i) Sectional planes for the evaluation and integration of internal fields showing the XY,
YZ and XZ planes respectively. (j)-(I) Segmentation of the sectional planes to capture integral
quantities such as the corresponding compartment currents. In the given example, the areas cor-
respond to the currents in the nucleoplasm, the endoplasmic reticulum and the cytoplasm in the
XZ plane. The areas of the sectional planes corresponding to the integration are highlighted.
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8 The Importance of Subcellular Structures for the Modeling of Eukaryotic Cells

The simple spherical model shown in Fig. 8.1(a) is based on lymphocytes. Lymphocytes
were chosen as a template for an initial cell model for two reasons: (1) Their dielec-
tric properties have been extensively studied by the dielectric spectroscopy community
[61,69]. (2) They have a very uniform round shape and their internal structure is very well
documented, allowing the study of membrane properties on a cell geometry of low com-
plexity. According to [66], their nucleus occupies about 40 % to 70 % of the cell volume
and the cytoplasm surrounding the nucleus is poor in organelles. Due to these physiolog-
ical properties, this first model is well suited for the verification of bottom-up multiscale
modeling using mixing rules [69]. In Sec. 8.2, however, the spherical cell model is inves-
tigated with respect to the size of the nucleus using numerical simulations. The ratio of
the volume of the nucleus to that of the whole cell ¢y normally ranges from 0.4 to 0.7,
but here has been extended to cover 0.3 to 0.9 in order to investigate more extreme cases.
Following [69], the cell radius was chosen to be 7 = 7um , resulting in minimum and
maximum radii of rNmin = 4.69um and rNmax = 6.76 um derived from the range given
above using ry = /cn - Tee- In addition, the reference nuclear radius is ry ref = 5.9pum
corresponding to cy = 0.6.

Table 8.1: Geometric specifications of the cell models under investigation. SC, EC and ER denote
“spherical cell”, “ellipsoidal cell” and “endoplasmic reticulum”.

Parameter SC EC ER Description
Tcell 7um - - Radius of the sph. cell model
Tcell,x - 13pm 13pm Semi-axis in x-direction
Tcelly - 10.5um  10.5pm Semi-axis in y-direction
Tcell,z - 9um 9um Semi-axis in z-direction
TN, (ref) (5.9um) 59pum  5.9um Radius of the nucleus
tMm (7nm) 7nm 7nm Thickness of the membrane
tNE (40nm) 40nm 40nm  Thickness of the nuc. envelope
CN, (ref) (0.6) 0.17 0.17 Volume fraction of the nucleus
CER - - 0.2 Volume fraction of the ER
ccp 0.4 0.83 0.63 Volume fraction of the nucleus

In order to investigate the influence of compartmentalization within the cell, the simple
spherical cell model is now extended to a more realistic approximation of a cell in the
following two steps. Keeping the nuclear radius at a value of ry ref = 5.9um, which was
previously considered as the reference radius, the plasma membrane is first transformed
into an ellipsoidal one with semi-axes reex = 13pum, reepy = 10.5um, and reey,, = 9um
(see Fig. 8.1(b)). The influence of this change of shape on the macroscopic material prop-
erties and the microdosimetric measures is investigated with respect to the resulting
anisotropy. To capture the current density and volumetric loss density distribution within
the cell in the context of more complex compartmentalization, a distinct ER was added
to the cell in a second step (see. Fig. 8.1(c)), allowing the cell to be studied as a distributed
membrane system in Sec. 8.3. The ratio of the volume of the ER to the total cell volume is
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cer = 0.2, that of the cytoplasm is ccp = 0.63 and that of the nucleus, ¢y = 0.17. The thick-
ness of the cell membrane and that of the elements of the ER is fy; = 7nm and that of the
nuclear envelope is txg = 40nm. To provide a better overview, the geometrical properties
are summarized in Tab. 8.1.

8.1.2 Derivation of the Dispersive Material Properties Based
on Published Data

All cell components have dispersive material properties which are modeled using a lossy
Debye-type frequency dependence:
s — €rc0 . O

€
€ (W) =€root+ — 8.1
£, (@) = €m0 1 Voo 8.1)

were €, and ;¢ denote the permittivity at the high frequency and the low frequency
limit of the underlying polarization mechanism respectively. o stands for the DC con-
ductivity of the material. As suggested by [16, 71, 90], the dispersive properties of the ex-
tracellular medium, the cytoplasm and the nucleoplasm were approximated using the di-
electric functions of physiological salt solutions. To be more precise, they were based on
measurements of a phosphate-buffered saline solution (PBS) at 27°C between 100 MHz
and 2 GHz performed by [71]. Based on an experimental assessment of the cytoplasmic
conductivity in [91], the conductivity of both the cytoplasm and nucleoplasm was set to
0.32 S/m. Although the membranes of cells and organelles are complex (sub-)structures
bound by proteins and filaments of the cytoskeleton, and thus are not a simple phospho-
lipid bilayer (see [92, 93, 94]), the material parameters of the membrane were assigned
values based approximately on measurements of unilaminar liposome vesicles. These
measurements were also performed in [71]. The material coefficients corresponding to
the compartments are summarized in Tab. 8.2 and are in accordance with measurements
documented in scientific literature (see [69]).

Table 8.2: Debye coefficients of the underlying materials related to the specific cell components.

Compartment €rs €0 Jo (GH2) os(S/m)
Cytoplasm (CP) 67 5 17.9 0.32
Plasma membrane (PM) 11.7 4 0.18 0.11-107
Nucleoplasm (NP) 67 5 17.9 0.32
Nuclear Envelope (NE) 117 4 0.18 0.11-1076
Extracellular medium (EC) 67 5 17.9 0.55

The relative permittivity and the conductivity of these compartments are displayed in
Figs. 8.2(a) and (b) respectively. The dispersive permittivities of the extracellular medium
(EC), the cytoplasm (CP) and nucleoplasm (NP) are identical, as are those of the plasma
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8 The Importance of Subcellular Structures for the Modeling of Eukaryotic Cells

membrane (PM) and the nuclear envelope (NE). These spectral responses for the per-
mittivities can be divided into three frequency intervals corresponding to the changes in
the dielectric function of the material properties with frequency, i.e. the start and end of
the roll-off of the two particular characteristic responses within the investigated range.
These intervals are highlighted in shades of blue in Fig. 8.2(a). The conductivity of the
compartments can also be divided into three intervals, partially overlapping those of the
permittivity, highlighted in shades of red at the top of Fig. 8.2(b). The overlapping ranges
of these intervals lead to further segmentation of the investigated spectrum into five fre-
quency ranges highlighted in shades of beige which are enumerated by circled numbers
in Fig. 8.2(a).
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Figure 8.2: Overview of the dispersive material parameters: In (a), the relative permittivity of
the cytoplasm (CP), nucleoplasm (NP) and the extracellular medium (EC) is represented as a
dashed line, and that of the plasma membrane (PM) and the nuclear envelope (NE) as a solid line.
In (b), the conductivity of the cytoplasm (CP) and nucleoplasm (NP) is represented as a dashed
line, that of the plasma membrane (PM) and the nuclear envelope (NE) as a solid line, and that
of the extracellular medium (EC) as a dash-dotted line. The bar displayed in shades of blue cor-
responds to changes in the spectral response of the relative permittivity while the bar displayed
in shades of red corresponds to changes in the conductivity. The overlapping ranges of these in-
tervals lead to further segmentation of the investigated spectrum into five frequency ranges high-
lighted in shades of beige which are enumerated by circled numbers.

To provide a better overview, these ranges are summarized in Tab. 8.3. As outlined above,
the frequency ranges defined by changes in the dispersive material properties of the cell
compartments and the extracellular medium will also be plotted in shades of beige above
any further graph given in Sec. 8.2 and Sec. 8.3 to show any correspondence to changes
in the effective material properties and microdosimetric measures under investigation.
These ranges will be referred to as material ranges (MR) 1-5.
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Table 8.3: Frequency sub-intervals (i.e. material ranges (MR)) corresponding to changes in the
dispersive material parameters of the cell compartments and the extracellular medium displayed
in Fig. 8.2 highlighted in shades of beige at the top of the graphs.

MR1 MR 2 MR3 MR 4 MR5

f 10Hzto40kHz 40kHzto30MHz 30-800MHz 800MHzto2GHz 2-100GHz

8.1.3 Simulation Setup to Conduct Quasi-Static
Electromagnetic Field Analysis

The three cell models displayed in Fig. 8.1(a)-(c) were placed in a virtual parallel plate
capacitor setup to conduct a quasi-static EM analysis between 10Hz and 100 GHz. This
capacitor setup was implemented in the FEM-based software package COMSOL Multi-
physics [95]. The computational domain containing the centered spherical cell is shown
as an illustrative example in Fig. 8.3(a). This figure also shows the assignment of the dis-
persive material properties to the individual cell compartments. The edge length of the
cube-shaped computational domain was 50pum and was chosen to be large enough to
minimize the influence of the depolarization fields around the cells on the neighboring
cells. The resulting volume fraction of a cell in the computational domain was 1.15% for
the spherical cell and 4.12% for the ellipsoidal ones. In the cross-section through the
computational domain as shown in Fig. 8.3(b), a time-harmonic voltage with constant
amplitude, Uy = ¢1 — ¢o, was applied between two opposing outer boundaries of the do-
main that were designed to function as electrodes (i.e Dirichlet boundary conditions).
Uy was arbitrarily set to 1V. The four remaining boundaries were defined with periodic
boundary conditions (PBC) in order to suppress fringing fields and to reduce the memory
resources of the subsequent quasi-static EM simulation. Due to this setup, the (compu-
tational) unit cell is effectively periodically extended in each direction indicated by the
PBC. This approach was used in the past to investigate the effective material parame-
ters of randomized (bio-)composites [96, 97], and single cells [15, 98]. A description of
how these simulations are verified by mixing rules is given in Appendix A. In order to
cope with the anisotropy of the (ellipsoidal) cells under investigation, the voltage Uj is
then applied in the other (orthogonal) directions by swapping the electrodes with the
PBCs (and vice versa). The low volume fraction in combination with this setup (i.e., the
electrodes and PBCs) allows the interpretation of the cell under investigation either as a
representative of a cell suspension corresponding to the static mean [69], or as a specific
single cell [79,99].

In order to avoid high aspect ratios in the modeling mesh, the plasma membrane and the
membranes of the cell organelles are modeled by a set of equations taking into account
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Figure 8.3: Overview of the virtual capacitor experiment used for the quasi-static EM analysis of
the computational domain: (a) Computational domain containing the spherical cell model as an
illustrative example showing the assignment of the dispersive material properties introduced in
Sec. 8.1.2 to the individual cell compartments. (b) Cross-section through the computational do-
main. The voltage, Uy = ¢ — ¢o, was applied to two opposing sides of the virtual capacitor set up
which were designed to function as electrodes. Periodic boundary conditions (PBC) were applied
to the remaining sides of the computational domain. This set up can be interpreted as a spatially
periodic (computational) unit cell. To determine the voltages induced across both the plasma
membrane, Up,,, and the nuclear envelope, U, their values were monitored at the closest points
of the membranes facing the electrodes. (c) Equivalent circuit representation of the computa-
tional domain illustrating all the possible circuit paths summarized by RC shunt impedances. Us-
ing this equivalent circuit model, it is possible to make qualitative statements about how changes
in the geometry of the cell affect the shunt elements in the individual current paths. In combina-
tion with the material ranges introduced in Sec. 8.1.2, the conceptual perception of the compu-
tational domain as an electrical network allows the qualitative separation and distinction of the
influence of dispersive material properties and changes in the geometric structure of the cell. A
detailed description of this concept is given in Sec. 8.2.1. The capitals in each circuit path corre-
spond to the individual compartments of the unit cell which are the extracellular medium (EC),
and those within the cell, namely, the plasma membrane (PM), the cytoplasm (CP), the nuclear
envelope (NE) and the nucleoplasm (NP). (d) Numerical homogenization summarizing the com-
putational domain as an overall shunt impedance allowing the calculation of its effective macro-
scopic material parameters as outlined in Sec. 8.2.1.
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where
gup /down

normal to the upper and lower surfaces of the membrane. )y represents the thickness of
the membrane while o and &, represent the conductivity and the relative permittivity
of the membrane respectively. £y denotes the vacuum permittivity. Referring to Egs. 8.2
and 8.3, thin membranes can now be represented by these tailored boundary conditions
yielding a highly economic treatment as already proposed in [45].

and fi- J denote the membrane potentials and current densities
Zup/down

The simulation was performed on a PC equipped with two Intel Xeon E5-2697 V4 proces-
sors (36 cores) and 512 GB of memory. In the conducted investigations, a frequency range
between 10Hz and 100 GHz was investigated and sampled with 50 frequency points dis-
tributed logarithmically. The data points in between these sampled points were inter-
polated using piecewise cubic Hermite splines in post-processing. The simulation for
each frequency point lasted approximately 30 min using a MUMPS solver. The post-
processing of the data was performed within the MATLAB programming environment
(version R2020a) [100].

8.2 The Necessity to Consider Membranes in Cell
Modeling using the Simple Spherical Cell Model

The field distribution within the spherical cell model (see Fig. 8.3(a)) is studied in order
to investigate whether cell membranes must be considered over the entire investigated
frequency range (i.e. 10Hz to 100 GHz) or whether they may be neglected since their ca-
pacitive nature causes them to be bypassed at high frequencies. In these investigations,
two aspects are of primary interest: (1) The electric potential and the resulting losses oc-
curring at both the plasma membrane and the nuclear envelope under the application of
an electric field and (2) the effect of these membranes on the effective material properties
of the simulated cell (suspension). In the following, the methodology of this numerical
study and the variables involved are explained (Sec. 8.2.1). The results are then presented
(Sec. 8.2.2).

8.2.1 Methodology

The first aspect is addressed by adopting the methodological approaches presented in
(16, 62], where the induced potential difference across the plasma membrane, Uy, and
that across the nuclear envelope, Uy;;, were monitored as shown in Fig. 8.3(b). The volu-
metric loss densities corresponding to the induced membrane voltages can be calculated
using p; =o; - (U;/ t)?, expressed in W/ m?3, where ¢; and 7; represents the thickness and
conductivity of the membrane, respectively, and the index i € {PM, NE} denotes either the
plasma membrane or the nuclear envelope. However, the arbitrary choice of the voltage
applied to the computational domain, Uy, means that it is relative rather than absolute
values that are significant. The relative values are calculated for the membrane voltages,
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U;, by normalizing to U, and for the loss densities, p;, by normalizing to the maximum
observed loss density, pmax. Pmax = max(maxy ppa(f), maxy pye(f)) and is defined as
the maximum loss density detected over the investigated frequency interval at either the
plasma membrane or the nuclear envelope.

Moving on to the second aspect requiring consideration, the effective material parame-
ters of the cell (suspension) were determined using the virtual capacitor experiment as
depicted in Fig. 8.3(d). The time-harmonic quasi-static EM analysis in the form of the ca-
pacitor setup presented in Sec. 8.1.3 leads to an effective admittance that is represented
by an equivalent electrical parallel circuit consisting of the elements G(w) and C (). This
is given by

- I(w) < .
Y(w) = _7 = G(w) +juC(w) (8.4)

=o
where the applied voltage, U, and the resulting current, I(w), are directly accessible via
COMSOL Multiphysics for an angular frequency w = 27 f. The dispersive effective mate-
rial properties, £;(w) and 6 (w), are thus easily deduced according to

Y( )-ﬁ—M-ﬁ—% ) +jweoEr () (8.5)
Y(w A_QO A—gw JgeoarwJ .

G

where d is the parallel plate distance and A is the area of the electrode. In Eq. 8.5, the
right-hand term can be interpreted as the complex effective conductivity of the homoge-
nized effective material, 6 (w), from which the required material parameters directly fol-
low:

0(w) = Re{g (w)} (8.6)
Im{&
£ () = O ®.7)
wEo

In order to consider anisotropies in the effective material, the quasi-static capacitor anal-
ysis is performed with excitation in the x, y and z directions yielding corresponding
frequency-dependent second-rank tensors for the effective conductivity,

Gx@ 0 0
Tw= 0 &y 0 (8.8)
0 0 G,
and
g'r,x (w) 0 0
Tiw=| 0 &y 0 | 8.9)
0 - 1 ()
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As originally discussed in Sec. 8.1.1, the numerical quantities addressing both aspect one
and aspect two will be investigated in the context of a parameter analysis that varies the
diameter of the nucleus so that the share of the cell volume, cy, covers 0.3 to 0.9. The
simple geometry of the spherical cell model allows the results of the numerical investiga-
tions carried out here to be compared with those published in [16,61,62,69]. In this way,
the comparison with the analytical results of the above-mentioned references provides a
verification of the computational model that has been implemented.

The addition of variable geometry, represented by cy, along with the dispersive material
properties of the individual cell compartments, requires more comprehensive analysis
compared to the previously cited studies, which only considered constant material pa-
rameters. This analysis is needed to identify variations in cell geometry (i.e. in cy), rather
than the dispersive material properties of the individual cell components, as being the
cause of dispersive characteristics in the spectral analysis of the effects under investiga-
tion. Given this requirement, the methodologies adopted from the cited studies need to
be conceptually extended by considering the computational domain as an electrical net-
work. An example of this is shown in Fig. 8.3(c) where an equivalent circuit model of the
simple spherical cell is given in which all the possible current paths are summarized by
RC shuntimpedances. The abbreviations EC, PM, CP, NE and NP denote the extracellular
medium, the plasma membrane, the cytoplasm, the nuclear envelope, and the nucleo-
plasm respectively. Using this equivalent circuit model in Subsec. 8.2.2.1, it is possible
to make qualitative statements about how changes in the geometry of the cell effect the
shunt elements in the individual current paths. Increasing the nuclear radius, for exam-
ple, results in a lower shunt conductance in the cytoplasmic pathway. These considera-
tions, in combination with the material ranges (MR) defined in the previous subsection,
provide a framework to qualitatively separate and distinguish the influence of dispersive
material properties and changes in the geometric structure of the cell. In practice, this
is performed by plotting the material ranges above the spectral responses of each quan-
tity under investigation. The ranges then allow the changes in the underlying material
properties to be related to changes in the dispersive characteristics being observed. The
implementation of this concept can be seen in all of the illustrations shown in the follow-
ing results section.

8.2.2 Results

The investigations to determine the need for membrane modeling are presented below.
As described in the previous section, this is done in two steps: In a first step, discussed
in Sec. 8.2.2.1, the induced membrane voltages and the resulting losses occurring at both
the plasma membrane and the nuclear envelope are studied in the context of a parameter
analysis varying the diameter of the nucleus (cy € [0.3,0.9]) along with a broadband fre-
quency analysis taking into account the dispersive material properties. In a second step,
the effect of cell membranes on the effective macroscopic permittivities of the capacitor
setup is discussed in Sec. 8.2.2.2, also in the context of the same parameter analysis. The
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frequency ranges corresponding to changes in the underlying material properties (i.e.,
material ranges) are plotted above the spectral responses of each quantity under investi-
gation and help to attribute observed effects either to changes in the material parameters
or to effects caused by the geometric composition of the cell model.

8.2.2.1 Induced Membrane Voltage and the Resulting Losses Occurring at
both the Plasma Membrane and the Nuclear Envelope

In Fig. 8.4(a), the induced membrane voltages normalized to the voltage applied to the
computational domain, Uy, can be observed. The blue curves correspond to the voltage
monitored at the plasma membrane, Upy;, and the red curves correspond to the voltage
monitored at the nuclear envelope, Ung, (see. Fig. 8.3(b)). The dashed, solid, and dashed-
dotted lines show the results of cell models with a volume fraction of the nucleus in the
cell of cy = 0.3, cxy = 0.6, and ¢y = 0.9, respectively.

In general, Upy shows low-pass behavior and Ung shows bandpass behavior. The pa-
rameter analysis leads to the identification of two effects on the induced membrane volt-
age: (1) The larger the nuclear radius, the lower the frequency at which the transitions to
low-pass behavior across the plasma membrane can be observed. (2) Correspondingly,
bandpass behavior also shifts to lower frequencies while also demonstrating higher in-
duced voltages at the nuclear envelope. The range of observed membrane voltages cor-
responding to the cy values under investigation is confined by the dotted (i.e., cce = 0.3)
and dashed-dotted (i.e., ccepp = 0.9) lines and highlighted by the gray-shaded areas in be-
tween.

To separate the influence of dispersive material properties from that of changes in cell
geometry, the observed effects on membrane voltages are evaluated with respect to the
material ranges (MR) represented by the beige bars above Fig. 8.4(a). The initial changes
in the response of the membrane voltages induced at both the nuclear envelope and the
plasma membrane occur in MR 1 and thus, are not caused by any change in the underly-
ing material parameters. Consequently, the shift of the onset of the observed effects can
be explained by the geometrical composition of the cell model. Considering the equiv-
alent circuit model of the computational domain in Fig. 8.3(c), two parallel paths exist
within the cell, one leading through the nucleus and one bypassing it. In the case of a
larger nucleus, the cross-sectional area of the bypassing cytoplasm path is reduced re-
sulting in lower conductance. This, in turn, leads to a higher impedance of the whole
cell interior (i.e. cytoplasm and nucleus path) causing an significant increase of the in-
duced membrane voltage at the nuclear envelope at lower frequencies. At frequencies
larger than 5MHz in MR 2, the conductivity of the membrane increases and reduces the
difference between the impedances of the circuit passing through the nucleus and the
one bypassing it. As a result, the voltages Upy and Ung of the different model variants,
indexed by the individual volume fractions, cy, begin to align and seem to converge to a
single curve again.
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Figure 8.4: (a) Overview of the induced membrane voltages normalized to the voltage applied to
the computational domain, Uy, and (b) the volumetric loss density normalized to the maximum
observed volumetric density, pmax. The blue curves show these measures at the plasma mem-
brane (PM), the red ones at the nuclear envelope (NE). The dashed, solid, and dashed-dotted
lines show the results of cell models with a volume fraction of the nucleus in the cell of ¢y = 0.3,
en = 0.6, and ¢y = 0.9, respectively.

The volumetric loss density normalized to ppax is displayed in Fig. 8.4(b). The blue curves
correspond to the loss densities at the plasma membrane, ppy;, and the red curves cor-
respond to the corresponding position on the nuclear envelope, png,. The dashed, solid,
and dashed-dotted lines show the results of cell models with a volume fraction of the
nucleus in the cell of cxy = 0.3, ¢y = 0.6, and ¢y = 0.9, respectively.

Here it can be observed that for frequencies lower than 1 MHz, the volumetric loss den-
sity is relatively low compared to that at larger frequencies. This can be explained by the
low conductivity of the membrane resulting in a barrier for every current penetrating it.
For larger frequencies, the loss densities in both the plasma membrane and the nuclear
envelope increase strongly, reaching a global maximum between 1 GHz and 10 GHz. This
increase is initiated due to the decreasing relative permittivity of the membranes in MR 3.
The rapid decrease of the volumetric loss density after reaching the maximum is initiated
by the decrease of the permittivity of the cytoplasm and the nucleoplasm in MR 5. In con-
trast to the observed effects on the induced membrane voltages, the size of the nucleus
has only little influence on the volumetric loss density. This is illustrated by the range of
observed values confined by the dotted (i.e., ccep = 0.3) and dashed (i.e., ccep = 0.9) lines
and highlighted by the gray-shaded areas in between.

8.2.2.2 The Effect of Cell Membranes on the Effective Material Parameters
of the Spherical Cell Model

The effective material parameters of the simulated cell (suspension) are illustrated in
Figs. 8.5(a) and (b), showing the relative permittivity and the conductivity respectively.
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The dashed, solid, and dashed-dotted lines show the results of cell models with a volume
fraction of the nucleus in the cell of cx = 0.3, cx = 0.6, and ¢y = 0.9, respectively.

The effective permittivity depicted in Fig. 8.5(a) clearly displays a range of values between
10kHz and 1 MHz for the various models under investigation. It can be seen that the cell
model with the larger nucleus leads to a reduced ability to accumulate charges, due to the
previously discussed shift of the induced membrane voltages within the cell, especially
at the plasma membrane. The size of the nucleus thus leads to a lowering of the char-
acteristic frequency of the interfacial polarization. Due to the high conductivity of the
extracellular medium, no variations within the effective conductivity of the suspension
can be observed.
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Figure 8.5: Overview of the effective macroscopic material properties: (a) Effective relative per-
mittivity and (b) effective conductivity for volume fractions of the nucleus in the cell of cx = 0.3,
cn = 0.6, and ¢y = 0.9, respectively.

The cell models investigated were compared to analytical models based on mixing rules.
The comparison showed maximum relative errors of < 0.5 % for both conductivity and
permittivity over the entire interval. The calculation rules for verification can be found in
Appendix A.

8.3 The Influence of Organelles on the Field
Distribution in the Interior of Eukaryotic Cells

In the following, the implications of considering membrane-enclosed organelles in cell
modeling will be discussed in terms of two aspects: (1) the influence of internal organelles
on the field distribution within a cell (i.e., microdosimetry), and (2) the effect of this influ-
ence on the effective material properties of the simulated cell (suspension). The method-
ology for performing these effects is first outlined in Sec. 8.3.1. The results of the outlined
investigations are then presented in Sec. 8.3.2.
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8.3.1 Methodology

In order to investigate the influence of organelles enclosed by a membrane, the field dis-
tribution within the cell in both ellipsoidal models is studied. In these investigations, two
aspects are of primary interest: (1) The absolute field distribution within the cell model
with an ER and (2) the differences in the field distribution comparing the models with
and without an ER. Both aspects will be addressed in a threefold analysis. First, the field
distribution of current and volumetric loss density within the ellipsoidal cell models will
be graphically analyzed in the symmetry plane which is parallel to the electrodes. After
that, spatial minima and maxima will be determined and analyzed in the investigated
frequency range (10Hz to 100 GHz). Finally, the fields will be integrated using the spatial
segmentation introduced earlier providing an overview of the currents flowing through
and losses occurring within the cell models.

In order to introduce this field analysis in detail, the distribution of the absolute mag-
nitude of the current density, IZI, in A/m? and the volumetric loss density, p, in W/ m?3
are plotted in Fig. 8.6(b) for the cell models with and without and an ER. As illustrated
in Fig. 8.6(a), the field distributions of both quantities are displayed in the XZ plane un-
der application of the voltage U in the y-direction at 10 Hz. According to the color scale
on the right of Fig. 8.6(b), red areas indicate maximum values and light areas indicate
minimum values.

Considering Izl and p as a function of space, 7, and frequency, f, the comparison of the
field distributions of both ellipsoidal models yields the relative spatial differences of the
current density, AJ, and the volumetric loss density, Ap, which are shown in Fig. 8.6(c)
and defined as follows:

I Dler— T (7, flec
LGRS

Ip(7, Nlgr = Ip(F, Nlec
(1P H)Der

AJ(F, f) =

(8.10)

Ap(F, f) = (8.11)

The indices ER and EC denote the endoplasmic reticulum and the ellipsoidal cell with-
out endoplasmic reticulum respectively, and (|J(7, f)|)gz and {|p(¥, )| )¢z are the spatial
averages within the whole cell with an ER. Thus, AJ and Ap represent the spatial differ-
ences within the cell models normalized to the spatial average as a function of frequency
and position. This is graphically illustrated by the red boxes around the column head-
ers and the signs between them in Fig. 8.6. From the field plots shown in Fig. 8.6(b), it
can be seen that some regions within the cell model with an ER have higher current and
volumetric loss densities than the same regions in the cell model without an ER, and vice
versa. Therefore, the visualization of these differences is adjusted by using a symmetrized
color scale in Fig. 8.6(c). According to the numerator terms in Egs. 8.10 and 8.11, the red
(positive) and blue (negative) areas in Fig. 8.6(c) can be interpreted as follows. In the red
areas, the model with an ER has field strengths that are higher than those of the model
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(b) ‘ | ‘ %

Figure 8.6: Illustrative example of the stages of the field analysis using the ellipsoidal models at
10Hz: (a) Ellipsoidal cell models highlighting the plane of investigation (XZ plane) in blue. The
red arrows passing through both ellipsoidal cell models indicate an applied voltage U in the y-
direction. (b) The current density, Izl, and the volumetric loss density distribution, p, are displayed
in the XZ plane at 10 Hz. Maximum values are indicated by red areas and minimum values by light
areas. The field plots can be observed while applying a voltage in the y-direction. (c) The distribu-
tion of the differences in current density, A/, and the volumetric loss density, Ap, displayed in the
XZplane at 10Hz. AJ and Ap are defined as formulated in Egs. 8.10 and 8.11. Maximum values are
indicated by red areas and minimum values by blue areas. The field plots can be observed while
applying a voltage in the y-direction.

without an ER, and in the blue areas, the model with an ER has field strengths that are
lower than those of the model without an ER. This graphical evaluation shows in which
areas the field magnitudes are overestimated or underestimated in a model without or-
ganelles. Grey regions indicate areas where there are no, or only very small, differences
between the models with and without an ER.

Moving away from this illustrative example investigating a single frequency towards the
general broadband investigation conducted in this study, it is necessary to interrelate and
quantitatively compare the spatial minimum and maximum field values over the entire
spectrum. For the current density, Izl, and the volumetric loss density, p, this is done by
determining the spatial minimum and maximum values of Jmin/max @and Pmin/max OVer
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the entire frequency range investigated:

min |J(f, )l

]min/max(f) =4¢ 7 - . (8.12)
max LJ(f, P
min p(f,7)

Pmin/max(f) =1 ' . (8.13)
: T max p(f, 7)

However, due to the arbitrary choice of the voltage Uy, only relative values are of sig-
nificance, and thus, Jmin/max and pmin/max Need to be normalized to the global maxima
observed in the entire frequency range. Defining Japs max and pabs max as

Jabs,max :mf?lX]max(f) (8.14)

and
Pabs,max :mfax Pmax(f) (8.15)

the normalized logarithmic amplitude ratios

]min/max (f) )
Jn =20 lo (— (8.16)
B 810 ]abs,max(f)
and
pmin/max(f) )
n =10 lo (— (8.17)
P 810 Pabs,max (f)

can be calculated and used for spectral analysis. In contrast, for the spatial differences
of the current density, A/, and the loss density, Ap, a spectral analysis can be easily per-
formed by determining the respective minima and maxima over the frequency range:

min AJ(f,7)
AJmin/max(f) =4 ' . (8.18)
maxAJ(f,7)
=
min Ap(f,7)
Apmin/max(f) =4 : (8.19)
Pmin/max (f max Ap(f, )
S

This is possible since AJ and Ap represent comparative quantities between two models
which are already normalized to the spatial average of the respective quantities occurring
in the ellipsoidal cell model with an ER. To complete the threefold analysis, the focus
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now turns to the relative current and loss distributions within the cell rather than the
spatial distributions of current and volumetric loss densities. These relative quantities
are defined as

I
(8.20)
Icell
and
P;
(8.21)
Pcell

where i € {CP;NP;ER} denotes the cytoplasm, nucleoplasm or endoplasmic reticulum.
The currents in each compartment,

L(f)= ffA J(f,P) -7 dA; (8.22)

are obtained by integrating the current densities in the sectional planes of the cell un-
der investigation (see. Fig. 8.1(g)-(i)) over the surface area of each compartment (see.
Fig. 8.1(j)-(k)) with 7i € {éy, &, é.}. Correspondingly, the losses in each compartment,

Pi(f)=ffvf5(f,?)-ﬁdvi (8.23)

are obtained by integrating the loss densities over the volume of the individual compart-
ments (see Fig. 8.1(d)-(f)). The cell currents and cell losses are defined as

Ieen (f) =Icp(f) + Inp(f) + Igr(f) (8.24)
Peen(f) =Pcp(f) + Pnp(f) + Per(f) (8.25)

In addition to the microdosimetric analysis presented above, the effect of a modeled ER
on the effective macroscopic material properties will be assessed by applying the ap-
proach outlined in Sec. 8.2.1.

8.3.2 Results

As introduced in the previous subsection (i.e., Sec. 8.3.1), the influence of organelles en-
closed by a membrane on the field distribution inside the cell is investigated by apply-
ing the the threefold analysis given above, which covers the graphical evaluation of field
distributions, the quantification of spatial minima and maxima in the observed field val-
ues, and the determination of integral EM measures within the individual cell compart-
ments using spatial segmentation. The investigation begins with an analysis of the ab-
solute magnitude of the current density, IZI, and volumetric loss density, p, throughout
the interior of the ellipsoidal cell model with an ER in Sec. 8.3.2.1. Subsequently, the field
distribution within the model with an ER is compared with that of the ellipsoidal cell
model without an ER, focusing on the resulting differences that would arise in the mod-
eling process if the cell interior were (over)simplified in Sec. 8.3.2.2. Finally, the effect of
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an internal distributed membrane system on the effective macroscopic permittivities of
the cell is evaluated in Sec. 8.3.2.3.

8.3.2.1 Field Analysis of the Ellipsoidal Cell Model with an Endoplasmic
Reticulum

An overview of the field analysis investigating the influence of organelles enclosed by a
membrane to the field distribution of the cell interior is provided by Fig. 8.7. In Fig. 8.7(a),
the current density, IZI, and the volumetric loss distribution, p, are displayed in the XZ
plane at different frequencies. Maximum values in each plot are indicated by red areas
and minimum values by light areas. The field plots show data under the application of
a voltage in the y-direction. To interrelate and quantitatively assess the minimum and
maximum values of the color scale in the field plots in Fig. 8.7(a), Jn,min/max @nd Pn,min/max
are displayed in Figs. 8.7(b) and (c) respectively.

(a) XZ plane | Corresponds to Up in y-direction (cf. (b) and (c))
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Figure 8.7: Overview of the field analysis investigating the influence of organelles enclosed by a
membrane on the field distribution of the cell interior: (a) The current density, IZI, and the loss dis-
tribution, p, are displayed in the XZ plane at different frequencies. Maximum values are indicated
by red areas and minimum values by light areas. The field plots can be observed while applying a
voltage in the y-direction. (b)-(c). Quantitative assessment of the minimum and maximum values
of both J;, (see. Eq. 8.16) and the py,, (see. Eq. 8.17) plotted on a logarithmic scale. The indices in
the legend, x, y and z, denote the direction of the voltage applied in the capacitor experiment.
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In Fig. 8.7(a), it can be seen that the cisternal organelle structures, which are concentrated
around the nucleus, cause a heterogeneous field distribution in the cytoplasm. The lay-
ered structure of the membranes of the ER around the nucleus throughout the CP means
that the current entering the cell is primarily conducted via the outer cell edge and the
current and volumetric loss densities around and in the nucleus are comparatively low,
especially at low frequencies. At a frequency of 10Hz for example, it can be seen that
almost no current flows or losses occur in the ER or the nucleus. However, these com-
partments become increasingly penetrable as the frequency increases. At frequencies of
10MHz and above, a current distribution is established within the cell that corresponds
approximately to the area of the respective compartments on the (cross-)sectional plane
of the cell. In Fig. 8.7(b), it can be observed that the maximum current density at 10Hz
is about 10dB smaller than at 100 GHz. The reason for this is the high conductivity of the
extracellular medium and the low conductivity of the plasma membrane. Roughly speak-
ing, the current density within the cell increases strongly between 100 Hz and 1 MHz. Fur-
thermore, the difference between the minimum and maximum current density decreases
from about 90dB to < 1.5dB. For frequencies larger than 1 MHz, the current density in-
creases further and reaches a plateau around 100 GHz. To summarize, it can be noted
that low cell currents with high relative current density differences occur at frequencies
< 1MHz while high currents with lower differences are observed at frequencies > 1 MHz.
These statements can also be made for the volumetric loss density shown in Fig. 8.7(c).

Table 8.4: Overview of the normalized minimum and maximum current and loss densities in the
frequency interval between 1 GHz and 100 GHz.

Current Density

Frequency (GHz) J, n,min,y J, n,max,y J, n,miny — J, n,max,y J, max,y / J, min,y

100 -0.182 -0 -0.182 1.016
50 -1.012 -0.87 -0.142 1.021
10 -7.908 -6.74 -1.168 1.144
1 -26.9 -25.63 -1.27 1.157

Volumetric Loss Density

Frequency (GHz) pnminy Pnmaxy Pnminy —Pnmaxy Pmaxy / Pmin,y

100 -0.182 -0 -0.182 1.043
50 -0.679 -0.364 -0.313 1.075
10 -7.15 -5.987 -1.163 1.303

1 -21.897  -20.618 -1.279 1.342

Tab. 8.4 provides an overview of the normalized minimum and maximum current and
volumetric loss densities in the frequency interval between 1 GHz and 100 GHz. It is worth
noting that the ratio between the maximum and minimum current density is between
1.016 and 1.157 and that of the volumetric loss density between 1.043 and 1.342, and
thus, a non-negligible difference between currents and losses in the outer edge of the cell
interior and the nucleus exists, even at such high frequencies.
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To be concise, a comprehensive field analysis of the cell model without an ER is omit-
ted, since this information is inherently contained within the comparative field analysis
between the two ellipsoidal models presented in the following subsection.

8.3.2.2 Comparative Field Analysis of the Ellipsoidal Cell Models with and
without an Endoplasmic Reticulum

An overview of the comparative field analysis investigating the influence of organelles en-
closed by a membrane to the field distribution of the cell interior is provided by Fig. 8.8.
Here, the emphasis is to contrast the differences in the field distribution when model-
ing the cell with and without an ER. In Fig. 8.8(a), the distribution of the differences in
the current density, AJ, and the volumetric loss density, Ap, is displayed in the XZ plane
at different frequencies. AJ and Ap are defined as formulated in Egs. 8.10 and 8.11 in
Sec. 8.3.1. Maximum values in each plot are indicated by red areas and minimum val-
ues by blue areas. The field plots show data under the application of a voltage in the
y-direction. To interrelate and quantitatively assess the minimum and maximum values
of the color scale in the field plots in Fig. 8.8(a), A Jmin/max and A Pmin/max are displayed in
Figs. 8.8(b) and (c) respectively.

Observing the field distribution of AJ and Ap atlow frequencies (< 10kHz) in Fig. 8.8(a), it
can be seen that an ER enclosed by a membrane has a large influence on the current and
volumetric loss density, as these regions are electrically shielded. At frequencies larger
than 10kHz and less than 10 MHz, it becomes very clear that although shielding provided
by the ER is not absolute, the current distribution is changed in such a way that currents
are mainly conducted at the outer edge of the cell compared to the model without ER.
In particular, the field images at 1 MHz show that the cascade-like concentric layering
of the ER around the nucleus leads to its electrical shielding, thus, the ellipsoidal cell
model without an ER overestimates the current flowing through or around the nucleus.
Looking at the spectral responses of the minimum and maximum values of A Jiin/max and
A pmin/max illustrated in Figs. 8.8(b) and (c) respectively, it can be seen that the differences
between the current and loss densities in both models are relatively low for frequencies
> 10MHz in the entire cell space.

Shifting attention from the analysis of the current and volumetric loss density distri-
bution performed previously, the relative current and loss distribution within both cell
models will now be analyzed using the integral quantities defined in Sec. 8.3.1 (see
Egs. 8.20 to 8.25). In Fig. 8.9, the differences between the relative currents and losses
in the individual cell compartments are contrasted in both ellipsoidal cell models. The
currents and losses in the model with an ER are displayed in Fig. 8.9(a) and (c) respec-
tively, while Fig. 8.9(b) and (d) display these quantities in the model without an ER. In the
legends, the indices CP, NP and ER denote the cytoplasm, nucleoplasm and endoplas-
mic reticulum and x, y and z, denote the direction of the voltage applied in the capacitor
experiment.
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(a) XZ plane | Corresponds to Up in y-dlrectlon (cf. (b) and (c))
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Figure 8.8: Overview of the comparative field analysis investigating the influence of organelles
enclosed by a membrane to the field distribution of the cell interior contrasting the differences
occurring when modeling the cell with or without an ER: (a) The distribution of the differences in
the current density, A/, and the volumetric loss density, Ap, displayed in the XZ plane at differ-
ent frequencies. AJ and Ap are defined as formulated in Egs. 8.10 and 8.11. Maximum values are
indicated by red areas and minimum values by blue areas. The field plots can be observed while
applying a voltage in the y-direction. (b)-(c) Quantitative assessment of the minimum and maxi-
mum values of both AJ (see Eq. 8.18) and Ap (see Eq. 8.19) are plotted. The indices in the legend,
x, y and z, denote the direction of the voltage applied in the capacitor experiment.

In Fig. 8.9(a) for instance, it can be clearly seen that cell currents at frequencies < 1kHz
are almost exclusively conducted in the cytoplasm, with little or no current in the ER
and the nucleus. At frequencies > 1kHz, the cell current also flows through the cister-
nae of the ER. Furthermore, it can be seen that the nucleus only conducts a part of the
cell current from a frequency > 100kHz upwards. At frequencies of 10 MHz and higher, a
current distribution is established within the cell that corresponds approximately to the
area of the respective compartments on the (cross-)sectional plane of the cell. Due to
the different dimensions of the individual compartments in the (cross-)sectional plane,
a slightly anisotropic current distribution can be observed. These observations can also
be transferred to the relative cell losses displayed in Fig. 8.9(c). Another finding is that the
nucleus conducts current at higher frequencies than the rest of the organelles, because
of the thicker membrane assumed in the model (f = 7nm and fyg = 40nm). In addi-
tion, Fig. 8.9(b) and (d) display the relative current and loss distributions for the model
without an ER to better relate them to those of the model with an ER.
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Figure 8.9: Comparison of the spectral response of the relative current and loss distribution within
the individual cell compartments between the cell model with an endoplasmic reticulum (ER)
and the one without. (a) and (c) display the relative currents and losses in the individual cell com-
partments in the ellipsoidal cell model with an ER, while (b) and (d) display these quantities in
the model without an ER. The indices, CP, NP and ER, denote the cytoplasm, nucleoplasm and
endoplasmic reticulum. The indices in the legend, %, y and z, denote the direction of the voltage
applied in the capacitor experiment.

8.3.2.3 The Effect of an Endoplasmic Reticulum on the Effective Material
Parameters of the Ellipsoidal Cell Models

The effective material parameters of the simulated suspension are displayed in
Figs. 8.10(a) and (c) for the cell model with an endoplasmic reticulum and in Figs. 8.10(b)
and (d) for the model without an ER. The indices, x, y and z, denote the direction of the
voltage applied in the capacitor experiment, based on the semi-axes of the cell defined
in these directions.

Comparing the effective macroscopic permittivity of both models, &g, it can be ob-
served that there is no difference in the static permittivity for frequencies < 10kHz. The
direction of the applied voltage, however, leads to different values for the permittivity
while the pattern of this anisotropy remains the same between the two models. In the fre-
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Figure 8.10: Overview of the effective material properties of the ellipsoidal cell models: (a) and
(c) display the effective permittivity, £, sus, and conductivity, Gy, of the cell suspension with cells
including an endoplasmic reticulum (ER), and (b) and (d) display the values of a suspension with-
out an ER. The indices in the legend, x, y and z, denote the direction of the voltage applied in the
capacitor experiment.

quency range highlighted in grey (i.e. between 10kHz and 1 MHz), differences between
the models can be observed. In the model with an ER, the characteristic frequency of
the interfacial polarization process shifts towards lower frequencies, so that the observed
Maxwell-Wagner roll-off starts at low frequencies. This is especially true when the volt-
age is applied in the x-direction, since in this case, the largest number of cisternae lies
between the plasma membrane and the nuclear envelope (see Fig. 8.1(c)). This can be at-
tributed to the changes in the transmembrane potential as discussed earlier (see
Sec. 8.2.2.1). At frequencies where the impedance of the plasma membrane loses its over-
riding dominance, the concentric arrangement of many cisternal membranes leads to a
series of internal voltage drops and a potential distribution that is oriented toward the
interior of the cell. For frequencies > 1 MHz, all curves converge to the same value and
show the same trends in both models. Due to the high conductivity of the extracellular
medium, the ER has no impact on the effective conductivity of the suspension. As already
observed for the spherical cell model, the effective conductivity of the ellipsoidal model
is primarily governed by the material properties of the extracellular space.
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8.4 Summary and Conclusions

As part of a comparative study investigating the impact of increasing levels of detail in
modeling eukaryotic cells, new methods for the graphical and quantitative analysis of re-
sulting field distributions within cell bodies have been presented. In addition, the quali-
tative separation of and distinction between the influence of dispersive material proper-
ties and changes in the geometric structure of the cell have been demonstrated.

Using a simple spherical cell model, it has been shown that the cell membrane has to
be considered at low frequencies (< 1 MHz) as well as at high frequencies (> 1 MHz) for
the following reasons. At low frequencies, the modeling of the membrane is necessary
because, in the absence of induced physiological changes such as electroporation, the
membrane electrically shields the interior of the cell and has a high impact on the effec-
tive relative permittivity of the cell system. At high frequencies, modeling of the mem-
brane is necessary because the different characteristic frequencies of the dispersive ma-
terial functions lead to peaks in the volumetric loss density in the membrane, which
must be considered in the context of microdosimetric investigations. This conclusion is
in agreement with analytical and numerical studies published in [16] and [17].

Using an ellipsoidal cell model involving an ER, microdosimetric investigations have
shown that a system of organelles enclosed by membranes has a large influence on the
field distribution within the cell. At frequencies below 10kHz, it has been demonstrated
that organelle structures may act like barriers due to their material properties. As a re-
sult, cell currents tend to be conducted across the outer edge of the cell. In general, the
maximum relative difference between the largest and smallest local current and loss den-
sities occurs at such low frequencies, with the high resistance of the cell membrane al-
lowing only small currents to enter the cell. At frequencies between 10kHz and 10 MHz,
the membranes become increasingly penetrable, causing the cell current to increase and
the relative differences between minimum and maximum field strengths to decrease, re-
sulting in the field distribution becoming increasingly homogeneous. Despite this trend
toward a more homogeneous current and loss distribution, it has been demonstrated that
the ratio between the maximum and the minimum current density is still 1.157 and the
corresponding value for the volumetric loss density is still 1.342 at frequencies as high as
1GHz and so, the variation should not be considered negligible.

Comparing ellipsoidal cell models with and without an ER, it has been shown that ne-
glecting the cisternae of organelles in the model without an ER leads to a strong un-
derestimation of both the current and volumetric loss density distribution at the outer
edge of the cell, while at the nucleus, both values are overestimated. This observation
has been consistently made over the entire frequency range studied, despite the better
conductivity of the membrane at higher frequencies. Thus, although the cisternae of the
ER no longer act as rigid barriers, their membranes increase the resistance of the current
paths that lead across the nucleus by layering many membranes on top of each other, as
a result of which the current density in the nucleus is significantly higher in the model
without an ER. In conclusion, microdosimetric studies evaluating potential health risks
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from EM exposure at the cellular level should therefore include cell organelles in model-
ing field-tissue interactions, even at frequencies used or being considered for use in 5G
telecommunications standards (600 MHz to 2.5 GHz and 24 GHz to 52 GHz).
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O Bottom-Up Multiscale Model of
the Epidermis

In the following chapter, a hierarchical multiscale model of the epidermis is developed
by applying the knowledge of eukaryotic cell modeling presented in Chap. 8 to a bottom-
up approach pioneered by Huclova [45]. Using this approach, the physiological features
of cell structure within epidermal cell layers in terms of cell shape, structure, and histo-
chemical composition are translated into a computational model of the epidermis. This
model will then be used in later chapters of this thesis to perform (micro)dosimetric stud-
ies of the epidermis based on full-wave EM simulations.

To conceptualize a comprehensive bottom-up multiscale model of the epidermis (see
Fig.9.1(a)), the system must be considered on both a macroscopic and microscopic scale.
On the macroscopic scale, the epidermis is considered to be a stratified material struc-
ture consisting of 10 cell layers comprising the viable epidermis (i.e. the SB, the SS and
the SG) [32] and 14 cell layers comprising the SC [101]. At the microscopic scale, the layers
of the viable epidermis are represented by 10 individual keratinocyte models showing all
stages of keratinization, and the layers of the stratum corneum are represented by 14 in-
dividual corneocyte models showing different stages of hydration. In order to convert this
purely conceptual, histological representation of the epidermis into a bottom-up model
(see Fig. 9.1(b)), parametric CAD models of the two cell types must first be created and
adapted to the physiological conditions of the individual cell layers. These adapted cell
models can then be used in numerical quasi-static EM simulations to determine the ef-
fective material parameters of each cell layer. This allows the microstructure of the cells to
be represented on a macroscopic scale by frequency-dependent effective permittivities,
gr,Kp (w) and gncq (w), where the indices p and g, with p € {1;2;...;10} and g € {1;2;...; 14},
correspond to the individual cell layers from the inside outwards.

In order to derive the parameters of the CAD models used to represent the physiologi-
cal conditions in each of the cell layers mentioned above, the stages of keratinization in
the viable epidermis and hydration in the stratum corneum will be discussed in terms of
two aspects: (1) geometrical changes of the cell and its organelles, and (2) histochemical
changes within the cell compartments and the extracellular space. Following this discus-
sion, the effective material properties of the epidermis at both the microscopic and the
macroscopic scale will be derived yielding a dielectric representation of the epidermis
that allows (micro)dosimetric investigations.
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Figure 9.1: Bottom-up multiscale model of the epidermis: (a) Simplified histological representa-
tion of the epidermis. The epidermis is considered to be a stratified material structure consisting
of 10 cell layers forming the viable epidermis and 14 cell layers forming the stratum corneum (SC).
The viable epidermis comprises the stratum basale (SB), the stratum spinosum (SS) and the stra-
tum granulosum (SG). The keratinocytes within the viable epidermis show different stages of ker-
atinization and the corneocytes within the SC show different stages of hydration. The epidermis
is contiguous with the dermis (D), which is considered homogeneous. (b) Bottom-up multiscale
model of the epidermis in which the individual cell layers are represented as homogeneous ma-
terial layers. The dispersive material properties of these layers, §I’Kp (w) and gncq (w), are obtained
using numerical homogenization. The indices p and g, with p € {1;2;...;10} and g € {1;2;...;14},
correspond to the individual cell layers from the inside outwards.

9.1 Geometric Parametrization of the Bottom-Up
Model of the Epidermis Derived from the
Scientific Literature

The following section is divided into three subsections. The first subsection presents the
geometric parameters of the keratinocytes and the second subsection presents those
of the corneocytes. Both of these subsections follow the same structure: First, the CAD
model of the corresponding cell type and its geometric parameters are presented in gen-
eral, and then the design rules for each cell layer are derived based on skin anatomy. In
the third subsection, the geometric dimensions of the epidermal sublayers are summa-
rized and the macroscopic model of the epidermis is derived.
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9.1.1 Parametric Model of the Keratinocytes

Cut Planes <

€ NP Er,CP ErEC

Figure 9.2: Parametric CAD model of a keratinocyte in the viable epidermis showing a basal ker-
atinocyte as an illustrative example: (a) Keratinocyte modeled as a square cuboid containing
an ellipsoidal nucleus concentrically surrounded by shells emulating organelle membranes. The
plasma membrane, the nuclear envelope and the organelle membranes are considered as phos-
pholipid bilayers and are depicted in brown. The keratinocyte can be further subdivided into
the cytoplasm colored beige and the nucleoplasm colored purple. The cytoplasm is separated
from the cell exterior by the plasma membrane and the nucleoplasm is separated from the cyto-
plasm by the nuclear envelope. (b)-(d) Transparent wire frames of the cell models highlighting the
nucleus, the organelle membranes and the cytoplasm respectively. (e)-(f) Cross-sectional planes
through the cell showing the xy plane and the yz plane respectively. The extracellular space is col-
ored light blue. The material properties of the extracellular medium (EC), the cytoplasm (CP), the
nucleoplasm (NP) and the membranes (M) are denoted by €, ¢, €, cp, €, xp aDd £, TeSpectively.

The parametric CAD model of keratinocytes is introduced using Fig. 9.2, which shows a
basal keratinocyte as an illustrative example. The plasma membrane, the nuclear enve-
lope and the organelle membranes are considered as phospholipid bilayers depicted in
brown in Fig. 9.2(a). The cell interior can be subdivided into two compartments: (1) the
cytoplasm (CP) depicted in beige, and (2) the nucleoplasm (NP) depicted in purple. The
CAD model of the keratinocytes is embedded in a cuboidal computational unit cell (UC)
with a volume approximately 2% larger than the cell body. The cytoplasm is separated
from the cell exterior by the plasma membrane (PM) and the nucleoplasm is separated
from the cytoplasm by the nuclear envelope (NE). The organelle membranes (OM) are
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9 Bottom-Up Multiscale Model of the Epidermis

contained in the cytoplasm. Figs. 9.2(b)-(d) show the nucleus, organelle membranes and
cell body as wireframe representations. Cross-sectional planes through the cell showing
the xy plane and the yz plane are illustrated in Fig. 9.2(e)- (f), with the extracellular space
(EC) colored light blue.

The cell bodies of the keratinocytes are modeled as square cuboids with rounded edges
and corners. The cell is characterized by its dimensions with axes aligned to the spatial
dimensions x, y and z. The nucleus is modeled as a spheroid with major and minor axes
aligned with those of the cell. The length of the axes of the cell body are expressed by
the parameters lce| xy and Icey , and those of the nucleus by d xy and dy .. Another key
parameter here is the ratio between the long and short dimensions of the cell as well as
the major and minor axes of the nucleus, ccel1/s and cn,/s. The organelles contained in
the cytoplasm are modeled as shells arranged concentrically around the nucleus. The
decision to approximate these organelles by only their membranes is based on results
published in [18], which have been discussed in detail in Chap. 8. In this reference, it was
shown that although high volumetric loss densities occur within organelle membranes at
frequencies above 1 GHz and must therefore be accounted for in microdosimetric stud-
ies, the membranes no longer represent rigid barriers. The current flow within the or-
ganelle is, therefore, no longer significantly impeded by its membrane, so that a volumet-
ric representation of the organelle bodies can be dispensed with, at least for the estima-
tion of total cell losses. In order to create a generalized representation of organelle struc-
tures within the cytoplasm while maintaining a high degree of realism, the surface areas
of the organelle membranes, Sop, and that of the nuclear envelope, Sy, are derived from
the scientific literature [102]. These parameters are related to each other and included in
the model as a single geometrical design parameter, ¢; om/NE, Where ¢s oM/NE = “ZOTIE All
design parameters listed in this paragraph are summarized in Tab. 9.1. In addition to all
of the parameters above, the compartmentalization of the cell results in the volume ratios
of each compartment to the total volume of the UC, expressed as

Vi
Vuc

where i € {EC;CP;NP;Cell}. The index "Cell" denotes the volume of the cell body and
includes both the volume of the cytoplasm and the volume of the nucleoplasm. These
volume ratios, c¢y,;, are important for the description and derivation of chemical changes
between the cell layers during keratinization, which is described in detail in Sec. 9.2.

Having introduced the parametric CAD model, the geometric parameters of the
keratinocytes within each cell layer are now derived from published data, allowing physi-
ological conditions to be considered specifically for each of these layers within the viable
epidermis. First, the geometric parameters of the cells of the SB and the cells of the sub-
basal row (i.e. the first cell layer of the SS) are determined. The decision to design these
two cell layers according to the same rule is based on the fact that the cells of both layers
are very similar in shape, size and function and together form the proliferative pool of the
epidermis containing about 97 % of the miotic activity [37,39,40]. The longitudinal axes of
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Table 9.1: Geometry parameter of the parametric CAD model of the keratinocytes.

Parameter Description
lcell,xy Axes of the cell oriented in the x-direction and the y-direction
lcen,z Axis of the cell oriented in the z-direction
CCell,l/s Ratio between the longer and shorter axis of the cell
dnxy Axes of the nucleus oriented in the x-direction and the y-direction
dnz Minor axis of the nucleus oriented in the z-direction
CN,l/s Ratio between the longer and shorter axis of the nucleus

Cs,0M/NE Ratio between the surface area of organelles within a cell and the nucleus

the cell body and nucleus are perpendicular to the skin surface [38,41], with axis lengths
of lgepn,, = 10pum [37] and dn,, = 8um [38]. The length ratio of the longitudinal axis to the
other two axes, ¢/, is 1.8 for both the cell body and the nucleus [41]. According to [102],
the ratio of the surface area of organelle membranes to the surface area of the nuclear en-
velope, ¢; om/NE, is about 10 and the volume ratio of extracellular space to the UC, cygc,
approximately 0.26 %. However, the latter ratio has been increased to approximately 2 %
to avoid small mesh lengths and their associated numerical instabilities in simulation.
In higher cell layers, keratinocytes lose their proliferative abilities and instead grow by
metabolizing substances for cornification. The cells in the SS therefore have larger cell
bodies and nuclei which are still perpendicular to the skin surface. The longitudinal axes,
lcen,z and dn,,, are documented in the scientific literature as 16pum and 12pm, with ¢/
now 1.4. Keratinocytes in the SG show signs of programmed cell death, known as apop-
tosis, which is primarily manifested by karyopyknosis, a process in which the nucleus
shrinks and the chromatin it contains condenses into a homogeneous mass [33]. Shrink-
age of the nucleus causes the cell body to flatten, changing its orientation from perpen-
dicular to parallel to the skin surface. The longitudinal axes of the cell body, Icel xy, and
the nucleus, dy xy, are now 16pum and 15um respectively, with ¢/ increasing again to
1.8. The geometric changes described above take place over a growth process of 30-50
days [32] and must therefore be accounted for in the geometric setups of the CAD cell
models by gradual changes from one cell layer to the next. This is implemented mathe-
matically by geometric compressing and stretching operations applied to the cell body
and nucleus.

The geometric parameters of each cell layer, p, are summarized in Tab. 9.2. The numeri-
cal values in bold type are taken directly from the literature and serve as "boundary val-
ues" from which the transition values between the layers, due to compression or stretch-
ing, are linearly interpolated. In this way, three transition phases, P; to P3, can be dis-
tinguished, occurring between the source data layers highlighted in gray in the table. In
phase Py, the keratinocytes start to grow and metabolizes material for cornification, while
the orientation of the cell and nucleus relative to the skin surface remains vertical (com-
pare the values of Ice)xy and Icey,, in the table). In phase Py, the cell shows the first signs
of karyopyknosis resulting in the flattening of the cell body and the nucleus without sig-
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Table 9.2: Geometrical parameters of the keratinocyte models of the individual cell layers, p.

p Layer Phase ccelis  lcelxy lcel,z CN,Uis dnxy dn,z Cs,0M/N
1 SB - 1.8 556um  10pm 1.8  4.44um 8pum 9.78
2 SS - 1.8 5.56um 10 pm 1.8 4.44um 8 um 9.78
3 SS Py 1.67 7.2um 12pm 1.67 5.6um 9.33um 11.09
4 N P, 153  9.13um  l4um 153  6.95um  10.67pm  12.11
5 SS P, 1.4 1143um 16pum 1.4  857um  12pm 12.91
6 SS Py 1.53 12.95uym  13.63pym  1.53 10.71pm  10.78um 9.13
7 SS P, 1.67 14.48um 11.26pym 1.67 12.86ym 9.56um  6.56
8 SG P, 1.8 16 pm 8.89um 1.8 15 pm 8.33um 4.46
9 SG P3 2.11 16.75pum  7.94pm  2.34 15um 6.42um 8.19
10 SG Ps3 2.51 17.57um 7um 3.33 15pm 4.5um 7.4627

nificant variation in cell size. This process coincides with a change in the orientation of
the cell from perpendicular to parallel to the skin surface. In phase P3, apoptosis is mod-
eled by further flattening of the nucleus and thus of the cell body, but here also represents
the fragmentation of the nucleus and corresponding loss of cell size. The cell dimensions
are such that the cell volumes in layers 9 and 10 decrease by 2% and 5%, respectively,
compared to layer 8, so that a smooth transition from viable epidermis to SC also occurs
at the microscopic level.

9.1.2 Parametric Model of the Corneocytes

The basic structure of the parametric model of the corneocytes is derived from that of
the keratinocytes, in which the cell body is still a square cuboid with rounded corners
embedded in a cuboidal UC. However, the keratinocytes of the SG (see cell model K;)
undergo profound biochemical changes during the transition to the SC, which have a
massive impact on the interior of the cell. As mentioned above, apoptosis is terminated in
the uppermost layer of the SG, leading to exocytosis of the remaining metabolites of the
cell (i.e. keratinosomes), which compacts the extracellular space into a lipid-containing
binding mass that ensures the mechanical integrity of the SC [34, 35, 36]. In addition, the
nucleus fragments and the intracellular space hardens into an undifferentiated protein
mass with a high keratin content. For this reason, the interior of the cell is no longer
divided into individual compartments with organelles, but is represented as a homoge-
neous cell body. However, the shape of the cell body is still considered to be a square
cuboid with rounded corners, embedded in a cuboidal UC. For the CAD model, the only
directly accessible geometric design parameter is the axis length of the unit cell in the z
direction, lyc,. The other geometric dimensions of the cell model, i.e. the axis lengths
of the UC in the x-direction and the y-direction, lyc,xy, as well as the axis lengths of the
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Table 9.3: Geometrical parameters of the corneocyte models of the individual cell layers, q.

q 1 2 3 4 5 6 7 8 9 10 11 12 13 14

lycxy (km) 2845 26.81 2634 2611 2601 26.05 262 2646 2682 27.29 27.86 2854 2936 30.31
luc,z (um) 2 192 184 177 169 162 154 146 138 131 123 115 1.08 1

lcenxy (Wm) 2832 2667 262 2596 2587 2591 26.06 2632 2668 27.15 27.73 2842 29.24 30.2
lcarz (0m) 188 178 170 162 155 147 139 132 125 117 11 103 096 0.89

cell body, Iceli xy and Icey z, result from the histochemical composition of the SC. The rea-
son for this is that the hydration of the individual cell layers of the SC must be taken into
account in the cell models of the corneocytes. To account for hydration within these lay-
ers, lcelxy and Icey , are determined to match the reduction of cell volume due to water
loss from one cell layer to the next. The volume of the UC of the K;( keratinocytes is the
reference volume from which the volume of the UC of the corneocytes, Cg, is deduced
as a function of the water content within each layer. The histochemical composition of
the SC and the exact calculation of lyc xy, lcelxy and Icel,, are discussed in more detail in
Sec. 9.2. However, the parameterisation of lyc,, can be obtained from the scientific liter-
ature [45,101]. Based on these references, the thickness of the top layer lcep . c,, is set to
1pum and, to allow for the gradual water loss of the cell bodies from one layer to the next,
the thickness of the bottom layer lyc,,c, is set to 2pm. The thickness of all intermediate
layers is determined by linear interpolation between these values. The values for all of
these geometric parameters are summarized in Tab. 9.3.

To give an overview of the spatial dimensions of the cell models introduced above, cross-
sections through the yz plane of the cell models K; g2, K5, Kg, C; and Cy4 are illustrated in
Appendix B.

9.1.3 The Macroscopic Model of the Epidermis Related to the
Microscopic Cell Models

The configuration of the different stages of keratinization and hydration in the paramet-
ric cell models is summarized in Fig. 9.3. The upper diagram shows the volumes of the
cell compartments, V;, illustrated by stacked bars categorized according to the models of
the keratinocytes, K, and the corneocytes, Cg4, in the different sublayers of the epider-
mis, along with the transition phases P, to P3. The bottom diagram shows the ratios of
the volume of these compartments to that of the UC, ¢, ;, using the same categories.

In order to describe the bottom-up model of the epidermis on a macroscopic scale, the
axial lengths of the UC must be added together in the z-direction. The resulting thick-
nesses of the epidermal sublayers are summarized in Tab. 9.4.
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Figure 9.3: Geometrical configurations of the cell models under investigation: (top) Volumes of
the cell compartments, V;, illustrated by stacked bars categorized according to the models of the
keratinocytes, K, and the corneocytes, C, in the different sublayers of the epidermis, along with
the transition phases P; to Ps3. (bottom) Ratios of the volume of the cell compartments to that of
computational domain, c¢y;, using the same categories. The index i € {CP; NP; EC; Cell} denotes
the cytoplasm, the nucleoplasm, the extracellular medium and the cell body respectively.

Table 9.4: Overview of the thickness and number of cell layers corresponding to all of the epider-
mal sublayers.

SB SS SG SC

Thickness 10.04pm 77.31pm 24.08pm 21pm
# of Layers 1 6 3 14

9.2 Histochemical Parameterization of the
Bottom-Up Model of the Epidermis Derived
from the Scientific Literature

Following the introduction of the parametric CAD models of keratinocytes and corneo-
cytes in Sec. 9.1, the histochemical changes within the epidermis are now described. The
problem with describing these changes is that there is no histochemical model of the
epidermis available in the scientific literature that provides a coherent summary of the
biochemical composition of the skin in the form of a concentration profile across all lay-
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ers. As such a model is necessary for realistic modelling of the skin, it is derived below on
the basis of available scientific data on both (1) a macroscopic scale and (2) a microscopic
scale.

9.2.1 Histochemical Parameterization of the Epidermis on a
Macroscroscopic Scale

A coherent concentration profile describing the biochemical composition of the human
epidermis at a microscopic scale is derived below. The starting point for this derivation is
the water concentration profile across the human epidermis shown in Fig. 9.4(a). Origi-
nally published in [103], this concentration profile has been adapted to the thicknesses of
the epidermal sublayers summarized in Tab. 9.4 which are illustrated using a gray-shaded
background. At this stage, the epidermis is considered to be a two-phase material repre-
sented by the mass fractions of water, ¢, w, and dry biological material, ¢y, gm. The mass

fractions, ¢y, j, are defined as
m;
j

9.2)

Cmyj =
Mot

where m; and my are the mass of each material and the total mass of any given sam-
ple. However, to create a more refined material model of the epidermis, ¢y gm is further
subdivided into ¢y, ¢mk and cm p, denoting lipid, keratin and general protein concen-
trations respectively. For this purpose, Fig. 9.4(b) divides the epidermis into the viable
epidermis, which has an active metabolism, and the SC, which consists only of dead cells
in various stages of hydration. In a first step, the metabolism of keratin and lipids within
the viable epidermis is derived by considering keratinization as a developmental process
during the life cycle of the cells, starting from the basement membrane (i.e. z=0um), de-
noted by (D). At this location, basal keratinocytes are considered to be cells that have the
potential to migrate through higher cell layers and differentiate, but have not yet started
this process. Therefore, ¢, am is assumed to consist only of a general protein content,
Cm,p,» Which accounts for all macromolecules that form organelles. Considering this as a
basic assumption, the concentration of ¢y, remains constant during the migration to
higher layers. The diminishing concentration of water illustrated by the blue line, ¢ w,
is not considered as a loss of water but rather a shift in concentration ratios due to the
deposition of keratohyalin granules in the cell. Thus, the difference between the con-
stant concentration of of protein, ¢y, and the decreasing concentration of water, ¢m,w,
represents the concentration of keratin in the cells, ¢y, k. According to [104], lipid for-
mation in the SG is accounted for by an exponential function approaching a maximum
value of 10.3% normalized to the total ammount of dry biological material at the end
of the viable epidermis (i.e., z = 111.43um), denoted by (2). The SG/SC interface marks
the point at which the epidermis can no longer be considered a living system. It is there-
fore necessary to make a conceptual distinction in the following derivation of the epider-
mal material composition, and this is illustrated by the graphical separation of the viable
epidermis and the SC in the figure. In analogy to the continuity at an interface within a
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Figure 9.4: Overview of the histochemical composition of the human epidermis considered in
the bottom-up model on a macroscopic scale: (a) Water concentration profile across the human
epidermis, considering its biochemical composition as a two-phase material represented by the
mass fractions of water, ¢ w, and dry biological material, ¢y, gm, where cmj = mlti’ with myo¢ de-
noting the total mass of any given sample. Such a water concentration profile was originally pub-
lished by [103], and here, the thickness of the stratum basale (SB), the stratum spinosum (SS), the
stratum granulosum (SG) and the stratum corneum (SC) are adapted to those derived form the
parametric CAD models of the keratinocytes and corneocytes summarized in Tab. 9.4. (b) Deriva-
tion of a refined concentration profile which further subdivides cp, gr, into a lipid, a keratin and
a general protein concentration denoted by ¢y 1, ¢mk and cm,p respectively. The color gradation
within the beige background serves as visual support to better delineate changes in the concen-
tration profile. The epidermis is divided into the viable epidermis having an active metabolism
and the SC comprising only dead cells showing different stages of hydration. The boundary layers
between the dermis and the SC, (1), the SG and the SC, (2) and (3), and the skin surface, (4), form
intervals in which this metabolization ((1)-(2)) and dehydration ((3)-(4)) can be determined.
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boundary value problem, the metabolized material composition within the viable epi-
dermis is taken from (2) as the starting point for the dehydration process across the SC in
@ (i.e. z=111.43 um). Starting from the given initial mass miy; = mgm + My, the material
composition within the SC is no longer dominated by the formation of new substances,
but by the loss of water, which results in a change in the concentrations towards the skin
surface (i.e. z=132.43um), denoted by @

However, the above mass fractions must be converted into volume fractions. This is done
in order to be able to use the concentration profile across the epidermis to derive the
dielectric material properties of the cells and their compartments at the molecular level
using mixing formulae, which will be presented in detail in Sec. 9.3. The volume fractions
of the biochemical compounds under investigation are defined as

Cyj = — 9.3)

Cm, j Mot

with V; = ‘
pounds are represented by p;. The densities of water, py, protein, py, keratin, py, and
lipids, pj, considered in this conversion are summarized in Tab. 9.5, along with the refer-

ences from which these values are adopted.

and Viot = X Vj. The volumetric mass densities of the individual com-

Table 9.5: Volumetric mass densities, p;, of the biochemical compounds of the epidermis. The
indices w, p, k and | denote water, protein, keratin and lipids.

w p k 1

k;
Pj (m—%) 1000 1410[105] 1410[105,106] 950 [107]

Based on the above, Fig. 9.5 shows the histochemical concentration profile across the
human epidermis illustrating its composition using the volume fractions of water, cy,
lipids, ¢y, keratin, ¢y, and protein, c¢yp. The vertical red dashed lines in the viable epi-
dermis correspond to the midpoints of the cell layers in the z-direction denoted by K; to
Kjo. The concentrations at these midpoint will be used in Sec. 9.2.2 to derive the chemi-
cal composition of the individual cell compartments within each cell layer. Although the
midpoints of the cell layers in the SC are not shown for clarity, the same procedure is
applied to the corneocytes.
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Figure 9.5: Histochemical concentration profile across the human epidermis illustrating its com-
position using the volume fractions of water, ¢y, lipids, ¢y, keratin, ¢y, and protein, cyp. The
vertical red dashed lines correspond to the midpoints of the cell layers (i.e. keratinocytes) denoted
by K; to Kyp.

Tab. 9.6 summarizes the concentrations at z = Opm (i.e. 1)), z = 111.43um (i.e. @) & (3))
and z = 132.43um (i.e. @) in terms of both mass and volume fractions.

Table 9.6: Material composition of the epidermis at z = 0um (i.e. 1), z=111.43um (i.e. 2) & (3))
and z = 132.43um (i.e. (4)) expressed as mass fractions. The concentration of the water, protein,
keratin and lipid content is denoted by ¢mw, ¢m,p, ¢mk and ¢y respectively. The corresponding
volume fractions, ¢y, j, are given on the right-hand side.

Cm,w Cm,p Cm,k Cm,] Cyw Cvp Cy,k Cyl

@ 0.715 0.285 0 0 0.78 0.22 0 0

@&@ 0.499 0.285 0.164 0.052 | 0.573 0.231 0.133 0.063

@ 0.146 0.285 0.280 0.088 | 0.187 0.441 0.254 0.118
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9.2 Histochemical Parameterization of the Bottom-Up Model of the Epidermis

9.2.2 Histochemical Parameterization of the Epidermis on a
Microscopic Scale

The biochemical concentrations of the individual cell compartments of each cell layer
will be derived below, starting with the keratinocytes. In a first step, the geometrical com-
position of the CAD models of each cell layer must be considered in terms of the volumes
of the individual compartments, Vik,:

Vik,
Cv,iK, = (9.4)
Vuck,
Vik,
CV,i,Cell,Kp = v 1 (9.5)
Cell, K,

with VUC,Kp = VEC,Kp + VCPpr + VNPpr’ VCell,Kp = VCPpr + VNPpr and i € {EC;CP; NP}.In a
second step, the volume of each biochemical component is determined by multiplying
the unit cell volume of each CAD model by the biochemical concentrations at the mid-
points of each cell layer (see Fig. 9.5):

Vik, = VUCK, " Cvj K, (9.6)

with j € {w; ]; k; p}. In a third step, these volumes are each distributed across the indi-
vidual cell compartments, beginning with the EC space. This is done by assuming the
extracellular medium to be filled with water only

VwEgck, = VECK,- 9.7)

The residual cell water, VW,Cell,Kp = Viwk, — VwECK,,» and the volumes of each remaining
substance now needs to be distributed to the CP and the NP. In the cell layers K; to Ksg,
the NP is considered to be a two-phase mixture containing protein and water to an extent
proportional to the total amount of water in the cell:

ViwNpk, = Vivcell K, * CNPCell (9.8)
VpNex, = (Veellk, = Vicell k) - CNBCell (9.9)
In cell layers K9 and K;o the amount of protein remains constant compared to cell layer

Kg. However, the water content decreases according to the shrinkage of the nucleus due
to karyopyknosis (see Sec. 9.1.1, Fig. 9.3):

VwNeKy = VwNekg — (VNPKg — Vinekg) (9.10)
Vp.NEK, = Vp,NPK, (9.11)
ViwNeKy, = VwNpKg — (VNP — VNRK,) (9.12)
Vo,NBK,, = Vp.NEK, (9.13)
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9 Bottom-Up Multiscale Model of the Epidermis

The remaining cell water and protein are distributed to the CP. The metabolised keratin
and lipids are also deposited there:

Viwcek, = Vwcellk, = ViNEK, (9.14)
Vpcex, = Vpx, = VpNeK, (9.15)
Vierk = Viek,, (9.16)
Vicek = ik, 9.17)

In a final step, the volume fractions of the biochemical compounds in each compartment
in any given cell layer, ¢y,j,i k,, can be defined as

Vijik,

Cv,jiKp = (9.18)

Vik,
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Figure 9.6: Histochemical configurations of the keratinocytes under investigation: (top) Volumet-
ric mass densities, p;x,, illustrated by black bars for each different keratinocyte model, K, and
categorized according to the cell compartments (i.e. EC, CP, and NP). (bottom) Histochemical
composition of the cell compartments expressed as volume fractions, ¢y, j,; k,,, relative to the total
volume of the individual compartments using the same categories. The index j € {w; ; k; p} de-
notes the content of water, lipids, keratin and protein, and the index i € {CP; NP; EC} denotes the
individual cell compartments of the keratinocytes.
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Based on ¢y, j,i x,, the volumetric mass density within the cell compartments, p;,, can
now also be determined qualitatively. These are calculated by

PiK, =D PjCvjiK, (9.19)
]

The relationship is only labeled qualitatively, as the simple summation of the products of
the individual densities and their volume fractions can only be assumed if the individual
substances do not react chemically with each other.

Fig. 9.6 provides an overview of the histochemical configurations of the keratinocytes in
each cell layer of the viable epidermis. The top diagram illustrates the volumetric mass
densities, p;x,, by black bars for each different keratinocyte model, K, categorized ac-
cording to the cell compartments (i.e. EC, CP, and NP). The bottom diagram illustrates
the volume fractions, ¢y, j,i k., relative to the total volume of the individual compartments
using the same categories.
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Figure 9.7: Histochemical configurations of the corneocytes under investigation: (top) Volumet-
ric mass densities, p; c,, illustrated by black bars for each different corneocyte model, C,, and
categorized according to the cell compartments (i.e. EC, Cell). (bottom) Histochemical composi-
tion of the cell compartments expressed as volume fractions, ¢y, j,i,c,, relative to the total volume
of the individual compartments using the same categories. The index j € {w; l; k; p} denotes the
content of water, lipids, keratin and protein, and the index i € {Cell; EC} denotes the individual
cell compartments of the corneocytes.
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9 Bottom-Up Multiscale Model of the Epidermis

The biochemical composition of the corneocytes within the SC is analogous to the deriva-
tion above. With the difference that the distribution of the respective substances is much
simpler. Through exocytosis, the EC fills with lipids, so that the water together with the
keratin and the other protein compounds in the SC are only inside the cell body. Fig. 9.7
provides an overview of the histochemical configurations of the corneocytes in each cell
layer of the SC. The top diagram illustrates the volumetric mass densities, p; c,, by black
bars for each different corneocyte model, C, categorized according to the cell compart-
ments (i.e. EC, Cell). The bottom diagram illustrates the volume fractions, cy, j,i.c,, rela-
tive to the total volume of the individual compartments using the same categories.

9.3 Effective Material Properties of the Bottom-Up
Model of the Epidermis

Based on the material composition of the cells at the microscopic scale outlined in the
previous section, the effective material properties of the cell compartments are deter-
mined using analytical mixing rules in Sec. 9.3.1. Subsequently, these material properties
will be used in the parametric CAD models of the keratinocytes and corneocytes to de-
termine the effective material properties of the cell layers using quasi-static numerical
simulations in Sec. 9.3.2.

9.3.1 Effective Material Properties of the Parametric Cell
Models on a Microscopic Scale

Considering the compartments of the cell models as multiphase composites consisting
of water, proteins, keratin and lipids, the effective dielectric properties of these compart-
ments in each cell layer can be calculated using analytical mixing rules. However, such
calculations require knowledge of both the volume fraction and the dielectric properties
of each substance present in each compartment. The volume fractions of each material
have already been derived in Sec. 9.2 and can be taken from Figs. 9.6 and 9.7. However,
the permittivities of the basic cell substances remain to be derived from the scientific
literature, starting with those of the water in the following.

As described in detail in section 8.1.2, the dispersive properties of the extracellular
medium, cytoplasm, and nucleoplasm are approximated by the dielectric functions of
physiological salt solutions. This approach is adopted for modeling the cellular water
within each compartment so that its lossy dispersive permittivities, €, ; (w), are modeled
by a Debye-type equation:

Erwis ~€rwico  .Owis

- ) 9.20
1 +j(uﬂ0 J Eow ( )

grywyi (w) = Er,w,i,00
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9.3 Effective Material Properties of the Bottom-Up Model of the Epidermis

with i € {CP;NP;EC; Cell}. The Debye coefficients corresponding to the individual com-
partments are summarized in Tab. 9.7.

Table 9.7: Debye coefficients for modeling the dispersive dielectric material properties of
the cytoplasm (CP), nucleoplasm (NP) and extracellular medium (EC), representing the dis-
persive material properties of the water in the corresponding compartment, g . .(w), with
i € {CP;NP; EC; Cell}.

Compartment Erwis Erwioco Jo (GHz) oywis(S/m)
Cytoplasm (CP) 67 5 17.9 0.32
Nucleoplasm (NP) 67 5 17.9 0.32
Extracellular medium (EC) 67 5 17.9 0.55
Cell body (Cell) 67 5 17.9 0.32

The dielectric properties of the protein content and those of the keratin are considered
to be independent of the frequency with the following values

£,=25-j0 and g =3.548-j0.244,

where the former value is taken from [50,51] and the latter from [108]. The material prop-
erties of the lipids are modeled by a double Debye equation defined as

A& A&y .Os
£ (@) = Erloo+ Tt T i 9.21)
on,l on,z 0

whose coefficients are adopted from [109] and summarized in Tab. 9.8.

Table 9.8: Debye coefficients to model the dispersive permittivity of lipids (adopted from [109]).
Erloo A&rl1  Agg2 fO,l (THz) .f0,2 (THz) o5 (S/m)
Lipids 1) 2.15 0.2 0.1 1 10 0

The initial permittivities of water are incrementally combined with the other basic com-
ponents (i.e. protein, keratin and lipids) using the Hanai-Bruggeman (HB) mixing for-
mula to account for the influence of different keratinization and hydration stages within
the epidermis on the effective material parameters of the individual cell compartments:

1
s _ oS s 3
o [Enixp,HB TELiK, 1| [ Erik,H
0=(1-9%)- : )

(9.22)

s S
£k, H &K, I

N
£1,i,K,,HB
where s denotes the incremental mixing step. The dielectric material properties of the

substance considered to be the inclusion are denoted by ¢; . | | and those which are con-
L py

sidered to be the host medium by ¢, K, H- ®° denotes the volume fraction of the inclu-

sions relative to the total volume of the two-phase mixture. ¢; ; K., HB denotes the effective
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9 Bottom-Up Multiscale Model of the Epidermis

permittivity of each step. In any step where s = 2, gi LKy H = gs,;,le,HB'
an overview of the mixing procedure used to determine the effective permittivities of the
individual cell compartments, i € {CP; NP; Cell}, at any given cell layer of the viable epi-

dermis, K, and the SC, C,.

Tab. 9.9 provides

Table 9.9: Overview of the mixing procedure used to determine the effective permittivities of the
individual cell compartments, i € {CP; NP; Cell}, in any given cell layer of the viable epidermis, Kp,
and the SC, Cg4. s denotes the incremental mixing step. The dielectric material properties of the

substance considered to be the inclusion are denoted by ¢ ; . | and those which are considered
O p,

to be the host medium by &° Here, ¢ &, and ¢, denote the dielectric values of the

. . £
—r,l,Kp,H Zrw’ Zr,p’
water (i.e. physiological salt solution), the protein, the keratin and the lipids respectively.

Keratinocytes Corneocytes
s CcP NP Cell

S ) S R S S
ErikpH  Eniky,t  Erik,H  Enikyl EnicgH Enicyl

1 Er,w gr, p Er,w gr, p gr,w Er, p
Er,wp gr,k g1',W'p gr K
£ wpk £l

The resulting effective permittivities of the individual cell compartments in each cell
layer of the viable epidermis, £k, Are shown in Fig. 9.8. The real and imaginary parts
of the dielectric function of the EC space are shown in Figs. 9.8(a) and (b). These are
identical for all cell layers of the viable epidermis, assuming that biochemical changes
within each cell layer are expressed only by material accumulation within cell bodies (see
Sec. 9.2). In this way, the graphs illustrate the Debye type characteristic of the EC, as de-
scribed in Tab. 9.8. Figs. 9.8(c) and (d) show the real and imaginary parts of the effective
permittivities calculated using the HB mixing rule according to Tab. 9.9. It can be seen
that the permittivities of the top layer of the SG, K;y, shown as a blue dotted line, have
lower values than those of the basal layer, K;, shown by a red line. The range of values
across the cell layers resulting from the different material compositions within the CP is
illustrated by a gray area. These differences are caused by increasing keratin and lipid de-
position within the CP towards the skin surface. Comparing the permittivities of the CP
with those of the NP (see Fig. 9.8(e) and (f)), it can be seen that in both cases, there is
also a range of values with lower permittivities for layers closer to the skin surface, and
the range of values is significantly broader for than for the CP. This is due to the shrinkage
of the nucleus and the condensation of the cromatin contained therein into a uniform
mass, which was accounted for in Sec. 9.2 by shifting the water/protein ratio in favor of
the protein.

The resulting effective permittivities of the individual cell compartments in each cell
layer of the SC, Eric, are shown in Fig. 9.9. Figs. 9.9(a) and (b) show the real and imagi-
nary parts of the EC space. In contrast to the viable epidermis, saline solution is not used
to model its dielectric properties. As described in detail in Sec. 9.2, the keratinocytes of
the SG secrete lipid deposits from the cell interior in a process known as exocytosis. These
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Figure 9.8: Overview of the dielectric material properties of the cell compartments in each cell
layer of the viable epidermis determined using the mixing procedure summarized in Tab. 9.9. Real
and imaginary parts of the dielectric permittivity are shown for the extracellular medium (EC) in
(a) and (b), for the cytoplasm (CP) in (c) and (d), and for the nucleoplasm (NP) in (e) and (f). The
range of values across the cell layers resulting from different material compositions within the CP
and NP is illustrated by a gray-shaded area bound at the top by the dielectric properties of cell
layer K; and at the bottom by cell layer K.

lipid deposits form an extracellular lipid matrix in which the corneocytes are embedded.
Therefore, the graphs of the dielectric functions presented here show the Debye char-
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acteristic specified in Tab. 9.8 for lipids, which is assumed to be constant for all layers
of the SC. Since lipids have significantly lower values for the real and imaginary parts of
their dielectric permittivities compared to physiological salt solutions, it was necessary
to deviate from the previously uniformly chosen range of values (0 to 70) for the repre-
sentation and, in the case of Fig. 9.9(b), to resort to a logarithmic representation. Moving
on to the effective permittivities of the cell bodies shown in Figs. 9.9(c) and (d), it can be
seen that both the real and imaginary parts of the permittivity show a significant range
of values between the lowermost and uppermost cell layers. This is represented by a gray
area bounded by a red line corresponding to layer C; and a blue dashed line correspond-
ing to layer C;4. The decrease in permittivity towards the skin surface is associated with a
decrease in the amount of water bound in the cell body (see Fig. 9.7).
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Figure 9.9: Overview of the dielectric material properties of the cell compartments in each cell
layer of the SC determined using the mixing procedure summarized in Tab. 9.9. Real and imag-
inary parts of the dielectric permittivity are shown for the extracellular medium (EC) in (a) and
(b), for the cell body (Cell) in (c) and (d). The range of values across the cell layers resulting from
different material compositions within the cell body is illustrated by a gray-shaded area bound at
the top by the dielectric properties of cell layer C; and at the bottom by cell layer Cy4.
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9.3.2 Effective Material Properties of the Epidermal Sublayers
on a Macroscopic Scale

Having calculated the effective material properties of the cell compartments in the pre-
vious section, they can now be implemented into the parametric CAD models of each
cell layer. Placing these models in the virtual capacitor setup used for the quasi-static EM
analysis introduced in Sec. 8.1.3, numerical homogenization (as described in Sec. 8.2.1)
yields the effective material parameters of each cell layer of the viable epidermis, grpr,

and the SC, gr_cq.
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Figure 9.10: Overview of the effective macroscopic permittivities of each cell layer of the epider-
mis determined using numerical homogenisation as described in Sec. 8.2.1 and 8.1.3. In (a) and
(b), the real and imaginary parts of the dielectric permittivity are shown for the individual cell
layers of the viable epidermis, grpr. In (c) and (d), the real and imaginary parts of the dielectric
permittivity are shown for the individual cell layers of the stratum corneum (SC), gncq. The range
of values across the cell layers resulting from different material compositions within these layers
(see Figs. 9.6 and 9.7) is illustrated by a gray-shaded area bounded at the top by the dielectric
properties of the bottommost cell layer (i.e. K; and C,) and at the bottom by the uppermost cell
layer (i.e. K9 and Cyyq).
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gr'Kp and gncq are illustrated in Figs. 9.10(a) and (b) for the cell layers of the viable epider-
mis and in Figs. 9.10(c) and (d) for the cell layers of the SC. Comparing Figs. 9.10(a) and
(b) with (c) and (d), it can be seen that the loss of water in the SC causes a broader range
of values compared to the metabolism of keratin and lipids in the viable epidermis.

The simulation was performed on a PC equipped with two Intel Xeon E5-2697 V4 pro-
cessors (36 cores) and 512GB of memory. The frequency range of interest (i.e. 1 GHz to
300GHz) was examined and sampled with 45 linearly distributed frequency points per
cell model. The data points between these sampled points were interpolated using piece-
wise cubic Hermite splines in post-processing. The simulation for each frequency point
took approximately 33 min using a MUMPS solver. Post-processing of the data was per-
formed within the MATLAB programming environment (version R2020a) [100].
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Figure 9.11: Volumetric mass densities of each cell layer in viable epidermis and the stratum
corneum, pg,/c,, illustrated by black bars and categorized according to the individual layers (i.e.
Ky and Cg).

Volumetric mass densities of each cell layer on a macroscopic scale, PK,/C,» are deter-
mined by:
PK,/Cq = D PiKy/Cq CviK,y/Cq (9.23)
i

where, p 1,K,/C, denotes volumetric mass densities of the individual cell compartments
in each cell layer and ¢y x,/c, its corresponding volume fraction (see Egs. 9.4 and 9.19).
In Fig. 9.11, it can be seen that the reduction of the water content within the cell layers
towards the skin surface leads to a significant increase in the volumetric mass density.

9.4 Summary and Conclusions

In this chapter, a hierarchical, computational bottom-up multiscale model of the epi-
dermis has been developed, which ultimately leads to a coherent description of the EM
material properties of the epidermis at both a macroscopic and the microscopic scale
(including the (sub-)cellular level). In contrast to previous multiscale approaches [14,51,
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110], which considered the epidermis to be homogenized in its entirety and thus ne-
glected any physiological variation within this skin layer, here the epidermis has been
considered as a biological system with morphology determined by the life cycle of its
predominant cell type, the keratinocytes (or corneocytes). This consideration of the epi-
dermis as an evolving system has resulted in to a stratified cell model that includes 10
cell layers in the viable epidermis and 14 cell layers in the SC. The differentiation of basal
keratinocytes towards the skin surface during the keratinization process has been rep-
resented in this layer model by gradual changes from one layer to the next, which have
been accounted for by two aspects:

(1) Changes in cell geometry and cell structure, and
(2) changes in the histochemical composition of the cells.

Both aspects have been considered at the microscopic level, i.e. for the models of the in-
dividual cells, as well as at the macroscopic level, i.e. for the layer model of the entire epi-
dermis. The complex intertwined relationship between both of these aspects and the two
levels on which they have been considered has been used to create a holistic representa-
tion of the epidermis. The key elements of this developmental process are recapitulated
in the following.

Initially, parametric CAD models were created for both keratinocytes and corneocytes,
representing their microstructure. Then, in order to implement cell differentiation, these
were adapted to the physiological conditions of each cell layer using geometric param-
eters derived from the scientific literature. The thicknesses of the epidermal sublayers
were then determined from the adapted cell models. Data from [103] and [104] were then
used to derive a concentration profile for the epidermis at a macroscopic scale, consider-
ing the histochemical composition of the epidermis as a multiphase composite of water,
lipids, keratin and a general protein component. From the macroscopic concentration
profile, the histochemical composition of each cell layer was determined and projected
onto the respective cell compartments at the microscopic scale. Based on the concentra-
tion profiles of the individual cell compartments in each cell layer, the effective permittiv-
ities of the compartments were calculated using an incremental mixing procedure using
the HB mixing formula and assigned to the parameterized cell models as material pa-
rameters. The effective material properties of the individual cell layers were determined
on a macroscopic scale using quasi-static computer-aided EM homogenization.
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10 The Importance of
Physiological Variations across
the Epidermis for Dosimetric
Investigations of EM Exposure

of the Skin

In the following, extensive dosimetric studies of the skin based on numerical simulations
will be performed to identify physiological variations across the epidermis as an impor-
tant factor significantly affecting both the transmission of EM energy into the body sur-
face and the distribution of this energy across the epidermis. A particular focus of these
investigations will be on the proliferative pool of the epidermis (i.e., the basal and sub-
basal rows), which is of particular importance for skin resurfacing. Therefore, accurate
prediction of EM exposure in these layers is essential to assess the risk of adverse health
effects on miotic activity. The investigations will be carried out as a comparison between
two stratified skin models:

(1) A model derived entirely from the scientific literature based on measured material
properties of the individual sublayers of the skin, hereafter referred to as the "ref-
erence model". This represents the current state of the art in skin modeling used in
virtual EM exposure studies;

(2) A modified version of this model in which the epidermis is replaced by the equiv-
alent layer from the bottom-up model introduced in Chap. 9. This combination
of the purely numerical tissue model of the epidermis and the existing measured
models of the other skin layers is hereafter referred to as the "hybrid model".

The layered topology and the dielectric properties of the individual skin layers considered
in the reference model are based on data reported in [4] and [5]. These studies were cho-
sen as a scientific reference for two reasons: their great influence on the current exposure
guidelines [1] (see Sec. 7.2), and the fact that they are the only scientific source provid-
ing distinct measurements of all skin sublayers in a frequency range from 1 GHz to 1 THz.
The comparison between the reference model and the hybrid model thus allows a dosi-
metric analysis of the skin with a direct relationship to current exposure guidelines, and
links numerically obtained exposure data with corresponding exposure measurements
published in the references cited above.
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10 The Importance of Physiological Variations across the Epidermis

A detailed introduction to these skin models and their implementation within a compu-
tational simulation environment is provided in Sec. 10.1. To outline the dosimetric analy-
sis that follows, Sec. 10.2 presents the methodology and measures employed in the anal-
ysis. Subsequently, in Sec. 10.3, a thorough evaluation of the skin models is conducted,
including an assessment of the permittivities of the individual epidermal cell layers in-
corporated into the hybrid model. Moving on to Sec. 10.4, the chapter presents the re-
sults of the investigations. This section is divided into two subsections: a reflectometric
analysis of the skin models is presented first, followed by a dosimetric analysis of the
power intake across the epidermis. The subsequent section, Sec. 10.5, delves into a com-
prehensive discussion of the obtained results. Finally, the key findings and main points
discussed throughout this chapter are summarized in Sec. 10.6.

10.1 Macrosopic Exposure Setup

In order to study skin exposure in the most general manner, an exposure setup was estab-
lished to simulate skin irradiation at operating frequencies between 1 GHz and 300 GHz,
hereafter referred to as the macroscopic exposure setup. The skin model considered in
this setup has a layered topology comprising the epidermis (ED), the dermis (D), the hy-
podermis (HYP) and underlying muscle tissue (MC) which is illustrated in Fig. 10.1(a).
The thickness of the epidermis, fzp, corresponds to that of the bottom-up model derived
in Chap. 9 and thus equals 132.43um. The thicknesses of the remaining skin layers have
been adopted from [4] and correspond to the mean values at the forearm resulting in a
thicknesses of fp = 1080 um and fyp = 3890 um. For numerical reasons outlined later in
this section, the thickness of the muscle tissue, fyc, is considered to be infinite. For the
calculation of the SAR in later chapters, it is necessary to assign volumetric mass densi-
ties, px, with k € {ED; D; HYP; MC}, to each skin sublayer. These values are taken from [51]
resulting in the volumetric mass densities given in Tab. 10.1. All of the thicknesses and
volumetric mass densities mentioned above apply to both the reference model and the
hybrid model, with only one exception: pgp. The hybrid model applies the specific vol-
umetric mass densities for each epidermal cell layer, PEDK,/Cy» shown in Fig. 9.11. The
thicknesses of the individual skin layers, f, and the volumetric mass densities assigned
to these layers, pg, are summarized in Tab. 10.1.

Table 10.1: Overview of the thicknesses of the individual skin layers, #;, and of the volumetric
mass densities, p, assigned to these layers.

Epidermis (ED) Dermis (D) Hypodermis (HYP) Muscle (MC)

Thickness t; (um) 132.43 1080 3890 o
Density p; (kg/m3) 1190 1116 971 1041

In addition to the values above, complex dispersive permittivities need to be applied to
the individual skin layers with the real and imaginary values, ¢, ;, displayed in Figs. 10.1(b)
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Figure 10.1: Overview of the layered topology of the skin model (not to scale) and the complex
dielectric material properties, £, ;, assigned to the individual sublayers of the skin: (a) Illustration
of the stratified skin model showing the complex permittivities, £, , and thicknesses, t, assigned
to the individual tissue layers. (b) Real part of the permittivity, €/ - (©) Imaginary part of the per-
mittivity, & ’ - The index k € {ED; D; HYP; MC} denotes epidermis, dermis, hypodermis and muscle
tissue respectively.

and (c) respectively. These material parameters, which were originally published in [4]
and [5], are based on measurements on pig skin. However, it should be noted that there
is a lack of data contained in this data source. Only the material properties of the der-
mis and hypodermis, ¢, 1 and ¢, ;yp, have been reported over the whole frequency range
under investigation. The effective material properties of the remaining sublayers of the
skin, € pp and g, have only been reported between 1 GHz and 100 GHz. To compen-
sate for the lack of data, the values of ¢,y and g\ for frequencies above 100GHz are
set equal to those at 100 GHz. The extrapolation of the documented values on the basis
of a constant is chosen over more refined methods, such as the extrapolation of a Debye
function, in order to be able to qualitatively identify possible artefacts resulting from this
estimation in the simulation results. The dispersive permittivities of the individual epi-
dermal cell layers, gr,Kqu, which are considered in the hybrid model, can be taken from
Fig 8.5.

After defining the skin model, it needs to be embedded in a generic exposure setup,
which is numerically implemented using the COMSOL Multiphysics software environ-
ment [95], allowing the determination EM fields penetrating in the individual skin layers.
This macroscopic exposure setup is illustrated in Fig. 10.2. A plane wave is emitted from a
non-reflective port at an angle of incidence, «, (here 0°) having either s or p-polarization
with respect to the reflection plane (i.e. xz plane). The amplitude of the incident plane
wave corresponds to a constant input power, Pj,.(w), which is derived from the incident
power density, Sinc(w), defined in the basic restrictions (see Tab. 7.1). The reflected power,
Pg, is detected by the same non-reflective port, and the power transmitted to the skin
tissue, Pr, is calculated from Pt = Pj,c — Pr. From these values, the power reflection coef-
ficient, R, and the power transmission coefficient, T, are given by

Py

R =
pinc

(10.1)
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Figure 10.2: An overview of the macroscopic exposure setup: The stratified skin model is exposed
to a plane EM wave using a non-reflective port. The amplitude of the incident plane wave cor-
responds to a constant input power, Pj,.(w), which is derived from an incident power density,
Sinc(w), defined in the basic restrictions outlined in Chap. 7. The top and bottom of the compu-
tational domain are terminated with perfectly matched layers (PML). Periodic boundary condi-
tions (PBC) are used to prevent fringing fields. The square-shaped surface area under exposure is
1 mm?. The complex permittivities of the individual skin layers, €, 1 are adopted from [4] and [5].
The index k € {ED; D; HYP; MC} denotes epidermis, dermis, hypodermis and muscle respectively.
The hybrid model deviates from the reference model by assigning material properties calculated
using bottom-up multiscale modelling, &, p, comprising the effective permittivities of the indi-
vidual epidermal skin layers, gr,Kp and gr_cq, derived in Chap. 9.

and

Pr

T =
Pinc

(10.2)

To avoid further reflections of waves from the outer top and bottom boundaries, the
computational domain is terminated above and below with perfectly matched layers
(PML). Similar to the capacitor setup introduced in Chap. 8, periodic boundary condi-
tions (PBCs) are also introduced into the macroscopic exposure setup to prevent fringing
fields. Figs. 10.2(a) and (b) illustrate the different material properties assigned to the in-
dividual skin layers depending on the choice of either the reference or the hybrid model
introduced earlier. Both models have a square-shaped surface under exposure with an

area of 1 mm?.

The simulation was performed on a PC equipped with an Intel i7-6700k processor (4
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10.2 Outline of the Dosimetric Analysis of the Epidermis

cores) and 64 GB of memory. In this study, a frequency range between 1 GHz and 300 GHz
was investigated and sampled with 227 frequency points distributed linearly. The data
points in between these sampled points were interpolated using cubic splines in post-
processing. The simulation for each frequency point lasted approximately 10 seconds
using a MUMPS solver. The post-processing of the data was performed within the MAT-
LAB programming environment (version R2020a) [100].

10.2 Outline of the Dosimetric Analysis of the
Epidermis

In order to assess the importance of physical variations across the epidermis, the EM ex-
posure of the skin is investigated in a three-fold analysis. In the first step, the total power
transmitted to to the skin is analyzed in a reflectometric analysis. Following on from this,
the power transfer to deeper sublayers of the skin is investigated. In the last step, the
power distribution across a virtual volume corresponding to the epidermal cell layers, K,
and Cy, is analyzed.

While the reflectometric analysis of the total power transmitted to the skin tissue is per-
formed using the power reflection and transmission coefficient introduced in Sec. 10.1
(see Egs. 10.1 and 10.2), the latter two aspects need additional introduction. As shown in
Figs. 10.3(a) and (b), the sublayered structure of the epidermis is illustrated in both the
reference model and the bottom-up model. As indicated by the different color schemes,
the individual cell layers in the reference model are assigned identical dispersive mate-
rial properties, €.ED (w), while those of the hybrid model have individual ones, grpr I, (w).
The implementation of these cell layers in the macroscopic exposure setup as distinct
computational domains allows the integration of the volumetric loss density, p(7, w), over
each individual layer. This leads to the determination of the power induced within each
of these layers, PKp IC, (w).

To enable an accurate comparison between the transfer of power into deeper sublayers
of the skin provided by each of the models, the power absorbed by the epidermis,

10 14
Pep(w) = ) Px, @)+ ) Pc,(@) (10.3)
p=1 q=1

needs to be expressed relative to the total power transmitted to the skin tissue, as this
obviously differs between models. This is given by

Pgp (w)
Pr(w)

Aind,gp (W) = (10.4)

In order to compare the power distribution within the epidermis resulting from the two
models, the power absorbed by the viable epidermis (VED) and the SC, Pygp and Psc, are
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Figure 10.3: Conceptual overview of the dosimetric analysis of the epidermis, illustrating its lay-
ered structure: All of the individual cell layers in the reference model, K, and C, are assigned
identical dispersive material properties, €, (@), while those of the hybrid model have individual
ones, §r,K,, Ic, (w). This is indicated by the different color schemes given to these layers in Figs. (a)
and (b). The implementation of these cell layers in the macroscopic exposure setup as distinct
computational domains allows the integration of the volumetric loss density, p(¥,w), over each
individual layer. This leads to the determination of the power induced within each of these lay-
ers, Px )ICy (w). Considering the power transmitted to the skin tissue, Pr(w), which differs between
models due to different epidermal permittivities, a comparative analysis of the power transfer to
deeper sublayers of the skin and the power distribution across the epidermal cell layers must be
expressed relative to Pr(w). In all of the above parameters, a tilde will be added to refer to the
hybrid model rather than the reference model.

expressed with respect to the total power absorbed by the epidermis, Pgp, giving

Pyp/sc(w)
Agp,vED/sc(w) = ZVEDISe (10.5)
Prp(w)

A more detailed overview of the distribution of the power across the individual cell layers
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of the epidermis is given by

Py, ic,(w)

10.6
Prp(w) (106

AgpK,/c, (@) =
where Pk /¢, (w) denotes the power absorbed by these layers. In all of the above parame-
ters, a tilde will be added to refer to the hybrid model rather than the reference model.

10.3 Evaluation of the Skin Models: Revealing
Biases and Assessing Epidermal Permittivities

In order to interpret and ultimately draw meaningful conclusions from the simulation
results presented in the next section, a detailed comparison of the two skin models is
required. This comparison aims to reveal biases in the reference model and assess the
permittivities of the individual epidermal cell layers, which are considered only in the
hybrid model.

To provide such a comprehensive analysis, it is necessary to delve into the measurements
conducted by Sasaki, as documented in [4]. According to the study, the measurements
of individual skin layers were performed 48 hours after slaughter. During transport, the
sample was kept at a temperature of 4°C to slow down biological decay. The actual mea-
surements were carried out at a temperature ranging from 34°C to 37°C. The reported
thickness of the epidermis was 1.1 mm, while the dermis measured 1.5mm in thickness.
However, further studies on pig skin from different sites, as outlined in [111], indicate sig-
nificantly lower average epidermal thicknesses ranging from 51.6um to 59.9um. Consid-
ering these findings and the undulating topology of the epidermis/dermis interface (see
Fig. 3.1), it is likely that the sectioning of the epidermis in [4] was performed incorrectly,
potentially including parts of the dermis. Therefore, it must be borne in mind when com-
paring the hybrid model with the reference model that these measurements may contain
a certain bias in the measured epidermal material properties that result from this com-
monly occurring difficulty.

Additionally, it should be noted that the measurements of ¢, gp are limited to frequen-
cies up to 100 GHz, which prevents verification at higher frequencies. Consequently, the
verification will be primarily based on €, p, as it closely corresponds to the epidermis in
terms of water concentration.

Given these measurement-related challenges, a comparison is performed between the
calculated and adopted epidermal permittivities. Fig. 10.4 presents the dispersive per-
mittivities of the epidermis in the hybrid model (gr,Kp ,Cq), the reference model (¢, zpp), and
the dermis (¢, ,). Comparing the real parts of the dispersive permittivities of the individ-
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Figure 10.4: Comparison of the measured material properties of the epidermis, ¢, ., and the
dermis, £p taken from [4, 5] with those of the epidermal cell layers, grpr Ic, deterfnined using
the bottom-up model. (a) and (b) show the real and imaginary parts of the measured material
properties respectively, comparing the data with that for the viable epidermis determined using
the bottom-up model (see Chap. 9). (c) and (d) show the equivalent comparison with the SC.

ual epidermal cell layers calculated using the bottom-up model (E‘;,Kp /cq) with the mea-

sured permittivities of the epidermis (£;'ED) and dermis (£;'D) from [4, 5], a good agree-
ment is observed, particularly in the viable epidermis as shown in Fig. 10.4(a). Moving
attention to the stratum corneum, Fig. 10.4(c) indicates a prominent correlation between
the measured material parameters and those of the bottommost cell layer (C;), with the
degree of correspondence decreasing towards the skin surface (cell layer C;4). This ob-
servation can be attributed to the water concentration profile within the epidermis, as
depicted previously in Fig. 9.4(a), which demonstrates a substantial decrease in water
content within the stratum corneum (SC) and consequently leads to a lower permittivity.
Considering the work of Ziskin and Alekseev [52, 58], which emphasizes the significance
of water content in determining tissue material properties, the histochemical assump-
tions made in the derivation of exk,,/c, using the bottom-up model of the epidermis can
be deemed reliable.

Examining the imaginary parts shown in Figs. 10.4(b) and (d), it becomes evident that ex-
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trapolating €, beyond 100 GHz by equating it with ¢ ., at 100 GHz leads to notable de-

viations from both the effective permittivities predicted by the bottom-up model (£ . )
pliq
i

. p)- In contrast, a generally strong corre-
pand &/ K,/Cy with significant deviations from €[, are only
observed for the upper cell layers of the SC, which can be explained by the lower water

content in those layers.

and the measured permittivities of the dermis (e
lation is observed between '

In summary, the evaluation of skin models reveals biases in the reference model due to
incorrect sectioning of the epidermis and potential inclusion of dermal parts. In addi-
tion, the limited availability of measurements for higher frequencies necessitates the use
of the dermal permittivity for correlation analysis. As such, deviations arise when extrap-
olating beyond 100 GHz. However, a strong correlation persists for the dermal permittiv-
ity with significant deviations occurring only in the upper layers of the stratum corneum
due to varying water concentration. Comparing the calculated epidermal permittivities
with those adopted from Sasaki [4, 5], a significant agreement is observed between the
real parts of individual epidermal cell layers and measured values, particularly in the vi-
able epidermis. The above assessment demonstrates that the permittivities derived from
the bottom-up model can be considered reliable, enabling more precise investigations in
the following.

10.4 Results

In the following, the results generated by the macroscopic exposure setup are presented
illustrating two aspects: (1) The total power intake of the skin, and (2) the absorption of
the individual cell layers of the epidermis.

10.4.1 Reflectometric Analysis of the Skin Models

The simulation results of the reflectometric analysis of the reference and hybrid models
are displayed in Fig. 10.5. In Fig. 10.5(a), the power of the EM wave to which the skin is
exposed, Pi, is shown as a solid black line. In addition, the dashed black and dashed red
lines illustrate the power transmitted in the skin tissue of the reference and hybrid model
respectively. These are denoted by Pr and Pr. Comparing these values, there is a differ-
ence between the two skin models starting at about 100 GHz and becoming more sig-
nificant with increasing frequency. The same result can also be observed in Fig. 10.5(b),
where the power reflection and transmission coefficients of the reference model, R and
T, are plotted alongside those of the hybrid model, R and T. Moving on to Fig. 10.5(c), the
relative differences in reflection and transmission between the two skin models, defined
as AR = % and AT = T;TT, are analyzed in more detail. Regarding the relative devia-
tions between the two models, the frequency interval studied can be divided into three

subintervals: (I) an interval between 1 GHz and 50 GHz where only moderate deviations
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Figure 10.5: Overview of the simulation results of the reflectometric analysis of the reference and
hybrid models: (a) Incident power, Piyc(w), derived from Sj,.(w) corresponding to a square skin
area of lmm?. Pr(w) and Pt (w) denote the power absorbed by the reference model and the hybrid
model respectively. The constant labeled “Basic Rest.” corresponds to the absorbed power density,
Sap(w), defined in [1] by the ICNIRP guidelines as a basic restriction (see Tab. 7.1). (b) Spectral
analysis of the power reflection and the power transmission coefficients. R and T correspond to
the reference model and R(w) and T (w) correspond to the hybrid model. (c) Relative deviation of
R(w) and T (w) between the two skin models.

are observed, reaching a maximum of about 4.8% and —4 % at 24 GHz for reflection and
transmission respectively; (2) an interval between 50 GHz and 100 GHz where negligible
deviations can be observed; (3) an interval between 100 GHz and 300 GHz where signifi-
cant deviations occur with increasing frequency reaching a maximum of about —56.4 %
and 24.7 % at 280 GHz for reflection and transmission respectively.

Moving on to the dosimetric analysis of the epidermis in the next section, the power
transfer to deeper sublayers of the skin and the power distribution across the epidermal
cell layers are analyzed in the context of these subintervals.
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10.4.2 Dosimetric Analysis of the Epidermis

The results of the power absorbed by the epidermis, Pgp(w), relative to the power trans-
mitted in the skin, Pr(w), are shown in Fig. 10.6. In Fig. 10.6(a), solid black and red lines
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1 T T 0.8 T I
0.6
-~ 0.8 8 0.4
T 06 0.2
: N
< 04| E 0.2
< 35 —04
0.2 —— Aind,ED < U
— Aind,ED —0.6
0 | | | \ \ 0.8 | | | | |
1 50 100 150 200 250 300 1 50 100 150 200 250 300
f (GHz) f (GHz)

Figure 10.6: Overview of the power absorbed by the epidermis (ED), Pgp(w), relative to the power
transmitted to the skin tissue, Pr: (a) Spectral analysis of the absorption coefficients according to
Eq. 10.4, where that of the reference model, Ajnq gp, is shown as a solid black line and that of the
hybrid model, Aind,ED, is shown as a solid red line. (b) Relative deviation between the two skin
models.

illustrate the absorption coefficients of the epidermis as defined in Eq. 10.4 for the ref-
erence and hybrid model respectively. These are denoted by Ajnqrp and Amd,ED. Com-
parison of the two graphs shows that absorption within the epidermis at 1 GHz is only
0.5% of the power transmitted to the skin tissue, but increases rapidly with increasing
frequency, reaching 35% at the upper end of interval (1), at 50 GHz. This trend continues
at frequencies higher than 50 GHz, although the increase in absorption, especially in the
hybrid model, is significantly lower, reaching about 60 % at 300 GHz. The absorption in
the reference model increases to 87 % at 300 GHz and shows a discontinuity at 100 GHz,
which is due to the decision to keep ¢, fixed at all for frequencies higher than 100 GHz.
Moving on to Fig. 10.6(b), the relative differences in epidermal absorption between the
two skin models, A Ajnq gp, are displayed in more detail. A Ajnq gp is defined as

A — A
AAind,ED _ ind,ED 1nd,ED. (10.7)

Aind,ED

It can be seen that the relative deviation is —65 % in interval (1) increasing a moderate 8 %
to 32% in interval (2) before increasing gradually after the discontinuity to a final value of
32% in interval (3).

Having analyzed the power absorbed by the epidermis, its distribution within this skin
layer is now examined. Following Eq. 10.5 above, the results of the power absorbed by the
viable epidermis (VED) and the SC, Pygp and Psc, are shown in Fig. 10.7 relative to the

99



10 The Importance of Physiological Variations across the Epidermis

a b
(a) ) | | (b) 08 | |
~ 0.6} ]
6 08 \ :'/ O 4 E ----------
2 0.6 # AEgD vED Agp vED } % 02 ~=°°°
< A 0
a - &
Lg. 0.4 ﬁ -- AED,SC == AED,SC } o g- —0.2 —r \
a o amaaeemmmTT < —04]
< 0.2 ace-=="" ool 4 = AAgDvED
ke = —0.6--- AAgp sc
0 | | | | | —0.8 \ : | | |
1 50 100 150 200 250 300 1 50 100 150 200 250 300
/ (GHy) / (GHy)

Figure 10.7: Analysis of the power distribution across the epidermis in accordance with Eq. 10.5:
(a) Power absorbed by the epidermis in the reference and hybrid models, denoted by Agp vep/sc
and AED,VED /sc respectively. (b) Relative deviation of A Agpvep/sc between the two skin models.

total power absorbed by the epidermis, Pgp. In Fig. 10.7(a), the solid black and red lines
illustrate the fraction of power absorbed by the viable epidermis, Agpvgp and AED,VED,
and the dashed black and red lines illustrate the fraction of power absorbed by the SC,
Agp,sc and Agpsc. In addition, the corresponding relative deviations between the two
skin models, AAgpyvep and AAgp,sc, are shown in Fig. 10.7(b). It can be seen that the
reference model predicts a significantly higher absorption within the SC and thus shows
lower absorption within the viable epidermis.

Following these results, which only distinguishes between the larger-scale structures of
the epidermis, a detailed analysis of the power distribution within the individual cell
layers of the viable epidermis, K, is now performed, the results of which are shown in
Fig. 10.8. Following Eq. 10.6, the power absorbed by these cell layers, Pk, relative to the
total power absorbed by the epidermis, Pgp, is shown in Figs. 10.8(a) and (b) for the ref-
erence and hybrid model respectively. The graphs corresponding to each of the exam-
ined cell layers are represented by solid, dashed, dotted, and dash-dotted lines. They are
colored in magenta (K; through Ky), green (K5 through Kg), and blue (K9 and Kjg), as
indicated in the legend. The relative deviation between the two models, AAED,KP» are dis-
played in Fig. 10.8(c). AAED,K,, is defined as

Aepk, — AEDK,

AAED,K,, = (10.8)

AEDK,

Focusing on the proliferative pool of the epidermis only, it being of particular interest in
this thesis, AAgpk, and AAgp x, show deviations ranging between —29 % at the beginning
of interval (1) and —49 % at the end of interval (3). In addition, an overview of the power
distribution across the SC is provided in Appendix C for completeness.
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Figure 10.8: Analysis of the power distribution over the epidermal cell layers, K, according to
Eg. 10.6: (a)-(b) Power absorbed by the epidermal cell layers, K, in the reference and hybrid mod-
els, denoted by AEDK, and AED,K,,, respectively. (c) Relative deviation of AAgpK, between the two
skin models, AAgpk,. The plots corresponding to each of the investigated cell layers are repre-
sented by solid, dashed, dotted and dash-dotted lines. They are colored in magenta (K; through
K4), green (K5 through Kg), and blue (K9 and Kj¢) as indicated in the legend.

10.5 Discussion

The comparison of the reflection and transmission properties of the two skin models in
Sec. 10.4 shows significant differences at frequencies above 100 GHz. The power trans-
mission coefficient calculated for the hybrid model is up to 24 % higher than that cal-
culated for the reference model. This indicates a strong underestimation of the energy
absorption of skin tissues using the reference model. With reference to the evaluation
of the skin models performed in Sec. 10.3, it can be assumed that the imaginary part
of the permittivity of the epidermis is significantly smaller than the extrapolated value
used in the reference model. The extrapolation of the measured epidermal permittivity,
& gp(f > 100GHz) = g ¢ (f = 100GHz), was performed to compensate for the missing
data above the delimiting frequency. Consequently, the model based on [4] seems to re-
quire careful consideration in dosimetric studies of the skin above 100 GHz because of
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this strong underestimation of the power transmitted to the tissue.

Another observation in the investigations performed in this study was the distribution of
the power intake throughout the skin tissue. As shown in Fig. 10.6 (see Sec. 10.4.2), the
epidermis initially absorbs only a small fraction of the power transmitted to the tissue
between 1 GHz and 50 GHz (about 3 %), but dynamically increases to 38 % in both mod-
els. The close agreement continues for frequencies between 50 GHz and 100 GHz, with
a more saturated increase in absorption. For frequencies above 100 GHz, however, the
larger imaginary part of the epidermal permittivity of the reference model leads to strong
deviations and an overestimation of the absorbed power by up to 35%. This strong over-
estimation of the power absorbed in the epidermis naturally leads to a strong underesti-
mation of the power absorbed in the dermis. Moving away from the simplified stratified
representation of the skin chosen for exposure studies and interpreting this fact in the
context of an anatomically correct representation of the skin, a higher induced power in
the dermis would be expected to result in a higher temperature rise in this sublayer and
thus a direct effect on the thermoreceptors located there. Targeted power induction in
the tissue in which these receptors are embedded could, given a sufficient level and du-
ration of exposure, result in a physiological response of the organism to the stress of the
exposure and trigger thermoregulatory mechanisms, such as increased blood flow to the
skin and activation of sweat glands.

An important objective of these studies is also to provide dosimetric information on the
power input to the basal and subbasal cell layers of the epidermis (i.e., K; and K) nec-
essary for skin renewal. Information on the power distribution within the epidermis can
be obtained from Figs. 10.7 and 10.8. Here, Fig. 10.7 shows that absorption by the dead
cells of the SC is significantly overestimated by the reference model and thus, the absorp-
tion within the viable epidermis is significantly underestimated. This overestimation of
the power input at the body surface greatly biases the predictions of temperature evolu-
tion within the skin, as this power is much more easily dissipated to the environment by
convection and evaporation due to transpiration. A more detailed analysis of the power
distribution within the cell layers K; through K;, in Fig. 10.8 shows that the absorption
within the proliferative pool of the epidermis is underestimated by the reference model
by up to 50%. The use of the reference model for frequencies above 100 GHz thus leads
to biased interpretations, especially at these cell locations.

10.6 Summary and Conclusions

In this study, extensive dosimetric investigations were conducted to assess the transmis-
sion and distribution of EM fields in the skin, taking into account physiological variations
across the epidermis. The investigations compared a reference model, based on mea-
sured material properties reported in [4] and [5], with a hybrid model that combined the
purely numerical tissue model of the epidermis and the existing measured models of the
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other skin layers. Embedding the two skin models in a FEM-based simulation environ-
ment, a macroscopic exposure setup was established to simulate skin irradiation at fre-
quencies between 1 GHz and 300 GHz. The macroscopic exposure setup allowed for the
determination of local EM fields induced in the skin layers and thus enabled a compar-
ative assessment of the two skin models considering both reflectometric and dosimetric
aspects.

The evaluation of these skin models revealed biases in the reference model due to two
factors: (1) an incorrect sectioning of the epidermis and likely inclusion of dermal com-
ponents, and (2) the lack of epidermal measurements, £ pp» at frequencies higher than
100 GHz. These biases necessitated the inclusion of the dermal permittivity, ¢, , which al-
lowed the verification of the numerically determined permittivities of the individual epi-
dermal cell layers, gr,Kp ICy The verification performed on ¢, ¢, €, 1y, and grpr Ic, showed a
strong correlation between all of these permittivities for frequencies up to 100 GHz. How-
ever, when extrapolating beyond 100 GHz, deviations occurred, especially between 82' ED
and the imaginary parts of the other permittivities, indicating a significant overestima-
tion of this value in the reference model, calculated using dispersive complex material
properties, gLKP,Gq, as outlined in Chap. 9. Nevertheless, the dermal permittivity showed
a substantial correlation, except for notable deviations found exclusively in the upper
layers of the stratum corneum, which could be attributed to a reduction in water con-
centration. These results demonstrated the reliability of permittivities derived from the
bottom-up model and its histochemical assumptions.

The significant overestimation of €., in the reference model had major consequences

for both the power transmitted to the skin and the distribution of that power across its
sublayers. One of these consequences was revealed by the reflectometric analysis per-
formed in Sec. 10.4. There, significant differences in reflection and transmission proper-
ties were shown for frequencies above 100 GHz, with the transmitted power being under-
estimated by the reference model by up to 24 %. Consequently, the reference model must
be carefully reevaluated for dosimetric studies above 100 GHz, as subtle changes in the
material properties of the epidermis can have a major effect on the total transmission
of EM energy to the skin. This has implications for the current ICNIRP restrictions [1] as
the dosimetric assessment conducted in [4], leading to the reference model, was used
to derive an absorbed power density of 200 % which was set as an operational adverse
health effect threshold (see Chap. 7). However, based on the reduction factor of 2 to 10 es-
tablished for occupational and general exposure, respectively, no direct risks or potential
adverse health effects can be inferred from the underestimated results given above.

Furthermore, the evaluation of the power absorbed by the epidermis in Sec. 10.4.2 showed
that the larger imaginary part of the epidermal permittivity in the reference model yields
an overestimation of the absorbed power by up to 35% at frequencies above 100 GHz, re-
sulting in a strong underestimation of the power absorption in deeper skin layers. When
considering a more anatomically accurate representation of the skin, the induced power
in the dermis would be expected to cause a more pronounced temperature increase within
this layer. This, in turn, would have a direct effect on the thermoreceptors located there.
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Consequently, if the tissue surrounding these receptors were exposed to a targeted power
induction of sufficient intensity and duration, it would have the potential to trigger phys-
iological responses in the organism. These responses might include increased blood flow
to the skin and activation of sweat glands as a direct result of the exposure-induced
stress.

In addition to the results recapitulated in the previous paragraph, the analysis of energy
distribution in the epidermis underlines the importance of accurately representing phys-
iological variations within this skin layer by using individual permittivities for each cell
layer. The analysis, which divided the epidermis into the stratum corneum (SC) and the
viable epidermis (see Fig. 10.7), revealed that the reference model significantly overesti-
mated absorption by the dead cells of the stratum corneum, leading to a substantial un-
derestimation of absorption within the living cells of the viable epidermis. This overesti-
mation of power at the surface of the skin could introduce a significant bias in predicting
the temperature evolution within the skin, as this power easily dissipates to the envi-
ronment through convection and evaporation. Furthermore, the comprehensive analy-
sis of power distribution across the individual cell layers, from K; to K¢ (as depicted in
Fig. 10.8), revealed discrepancies in the estimation of absorption within the viable epi-
dermis using the reference model. These discrepancies ranged from an overestimation
of 20% to an underestimation of 60% depending on the specific location within the vi-
able epidermis and the frequency. Notably, regarding the basal and subbasal cell layers
of the epidermis (i.e., K; and Kj3), which are crucial for skin renewal, the reference model
underestimates the absorption in this layer by up to 50% at 300 GHz. Importantly, this
observation applies not only to frequencies above 100 GHz but also to frequencies below
this threshold. Consequently, using the reference model leads to biased interpretations,
particularly at these specific cell locations at frequencies above 100 GHz.

In conclusion, the reference model is clearly suitable for frequencies up to 100 GHz, but
the extrapolation of the measured material parameters for frequencies above 100 GHz
leads to a significant overestimation of the reflection of EM waves at the skin surface. This
leads to an underestimation of the power transmitted to the skin tissue compared to the
hybrid model. Comparing the results of the current study with those presented in [19],
in which the SC was identified as an impedance matching layer, it appears that not only
the thickness of the individual cell layers, but also the water concentration profile across
the epidermis can lead to such an effect. Furthermore, the layer-by-layer representation
of the epidermis in the hybrid model allows a detailed assessment of the power distribu-
tion within the epidermis. This shows the strong influence of the different permittivities
within the individual cell layers corresponding to the water concentration profile profile
and the metabolization of keratin. Thus, the hybrid model demonstrates that numerically
derived material representations of tissue layers, which inhibit strong physiological vari-
ations, complement purely measurement-based skin models and allow for the targeted
investigation of physiological structures that have been identified as important (such as
the proliferative pool).
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In the previous chapter, a comparison between the hybrid skin model and the refer-
ence model based on the work of Sasaki et al. [4] showed that physiological variations
in the epidermis significantly affect the absorption properties of the skin. In this chapter,
the consistent representation of the epidermis by the bottom-up model, encompassing
both the macroscopic and microscopic scales, is used to develop a top-down multiscale
approach, referred to as scale-back projection. This approach allows the projection of
the macroscopically determined EM field distribution within the epidermis onto the mi-
crostructure of the underlying epidermal cell models. It is shown that scale-back projec-
tion provides a solid foundation for the determination of a measure that will be referred
to as the statistical micro-SAR. This measure is derived from a statistical analysis of field
variations due to the microstructure of epidermal cells, and represents a means to quan-
tify EM absorption and its location in a realistic manner. This allows the investigation of
three key aspects:

(1) The quantification of field variations resulting from the morphology and histologi-
cal composition of the fully resolved epidermal cell structures using statistical anal-
ysis (arithmetical mean, standard deviation).

(2) The investigation of differences between the conventional SAR, as specified by
ICNIRP, and the statistical micro-SAR proposed here at the microscopic scale.

(3) The introduction of parameters to quantify methodological consistency in the pro-
jection of field values at both the macroscopic and microscopic scales.

By considering currently accepted reference levels for exposure at the macroscopic scale,
this study allows the assessment of the above aspects within the context of the ICNIRP
guidelines, in two frequency intervals: F; (ranging from 1 GHz to 6 GHz) and F, (ranging
from 24 GHz to 52 GHz) which are either currently in use or being considered for use in 5G
telecommunication standards. Based on this, it is discussed whether and how scale-back
projection can be integrated as a microdosimetric investigation tool into the repertoire
of conventional multiphysics simulations.

Sec. 11.1 provides a comprehensive introduction to the implementation of the scale-back
projection within the computational simulation environment, detailing the methods and
measures used in the analysis. This is followed by Sec. 11.2, which provides a detailed ex-
amination of the key aspects outlined above. This includes a comparison of the statistical
micro-SAR with the currently accepted SAR limits for local limb exposure as defined by
ICNIRP Finally, the main findings are summarized and discussed in Sec. 11.3.
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11.1 Methodology

The methodology section of this chapter is structured into three parts. The first part pro-
vides a detailed explanation of the implementation of the scale-back projection, empha-
sizing the connection between the macroscopic and microscopic scales. In the second
part, a thorough outline of the microdosimetric assessment conducted using the scale-
back projection is presented, introducing the relevant measures involved. Lastly, an ana-
lytical approach is introduced to investigate the methodological consistency of the scale-
back projection and propose measures to evaluate the quality of the linkage between the
two hierarchical scales.

11.1.1 Implementation of the Scale-Back Projection

The methodology of the scale-back projection is illustrated in Fig. 11.1, and can be de-
scribed as a two-fold procedure linking the representation of epidermal tissues at two
hierarchical levels: (1) on a macroscopic scale, and (2) on a microscopic scale.

On a macroscopic scale, the spatial distribution of EM fields across the individual sub-
layers of the skin is determined using the macroscopic exposure setup introduced in
Chap. 10 as illustrated in Fig. 11.1(a). Efficient numerical calculation is facilitated by the
homogenized tissue representation of these layers using the hybrid skin model. The input
power, Pj,.(w), corresponds to the incident power density, Sinc(w), defined in the refer-
ence levels (see Tab.7.2). The EM wave is propagating along the z-direction, perpendic-
ular to the skin surface, and polarized in the x-direction. By subdividing the epidermis
into separate computational subdomains, it is possible to determine the induced volu-
metric loss densities, p(7,w), within microvolumes corresponding to the specific size and
location of individual epidermal cells (i.e., K, and C,), as described in Chap. 9. The in-
tegration of p(7,w) over these microvolumes yields the power induced in a single cell,
denoted as Pind,K,, 1c, (W), as illustrated in Fig. 11.1(b).

At the microscopic scale, the epidermal cells are represented using the parametric cell
models introduced in Chap. 9. These models are then incorporated into the virtual ca-
pacitor setup, initially introduced in Chap. 8 for quasi-static EM analysis of eukaryotic
cells. This setup is referred to as the microscopic exposure setup in the following. The
linkage between the macroscopic and microscopic exposure setups is achieved by con-
verting Pingx,/c, (@) into a voltage, Uindx,/c, (@), representing an equivalent level of ex-
posure on the microscopic scale.

The voltage Uindx,/c, (@) is derived using the equivalent circuit representation of the vir-
tual capacitor experiment, originally used to determine macroscopic material properties
of individual epidermal cell layers (see Fig. 8.3 and Eq. 8.5 to 8.9), and is calculated as
follows:

Pindk,/c, @) = Gk, /c, (@) - Uind,/c, (@) (11.1)
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Figure 11.1: Conceptual overview of the scale-back projection: (a) Macroscopic exposure setup
to determine EM fields induced in the hybrid skin model as introduced in Chap. 10. This setup
allows the determination of the levels of exposure in each cell layer of the epidermis (K, and Cg).
Considering only a single microvolume within each individual cell layer that corresponds to the
specific size of the computational domain of its underlying parametric cell model, it is possible
to determine the power induced in any of these microvolumes, Pindx,ic,(w), as illustrated in (b).
The induced power is then used to derive a voltage, Uind,Kp Ic, (w), which leads to an equivalent
level of exposure on the microscopic scale (as outlined in Eq. 11.3). The corresponding potential
difference, Pind K, /C, (w), is then applied across the microscopic exposure setup shown in (c).

where GKp /¢, (w) represents the effective macroscopic conductance of the parametric cell
models corresponding to the individual epidermal cell layers. By replacing GKp /¢, W) in
Eq. 11.1 with the expression

0K,/C, W) - Ayzk,/c,

G, /c, () = , (11.2)

Lk, ic,

the voltage Uindx,/c, (@) can be determined as follows:

Pindx,/c, (@) - lucxk,ic,
Uinax,/c, (@) = . (11.3)
Ox,ic, ) - Avzx,/c,

where AvzK,IC, = lUC,y,Kp ICq lUC,z,K,, ICq denotes the cross-sectional area of the micro-

volume in the YZ plane and 6k, ;¢ (w) = wegE! (w) denotes the conductivity of any
plLq K, /Cq

given homogenized epidermal cell layer. Uindx,/c, (@) is now applicable to a microscopic
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11 Scale-Back Projection

exposure setup by applying the corresponding potential difference, pinqx,/c, (@), to the
Dirichlet boundary conditions considered in the quasi-static unit cell approach presented
in Chap. 8. The application of Uindx,/c, (@) in the x-direction is consistent with the po-
larization of the EM wave exposure at the macroscopic scale, as shown in Fig. 11.1(c).

11.1.2 Microdosimetric Assessment

The scale-back projection allows microdosimetric SAR assessments at both microscopic
and macroscopic scales. At the macroscopic scale, it considers the homogeneous mate-
rial representation of individual epidermal cell layers, while at the microscopic scale, it
considers the fully resolved cell structure of individual epidermal cell models. SAR values
at both scales can be determined using either the ICNIRP calculation rule (see Eq. 7.2),
which relates the induced power within a microvolume to the mass contained in that
volume, or by statistical analysis of field changes.

At the macroscopic scale, the specific absorption rate, denoted as SARpna x »/Cy» is calcu-
lated using the conventional definition (see Chap. 7):

Mo PG 0) AV _ Pinax,ic, (@)
viye PX, 1, AV mg,ic,

SARmak,/C, = (11.4)

where p(7,w) and px,,/c, represent the volumetric loss densities induced in the individ-
ual microvolumes across the epidermal cell layers (see Fig. 11.1) and the volumetric mass
densities of the homogeneous cell layers (see Fig. 9.11) respectively. The independent
layer-wise values, Pind,Kp 1c, (W) and MK, /C,» denote the corresponding induced losses
and masses determined via integration over each microvolume, Viycx,/c,, for each cell
layer. In contrast to this conventional assessment of the SAR, it is possible to perform a
statistical analysis over these microvolumes that allows the quantification of field varia-
tions within the microvolume due to the attenuation of the penetrating wave. The results
of this analysis are represented by the arithmetic mean value, denoted as HSAR,ma,K,/Cy»
which is calculated as:

1 (7, w)
MSAR,maK,/Cq = —ff P dv, (11.5)
Vuck,ic, Jvye px,ic,

and the standard deviation, denoted as SSAR,ma,K,/Cy» calculated by

2
dv. (11.6)

SARmaK,/Cq =\| o7 — HSARK,,/C
e Vuck,ic, Jvuc | Px,ic, e

In this equation, the symbol s has been chosen to represent the standard deviation in-
stead of the commonly used o to avoid potential ambiguities with conductivity. Note

that usar,max,/c, = SARmaK,/C,-
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At the microscopic scale, at which the individual epidermal cell layers are represented
using their corresponding parametric cell models, it is also possible to determine a SAR
that is calculated using the conventional definition:

My PG 0) AV _ Pinax,ic, (@)
My Px, 10, (F) AV mK,,/c,

SARmix,/c, = (11.7)

Here, it is important to note that even though p(7,w) and px,/c,(7) differ significantly
from their corresponding values on the macroscopic scale, Pinq x »/Cq and mg,/c, remain
equal to their corresponding values, resulting in the fact that SARmi,Kp Icy = SARma,Kp/c 7
Consequently, the conventional representation of SAR at the microscopic scale does not
offer any additional insights. However, it is now possible to use the results of a similar
statistical analysis to define a new measure which demonstrates differences between the
two scales, and thus the influences of cell morphology (size, shape, internal organiza-
tion) and histochemical composition on field variations within the microstructure. This
measure quantifies both the absorption and its location within the cell, leading to the
redefinition of SARm; x »/Cq (from Eq. 11.7) as a statistical micro-SAR:

SARmik,/c, = HSARmiK,/C; T SSARmiK,/C, (11.8)

where the determination of the microscopic arithmetic mean value, psar mix ,/Cy» CAN be

determined by
p(7, w)
(11.9)
HSAR,miK,/Cy = VUCKp/Cq fffVUC p(r)

Due to the implementation of membranes as boundary conditions in the parametric
models of individual epidermal cells, as defined in Eq. 8.2 and 8.3 in Chap. 8, the volumet-
ric loss density, p(7,w), is not defined within these cell structures and is thus not directly
accessible for volume integration in the COMSOL software environment. To overcome
this limitation, Eq. 11.9 needs to be rearranged to account for the individual cell struc-

tures:
p(r w)
(11.10)
(7, w)dV (11.11)
VUC Kp/Cq 7 pz ff P
1
HsAR,miK,/Cq = —Z (11.12)

Vuck,ic, T Pi

In the above equations, the index i represents the different cell structures, namely the ex-
tracellular medium (EC), the cytoplasm (CP), the nucleoplasm (NP), and the membranes
(M). The variables P; and p; correspond to the power induced and the volumetric mass
density assigned to each respective cell structure. By employing the concept of spatial
segmentation as described in Chap. 8, it becomes possible to determine the power contri-
butions Pgc, Pcp, and Pyp through volume integration within the epidermal cell models.
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The associated membrane power contribution, denoted by Py, can also be obtained by
subtracting the sum of Pgc, Pcp, and Pyp from Py, where Py is the total induced power
determined between the terminals (i.e. the electrodes) of the computational domain. In
addition, the determination of Py in the microscopic exposure setup serves as a means
to assess the consistency between the macroscopic and microscopic scales. This is evalu-
ated by comparing the induced power P (macroscopic) and Pio¢ (microscopic), where
the required condition Pcg) = Pyt is checked and found to be satisfied. To solve Eq. 11.12,
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Figure 11.2: Profile of the volumetric mass density across membranes represented by an un-
charged dipalmitoylphosphatidylcholine (DPPC) phospholipid bilayer, ppppc(7), adopted from
[112], plotted against the relative thickness with respect to that of the membranes, which typically
measures 6pum to 10um. The average value, (ppppc (7)), serves as py in Eq. 11.12 and represents
the volumetric mass density of the membranes in the epidermal cell models.

it is necessary to specify the volumetric mass density of the membranes, py;. This is done
by considering the volumetric mass density profile ppppc(7¥) across an uncharged di-
palmitoylphosphatidylcholine (DPPC) phospholipid bilayer, as shown in Fig. 11.2. This
density profile, which has been adopted from [112], provides an estimate of the average
density of DPPC molecules in the bilayer, denoted as {ppppc(7)). Thus, {ppppc(7)) is used
to approximate py;. These values are plotted against the relative thickness of the mem-
branes, which typically ranges from 6um to 10 um.

After obtaining {sar mik,/c, by solving Eq. 11.12, it becomes possible to determine the
standard deviation of the SAR values across the computational domain using the follow-
ing equation for the standard deviation:

SSAR - L fff (p(?’w) *4v (11.13)
SAR,miK,/C, = Vooro, e\ o HSAR K, /C, .

However, it should be noted that due to the decision to implement membranes as bound-
ary conditions, the integral in this equation does not consider field values within the
membranes themselves. While this limitation does not render the analysis invalid, it needs
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to be considered in the results section, as only an incomplete picture of the field and loss
distribution is provided for the macroscopic exposure setup.

In order to provide a comprehensive statistical assessment of the distribution of
SARyi(7,w), it is important to determine the minimum and maximum values occurring
within the epidermal cell models. This can be achieved using the following equations:

. [p(F,w)
SARmin,mi,Kp/Cq =mm|——r—_-— (11.14)
p(7)
p(F,w)
SARmax,mi,Kp/Cq =max = (11.15)
p(7)

By calculating these minimum and maximum values, a more comprehensive understand-
ing of the range of SAR values within the cell models can be obtained. This evaluation is
performed in two frequency intervals: F; € [1 GHz, 6 GHz] and F; € [24 GHz,52 GHz].

11.1.3 Methodological Consistency of the Scale-Back
Projection

In addition to the statistical analysis outlined above, the methodological consistency be-
tween the macroscopic and microscopic scales in the scale-back projection must be eval-
uated. The macroscopic exposure setup determines the distribution of EM fields within
the skin using full-wave simulation. This even takes into account field variations within
the investigated microvolumes themselves, which occur due to the attenuation of the
penetrating wave within the tissues (see Fig. 11.1(b)). In contrast, the microscopic ex-
posure setup uses a quasi-static capacitor approach, where the outer boundaries of the
computational domain are assigned two numerical features: (1) periodic boundary con-
ditions implemented to avoid fringing fields, and (2) Dirichlet boundary conditions used
for the application of the voltage Uind K, /C,- The Dirichlet boundary conditions enforce
a constant potential, Pind K, /Cy» resulting from the application of this voltage in the x-
direction. This constant potential, however, is not consistent with the decay of EM waves
penetrating the corresponding microvolume in the macroscopic exposure setup, leading
to an inherent discrepancy between the macroscopic and microscopic scales in the scale-
back projection. Nevertheless, considering both of these scales, this inherent method-
ological discrepancy becomes negligible when the variations of the EM field values ob-
served in the microdosimetric exposure setup becomes significant in comparison to that
in the microvolumes at the macroscopic scale. To quantify this, the agreement between
the exposure setups at the two scales can be evaluated by considering the coefficient of

variation, defined as:
SSAR,ma/mi,K,/Cq4
CVsAR,ma/miK,/C, = (11.16)
/JSAR,ma/mi,Kp/Cq

Here, "ma" and "mi" in the indices refers to statistical measures of microvolumes on the
macroscopic and microscopic scales respectively. A low coefficient of variation in the
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macroscopic setup and a high coefficient of variation in the microscopic setup indicate
suitable methodological consistency between the two scales. To assess the coupling qual-
ity, the ratio of C VsAR,miK,/C, 10 CVsARmaK,/C, I8 utilized, represented as:

CVsARmiK,/C,

YSARK,/Cq = (11.17)

CVsARmaK,/C,

This ratio allows the assessment of the quality of coupling between the macroscopic and
microscopic scales with a high value for ysar x »/Cq indicating strong coupling.

11.2 Results

The results derived from the application of the scale-back projection are presented in the
following sections. First, the EM exposure in the epidermis is investigated by means of
the statistical micro-SAR, which is used to quantify the variations of SAR values observed
within the cellular microstructure of epidermal cells. In addition, the distribution of these
values across the cell models is evaluated using histograms and field plots. Following this
analysis, a comparison is made between the statistical micro-SAR and the conventional
representation of the SAR on a macroscopic scale. The methodological consistency be-
tween the microscopic and macroscopic scales is then evaluated. Finally, the study exam-
ines how well the statistical micro-SAR conforms to current safety guidelines, particularly
those defined in the basic restrictions for limiting local exposure in the extremities.

11.2.1 Microdosimetric Assessment of the Epidermis using
Scale-Back Projection

The microdosimetric analysis of SAR(¥,w) using the statistical measures defined in
Egs. 11.9 to 11.15 is shown in Fig. 11.3 for basal keratinocytes (i.e. parametric cell model
K;) as an illustrative example!' because these cells are particularly important for skin
resurfacing (see Chap. 3). The figure presents diagrams corresponding to frequency in-
terval F; in Figs. 11.3(a), (c), and (e), and frequency interval F, in Figs. 11.3(b), (d), and
).

In Figs. 11.3(a) and (b), the SARy;k, (w) is plotted on a semi-logarithmic scale for fre-
quency intervals F; and F, respectively. The statistical mean, psar mik,, is represented
by a solid black line. The dark-gray-shaded area surrounding psar mix, corresponds to a
range of values within one standard deviation of the mean, psaRr mix, * SsAR,mi,x, - The up-
per and lower bounds of this range are indicated by dashed-dotted lines positioned above

IAppendix D complements the presented findings by including detailed statistical analysis of all epider-
mal cell models, K, to Cy, in Figs. D.1 to D.24.
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Figure 11.3: Microdosimetric analysis of SAR(¥,w) in basal keratinocytes. (a) Semi-logarithmic
plot of SARn; x, (w) for frequency interval Fy, illustrating the statistical measures. The solid black
line represents the statistical mean (tsar mix,), while the dark-gray-shaded area corresponds to
values within one standard deviation of the mean, denoted as fisar mi k, £ SsAR,mik,- The dashed-
dotted lines above and below the mean indicate the upper and lower bounds of this range.
The light-gray-shaded area represents the entire range of values observed within the computa-
tional domain, bounded by the maximum value (SARmax mik,) at the top and the minimum value
(SARmin,mix,) at the bottom. (b) Similar plot as in (a), but for the frequency interval F. (c) & (d)
Histograms representing the distribution of SAR(¥, w) values at 3.5 GHz and 38 GHz. Note the dis-
crepancy between usar mix, and the central tendency of the histogram shown in (c), which is due
to the implementation of membranes as boundary conditions, as explained in the methodology
section of this chapter. (e) & (f) Field plots of SAR(¥,w) in basal keratinocytes illustrating the XZ
and YZ planes for 3.5GHz and 38 GHz, respectively.
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and below the mean. To complete this statistical analysis, the light-gray-shaded area sur-
rounding Usar mik, £ Ssar,mi K, illustrates the entire range of values monitored within the
computational domain of the microscopic exposure setup. This range is bounded at the
top by the maximum value, SARnaxmik,, and at the bottom by the minimum value,
SARmin,mik,- The SAR values shown here cover a large range, with the central frequen-
cies of intervals Fy and F» (3.5GHz and 38 GHz respectively) being used as an illustrative
example in Tab. 11.1.

Table 11.1: Illustrative overview of the variation of SAR values in basal keratinocytes for the central
frequencies within intervals F; and F, at 3.5 GHz and 38 GHz.

f HSAR,mi,K; SSAR,mi,K; SARmax,mi,K1 S ARmin,mi,Kl
3.5GHz 6.4683Wkg™'  4.1594Wkg™!  27.0293Wkg™'  0.0063Wkg™!
38GHz 26.3634Wkg™! 18.5791Wkg~! 137.1015Wkg~' 0.8956 Wkg™!

However, before moving on to a comprehensive analysis of the variations of SAR values
across all of the cell models using C VSAR,mi,Kp ICy» which will be presented at the end of
this subsection, it is important to first analyze the frequency of occurrence of SAR values
across basal keratinocytes. This is illustrated using histograms in Figs. 11.3(c) and (d) for
the two aforementioned sample frequencies. The histograms visually represent the distri-
bution of SAR(7, w) relative to the volume of the computational domain. Both histograms
show that the majority of SAR values across this domain exhibit a unimodal distribution
which is slightly skewed to the right. However, this general trend is disrupted by a signifi-
cant accumulation of low values, which account for approximately 30 % of the cell volume
forming a second peak in the data. This accumulation can be attributed to the nucleus,
which occupies roughly 30% of the cell volume, as shown in Fig. 9.3. This reasoning is
supported by the field plots in Fig. 11.3(e) and (f), which show the SAR distribution in
the XZ and YZ planes of the computational model of the basal keratinocytes for 3.5 GHz
and 38GHz respectively. These field plots illustrate low SAR values within the nucleus.
This observation aligns with previous findings discussed in Chap. 8, which describe the
electrical shielding provided by the nuclear envelope to the nucleoplasm. In summary;,
the significant accumulation of low values in the distribution of the specific absorption
rate can be attributed to the SAR values within the nucleus, while the unimodal distribu-
tion of values corresponds to the SAR occurring in the cytoplasm and extracellular space.
Upon closer analysis of the histograms shown in Figs. 11.3(c) and (d), it becomes evident
that the calculated mean value, psar mik,, does not accurately represent the central ten-
dency of the distribution resulting from the microscopic exposure setup at 3.5 GHz. This
discrepancy can be attributed to the implementation of membranes as boundary condi-
tions, as explained in the methodology section of this chapter. The histograms are deter-
mined using mathematical operations based on volume integration within the COMSOL
Multiphysics software environment and values corresponding to the membranes, mod-
eled as boundary conditions, are thus not captured. The large discrepancy between the
expected mean value from the distribution of SAR values shown in the histogram and
HsAR,miK, Suggests a significant contribution to the SAR within the membranes.
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Figure 11.4: Power levels induced within each structure of the cell, represented by Piot, Pm, Pcp,
Pnp, and Pgc, depicted by black, red, purple, green, and blue lines, respectively. The analysis is
performed separately for frequency intervals F; and F», as shown in (a) and (b). (c) and (d) show
the relative cell losses expressed as %.

To investigate this missing contribution, the power levels induced in the membranes, cy-
toplasm, nucleoplasm and extracellular medium are shown in Fig. 11.4 represented by
Py, Pcp, Pnp, and Pgc respectively. In addition, the power levels for the cell as a whole
are given by Py This is performed separately for each of the frequency intervals, F; and
Fy, as shown in Figs. 11.4(a) and (b) respectively. Comparing Fig. 11.4(a) with Fig. 11.4(b),
it can be seen that the membranes contribute significantly to absorption in frequency
interval F;, while their contribution in frequency interval F; is almost negligible. This ob-
servation is even more evident when considering the relative induced power, %, shown
in Figs. 11.4(c) and (d). There, it can be seen that the membrane losses account for ap-
proximately 30 — 60 % of the total cell losses in F;, while accounting for less than 10% in
Fo.

As this comprehensive analysis demonstrates the variations of SAR values in basal ker-
atinocytes, and acknowledges the computational constraints imposed by the built-in op-
erations of the COMSOL Multiphysics software environment for capturing their distribu-
tion, the focus now shifts to quantifying the variations of SAR values across all epidermal
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Figure 11.5: Viable Epidermis - Analysis of the variations of SAR values in the cell models of the
viable epidermis (K; through Kj): Plots of the statistical parameters HSAR,miK, and SSAR,mi,K,, are
shown in (a) and (b), respectively, while (c) illustrates C VSAR,mi,Kn for quantification of SAR values
within the frequency interval F;. Correspondingly, Figs. 11.5(d)-(f) present these values for inter-
val F». The plots visualize the range of values across all cell models by gray-shaded areas bordered
by dashed black lines, with solid black lines representing their averages. Following the previous
analysis of basal keratinocytes, the values for K; are additionally shown by magenta lines.
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Figure 11.6: Stratum Corneum - Analysis of the variations of SAR values in the cell models of the
SC C; through Cy4: Plots of the statistical parameters HSAR,mi,C, and SSAR,mi,C, are shown in (a)
and (b), respectively, while (c) illustrates CVsar mi,c . for quantification of SAR values within the
frequency interval F;. Correspondingly, Figs. 11.5(d)-(f) present these values for interval F,. The
plots visualize the range of values across all cell models by gray-shaded areas bordered by dashed
black lines, with solid black lines representing their averages.
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cell models with these issues in mind. This analysis is illustrated in Fig. 11.5 for the viable
epidermis and in Fig. 11.6 for the SC.

In Fig. 11.5, UsaR miK, and SSAR,mi,K, are shown in (a) and (b), while (c) shows CVsAR,miK,
to quantify the variations of SAR values over interval F;. Similarly, Figs. 11.5(d)-(f) illus-
trate these values for interval F,. The plots illustrate the range of values across all cell
models, K; through Kjg, represented by gray-shaded areas bounded by dashed black
lines, while solid black lines represent their averages. To maintain a connection with the
detailed analysis of basal keratinocytes performed above, the values for K; are addition-
ally represented by magenta lines. In Figs. 11.5(c) and (f), it can be observed that the
coefficient of variation ranges between 0.3 and 0.71 in both intervals. This wide range
underlines the significant influence of cell morphology on the variations of SAR values
within each cell model, and emphasizes the necessity to study each cell layer individu-
ally. However, by determining the arithmetic mean of C VsARmik,, an average value for
the variations within the viable epidermis can be given as a rough estimate, ranging from
0.53t0 0.62 in F; and from 0.52 to 0.59 in F,.

To quantify the variations of SAR values across the cell models of the SC, psarmic -
SSAR,mi,C, and CVsaR mic , are shown in Figs. 11.6(a)-(c) in interval F; and in (d)-(f) in in-
terval F,. The plots illustrate the range of values across all cell models, C; through Cy4, in
a manner corresponding to Fig. 11.5. In Figs. 11.6(c) and (f), a distinct observation arises:
The coefficient of variation in the SC is almost frequency independent, displaying a much
narrower range of values, spanning from 0.27 to 0.37, in both intervals. As a result, an al-
most constant average value of 0.33 emerges. The negligible frequency dependence and
the much narrower range of values can be attributed to the much lower water content
in the histochemical composition of the corneocytes and their much simpler geometric
arrangement, lacking any intracellular compartmentalization and organelle membranes
(see Chap. 9).
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11.2.2 Comparison of the Statistical Micro-SAR and the
Conventional Representation of the SAR at the
Macroscopic Scale

After investigating the field variations of the SAR in the microstructure of a basal ker-
atinocyte, it is now necessary to compare HSAR,miK,/C, with SARma,Kp/c " conventionally
determined by the homogeneous bulk representation of individual cell layers. This eval-
uation focuses on epidermal cells within the viable epidermis and the SC in Figs. 11.7 and
11.8, respectively.

In Fig. 11.7, SARma,Kp and USAR,miK, are shown in (a) and (b), while (c) shows the relative
deviation between these values, denoted as ASARKP, for frequency range F;. ASARKP is
defined as

SARma,Kp - ,USAR,mi,Kp

ASARg, =
K SARmax,

(11.18)

Similarly, Figs. 11.7(d)-(f) illustrate these values for the frequency range F,. The curves
in each plot correspond to specific epidermal cell models, represented by solid, dashed,
dotted, and dashed-dotted lines, and colored in magenta (K; through K,), green
(Ks through Kg), and blue (Kg and K;) as indicated in the legend. Comparing SARmak,
and HSAR,mi K, in Figs. 11.7(a) and (b), it can be seen that the curves for all cell models
show the same basic trend with a maximum between 3GHz and 4 GHz. However, the
magnitude of this maximum is much smaller for SARma,Kp than for HSAR,mi K, - This can
be explained by the loss distribution within the epidermal cell models. As shown in the
sectional images of the cell model of basal keratinocytes in Fig. 11.3(e) and indicated by
the histogram in Fig. 11.3(d), the nucleus is largely shielded from EM radiation by the
organelle membranes in the surrounding cytoplasm. In addition, the distribution of the
power intake into the cell shown in Fig. 11.4 demonstrates that the total power of the
cell forms a maximum at about 3.2 GHz, which is mainly split into equal parts of 45% in
the cytoplasm and the membranes. This underlines the usefulness of the piecewise de-
termination of the SAR contributions of the individual cell structures in Eq. 11.12 for the
calculation of HsAR,mik, as a means to quantify cell losses and their location within indi-
vidual cells. Regarding ASARKP in Fig. 11.7(c), it can be seen that the SAR estimated from
the graph, SARmaK,, is up to 45% lower than the microscopically measured HSAR,miK,,-
These statements can also be applied to frequency range F, shown in Figs. 11.7(d)-(f).
Both SARmaKk, and HSAR,miK, show the same monotonous slope in the plotted graphs,
which essentially reflects the lower attenuation of the penetrating wave. The deviation of
the two values, ASARKP, is much smaller here than in F; due to the smaller loss contri-
bution of the membranes. However, it is still significant with a value of up to 13 %.

Moving on to the analysis of the individual cell layers of the SC, SARpna o MSARmi,C, and
ASARc, are illustrated in Figs. 11.8 (a)-(c) for frequency interval F; and in (d)-(f) for fre-
quency interval F,. The curves in each plot correspond to specific corneocyte models,
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Figure 11.7: Viable Epidermis - Comparison between the SAR derived from the conventional rep-
resentation of the microvolumes at a macroscopic scale, denoted as SARmak, in (a) & (d), and the
statistical micro-SAR, denoted as HSAR,miK, in (b) & (e), in the frequency interval F; in (a)-(c), and
F, in (d)-(f): (a) & (d) show SARmak, while (b) & (e) show HSAR,miK, for each frequency range; (c) &
(f) depict the relative deviation between these values, denoted as ASARKp. The plots correspond-
ing to each of the investigated epidermal cell models are represented by solid, dashed, dotted,
and dash-dotted lines. They are colored in magenta (K; through Ky), green (K5 through Kg), and
blue (K¢ and Kj¢) as indicated in the legend.
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Figure 11.8: Stratum Corneum - Comparison between the SAR derived from the conventional
representation of the microvolumes at a macroscopic scale, denoted as SARma,c, in (a) & (d), and
the statistical micro-SAR, denoted as Usar,mi,c ” in (b) & (e), in the frequency interval F; in (a)-
(c), and F» in (d)-(f): (a) & (d) show SARma,Cp while (b) & (e) show HSAR,mi,C, for each frequency
range; (¢) & (f) depict the relative deviation between these values, denoted as ASARc, . The plots
corresponding to each of the investigated cell layers are represented by solid, dashed, dotted and
dashed-dotted lines. They are colored in magenta (C; through C,4), green (Cs through Cg), blue
(Cg through C;2) and gray (C;3 and Cy4) as indicated in the legend.
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represented by solid, dashed, dotted, and dashed-dotted lines, and colored in magenta
(C; through Cy), green (Cs through Cg), blue (Cg through C;») and gray (Cy3 and C;4) asin-
dicated in the legend.It can be seen that SARma,c g and UsAR mi,C , are almostidentical with
deviations, ASARc,, ranging between 1% and 3 % depending on the cell layer. The small
deviations within the SC compared to the significant deviations within the viable epi-
dermis are due to differences in the modeling of keratinocytes and corneocytes, or more
specifically, the inclusion of organelle membranes. At the transition between the stratum
granulosum and the stratum corneum, keratinocytes are metabolically deactivated, and
their organelles and the nucleus dismantled. The lamellar bodies, which contain keratin
and lipids in addition to organelles, fuse with the plasma membrane and shed their con-
tents into the cell body [113]. Thus, the corneocytes, as described in detail in Chap. 9,
are regarded as protein sacs that no longer contain organelles, and thus organelle mem-
branes no longer need to be modeled. This leads to smaller differences between the SAR
on a macroscopic and microscopic scale.

11.2.3 Methodological Consistency Between the Microscopic
and Macroscopic Scales

The methodological consistency, evaluated by the coefficient YSARK,/C,» 1S examined in
this subsection. The consistency analysis is presented for the cell models of the viable
epidermis in Fig. 11.9(a) and (b) for the frequency ranges F; and F, respectively. Similarly,
Figs. 11.9(c) and (d) display the consistency analysis for the cell layers of the SC covering
the same frequency ranges. The plots depict the lowermost and uppermost cell models
of the viable epidermis (K; and K;o) and SC (C; and Cy4) as solid red and solid blue lines,
respectively. The entire range of values is represented as a gray-shaded area bounded by
dashed black lines.

It can be seen that ysar ) is greater than 200 in F, and greater than 20 in F; in the viable
epidermis, which means that the field variation in the cell models on a microscopic scale
is at least 20 to 200 times greater than the field variations caused by the attenuation of
the penetrating wave across the microvolumes in each cell layer on a macroscopic scale.
In the SC, ysarc, is greater that 10 in F; and greater than 200 in F,. The methodologi-
cal consistency of the scale-back projection is assured based on this factor, as the field
variations within the microstructure of the cell are significantly larger than those within
the microvolumes of the cell layers. This justifies the use of the scale-back projection for
microdosimetric investigations.

In addition to this observation, some noticeable features in the presented curves need to
be clarified. Particularly noticeable in frequency range F;, a maximum is evident through-
out the range of values in ysar x,, peaking at approximately 2.8 GHz. Additionally, there is
a wide bandwidth of values in ysar ¢ - which also reaches a maximum around 2.8 GHz in
the upper range of values. From the definition of ysar k,/c, givenin Eq. 11.17, itis inferred
that the observed maximum and spread of data could be attributed to effects on either a
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Figure 11.9: Consistency analysis of the methodological consistency, evaluated by the coefficient
Ysark,/c,, for cell models of the viable epidermis and SC in different frequency ranges. Figures (a)
and (b) present the consistency analysis for the viable epidermis in frequency ranges F; and F»
respectively, while Figures (c) and (d) display the analysis for the SC covering the same frequency
ranges. The plots show the lowermost and uppermost cell models of the viable epidermis (K; and
K1) and the SC (C; and Cy4) as solid red and solid blue lines, respectively, with the entire range of
values represented as a gray-shaded area bounded by dashed black lines.

microscopic scale (i.e., CVSAR,mi,Kp/Cq) or a macroscopic scale (i.e., CVSAR,ma,Kp/Cq)- A de-
composition of C VSAR,mi,Kp ICq and C VSAR,ma,Kp ICq into their respective arithmetic means,
HSAR,ma/mi,K,/Cq> and standard deviations, SSAR ma/mi,K ,/Cq» O both the macroscopic and
microscopic scales (while not explicitly shown here due to its irrelevance to the current
investigation) shows that neither the observed maximum nor the spread of the data are
due to phenomena in the microscopic exposure model, but can instead be attributed to
SSAR,ma,K,/C,- Al explanation for this can be provided by considering the layered struc-
ture of the skin in which partial reflections and transmissions at the interfaces between
these layers lead to superpositions that can yield two effects: (1) standing waves within
the individual layers decreasing the variations of EM fields, and (2) dispersions in the re-
flectance and transmission of the overall skin structure. An indication of this hypothesis
can be found in the spectral response of the power reflection coefficient of the macro-
scopic exposure setup, as shown in Fig. 11.10, which shows that a minimum in the total
reflectance coincides with the maximum, as well as the spread of data, in YSARK, and
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Ysar,c,- This observation, alongside the impedance-matching properties of the epider-
mis mentioned in Chap. 10, could be further explored in a detailed analysis using the
transfer matrix method. However, such an exploration is beyond the scope of the present
investigations and is introduced here merely as an ancillary suggestion to consider the
effects of multiple reflections within the skin as a layered medium.

(a)

R(1)

0.2 ‘

|
3 4 5 6
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Figure 11.10: Power reflection coefficient, R, of the macroscopic exposure setup in the frequency
interval F;.

11.2.4 The Statistical Micro-SAR compared to the Basic
Restrictions for the Limitation of Local Exposure in the
Limbs

Moving away from the analysis of the methodological consistency of the scale-back pro-
jection, Figs. 11.11(a) and (b) provide an overview of usar mix ) for all modeled keratino-
cytes of the viable epidermis for frequency intervals F; and F, respectively. The diagrams
use the same labeling scheme for the cell models as used in Fig. 11.7. The bars displayed
in red and green highlight values above and below SAR g as currently defined in the ba-
sic restrictions. In Fig. 11.11(a), itis observed that UsSAR,mi K, Starts to exceed the threshold

of 4 kw from about 2 GHz and remains above this value throughout the entire interval F;.
It can also be seen that HSAR,miK,, forms a maximum at about 3.4 GHz across all cell mod-

els, varying between 5 kwg and 9 l—\g] depending on the cell model. However, in interval Fy,
MsARr,mik, increases monotonically with increasing frequency, and all values significantly
exceed the threshold provided by the basic restrictions as illustrated in Fig. 11.11(b).

Similarly, Fig. 11.12 presents an overview of the mean exposure levels induced in the cor-
neocytes, Cq, for the same frequency intervals. The distribution of pisar,mi,c, in the stra-
tum corneum (SC) is shown in Figs. 11.12(a) and (b). Again, the same labeling scheme
is used for the cell models as found in Fig. 11.8. Comparing Fig. 11.12 with Fig. 11.11, it
can be observed that psar mic g follows a similar general trend, with maxima developed at
3.4GHz in interval F; and a monotonic increase in interval F,. However, the average SAR
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Figure 11.11: Viable Epidermis - Overview of HSAR,miK,, within individual keratinocytes of the vi-
able epidermis: (a) & (b) Distribution of HSAR,miK, in the viable epidermis for intervals F; and
F2 respectively. The plots corresponding to each of the investigated cell models are represented
by solid, dashed, dotted and dashed-dotted lines. They are colored in magenta (K; through Ky),
green (K5 through Ks), and blue (Kg and Kj) as indicated in the legend.

values in the corneocytes are significantly lower, resulting in maximum values below 3 kwg
in interval F; and maximum values below 45 k—V\g] ininterval F,. In Fig. 11.12(b), it is evident

that the threshold of 4 kwg is significantly exceeded in all of the cell models.
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Figure 11.12: Stratum Corneum - Overview of tsar mic . within individual corneocyte models of
the SC: (a) & (b) Distribution of pgar mi,c ,in the SC for intervals F; and F, respectively. The plots
corresponding to each of the investigated cell layers are represented by solid, dashed, dotted and
dashed-dotted lines. They are colored in magenta (C; through C,4), green (Cs through Cg), blue
(Cg through Cy») and gray (C;3 through Cy4) as indicated in the legend.

11.3 Interpretation and Final Remarks

The application of scale-back projection to the bottom-up model of the epidermis has in-
troduced a top-down multiscale approach, enabling a thorough investigation of the com-
plex relationship between morphology, histochemical composition, and absorption be-
havior within epidermal cells. Conducted at two interrelated hierarchical scales, namely,
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the macroscopic and microscopic scales, this investigation examined the level of EM ex-
posure using the SAR within microvolumes that represent the smallest living units within
the tissue (i.e., a cell) in each individual cell layer. At the macroscopic scale, these mi-
crovolumes constitute a homogeneous medium, representing individual epidermal cells
through their effective material properties. This homogenization approach focuses on
the broader aspects of cell behavior in relation to the overall skin structure. The SAR
at this scale can be expressed in terms of SARmax,/c, ), following the conventional
method of integrating the power density over the microvolume of interest and dividing
by the integral of the volumetric mass density over the same volume (see Eq. 11.4). At the
microscopic scale, the microvolumes encompass fully resolved cell models, wherein the
morphology and histochemical composition of the cells are considered in great detail.
This representation facilitates a comprehensive understanding of the influence of cellu-
lar structures on EM field absorption. For this, however, the SAR must be expressed in
statistical terms, defining SARmi,Kp 1C4 (@) = USAR,mikK,/C, (W) £ SsARmiK,/C, (@), referred to
as the micro-SAR. It is called this because its arithmetic mean, USAR,mi,K,/C, (w), averages
the SAR over the individual cell structures under consideration (see Eq. 11.12), allowing
realistic consideration of EM absorption and its spatial distribution on the microscopic
scale in a single representative scalar expression.

By using the micro-SAR to assess the variations of SAR(7, ) in epidermal cells, Sec. 11.2.1
illustrated how the morphology and histochemical composition of these cells signifi-
cantly shape the field distribution within the microstructure of the tissue. Using basal
keratinocytes as an illustrative example, the detailed analysis of the field distribution
based on sectional images and histograms showed that the membranes make a surpris-
ingly large contribution to the absorption, especially in frequency interval F;, with a
value of up to 60%, while the nucleus, which is largely field-free due to the surround-
ing organelle membranes, contributed little to the absorption with a value of less than
10%. This uneven distribution of loss contributions is all the more significant when one
considers that the volumetric fraction of the computational domain comprising mem-
branes is only 3%, while that representing the nucleus is a much larger 30%. In addi-

tion, these structures are assigned very different volumetric mass densities (py = 629 %

and pnp = 1094 %). These differences in loss contributions, volumetric proportions, and
mass densities further highlight the intricate relationship between morphology, compo-
sition, and absorption behavior within the epidermal cells and amplify the importance
of considering these aspects combined in USAR,miK,/C, (W)

In addition, the analysis of CVSAR,mLKp showed that the variations of SAR values within
the viable epidermis ranged in average between 30 % and 71 % within one standard devi-
ation, SsaRr,miK - around the respective mean value, {sar mix o in both frequency intervals
F; and F». The corresponding analysis of CVsar mi,c . demonstrated an almost frequency-
independent average variations of SAR values of 33 %.

The significant impact of neglecting the intricate structure of epidermal cells during SAR
calculations was illustrated in Sec. 11.2.2, where it was shown to lead to a substantial un-
derestimation of epidermal exposure. This was demonstrated by comparing SARmax,/c,
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with HSAR,mi,K,/C,- The comparison revealed that the macroscopic measure SARma x »/Cq
underestimates the exposure of skin tissue by up to 45 %.

In Sec. 11.2.3, the methodological consistency of scale-back projection, as evaluated by
the coefficient YSARK,/Cy» revealed that the microscopic field variations in cell models are
much greater than the macroscopic field variations within cell layers, thereby justifying
the application of scale-back projection in microdosimetric investigations.

Sec. 11.2.4 demonstrated that HSAR,miK,/C, significantly exceeds the SAR;og threshold of

4 kwg across both frequency ranges. However, a straightforward numerical comparison at
this stage might lead to an oversimplified assumption that SAR;og significantly under-
estimates the EM exposure of the skin. A nuanced interpretation of this result calls for
a reassessment of the initial purpose behind the establishment of SARog as a metric in
the context of conventional dosimetric multiphysics simulations. Moreover, it requires a
conceptual comparison of this intent with that of the scale-back projection approach.

Conventionally, the SAR is defined in terms of a generic cubic volume equivalent to a spe-
cific mass of water, in contact with the skin surface, encompassing all constituent tissue
types. Within this paradigm, the spatially averaged SAR is related to the maximum tem-
perature increase within this defined volume, serving as a mass-based EM exposure met-
ric, and prescribes local exposure limits across a broad frequency spectrum from 100kHz
to 6 GHz. At the lower end of this spectrum, EM field attenuation within tissue can be
considered negligible due to the extended wavelengths involved. At higher frequencies,
however, the field attenuation becomes significant, resulting in a significant decrease in
penetration depth with increasing frequency. This necessitates consideration of an opti-
mal volume that provides a meaningful measure of EM exposure.

To reconcile the significant shift in field attenuation and penetration depth over the fre-
quency range from 1GHz to 6 GHz, Hirata et al. [9] examined the correlation between
temperature distribution and mass-averaged SAR over a range of volumes. These vol-
umes corresponded to water masses ranging from 0.1g to 100g. In the search for an
optimal volume size, the challenge was to adequately capture a significant amount of
data without including less significant trailing values, while at the same time avoiding
smaller volumes that might capture only a fraction of the necessary data, thus providing
an incomplete picture. To achieve this balance, they used the coefficient of determina-
tion, a statistical tool that assesses the quality of a best-fit line to data, which in this case
was the predicted temperature increase derived from the multiphysics simulations. Their
analyses identified a peak correlation at a 10 g water-equivalent volume, which represents
a reliable relationship between the average SAR and the temperature distribution over
the frequency range of 1 GHz to 6 GHz, as described in [9]. It is important to note, how-
ever, that this 10g volume, encapsulates what appears to be the entire relevant’ depth
of the temperature profile, thereby providing the best balance within the 1 GHz to 6 GHz
frequency range. As illustrated by the example of EM exposure of the human head by a
dipole antenna in [8,9], SAR;og proves to be an appropriate metric in scenarios where the
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11 Scale-Back Projection

temperature profile is dominated by spatially variable irradiation patterns (such as an an-
tenna aperture) and complex organ-scale geometries with heterogeneous tissue compo-
sitions, including the highly temperature-sensitive cerebral matter. Despite its suitability
within these constraints, SARog serves as a statistical compromise, not an optimal solu-
tion, and may not provide the highest fidelity solution universally.

In contrast, scale-back projection examines EM exposure in distinct microvolumes, each
of which represents the smallest living unit within the tissue, namely a cell. This approach
allows a more precise quantification of EM absorption at individual depth levels, each
corresponding to an individual cell layer. Thus, scale-back projection not only provides
a high-resolution exposure profile across the skin, but also represents a potential tool
for augmenting the methodological repertoire of conventional multiphysics simulations.
When applying the absorption profile obtained by scale-back projection to subsequent
thermal simulations, this approach allows for a much more accurate representation of
the effects of EM irradiation on specific skin structures identified as thermally sensitive,
in this case the proliferative pool of the epidermis. Thus, scale-back projection poten-
tially provides more detailed access to thermal effects at the microstructural level and
provides valuable insight into the complex interplay of EM exposure, absorption, and
thermal response within the skin.
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12 Conclusions and Outlook

In the context of this work, scale-back projection was introduced as an innovative top-
down multiscale approach. This method allows the consideration of the complex inter-
play between morphology, histochemical composition and EM absorption at the cellular
level, while taking into account the specific position of individual cells within the layered
structure of the skin for accurate microdosimetric analyses. For its application, however,
scale-back projection requires a comprehensive material description that must be tai-
lored to the specific anatomical characteristics of the tissue under study.

Considering this requirement, a hierarchical bottom-up model of the epidermis was de-
veloped that offers a coherent description of the material properties both macroscopi-
cally and microscopically. Unlike earlier bottom-up models [45,114], the epithelial tissue
of the epidermis was regarded as a symbiotic biological system shaped by the life cy-
cle of its predominant cell type, the keratinocytes (or corneocytes). By subdividing the
epidermis into 24 cell layers, the differentiation of basal keratinocytes towards the skin
surface is represented through gradual changes across these layers. This took into ac-
count two primary aspects: (1) alterations in cell geometry and internal structure, and (2)
changes in the histochemical composition of the cells. The microstructure of the epider-
mal cells was represented using parametric CAD models. These models were adapted to
the physiological conditions specific to each individual cell layer using geometric param-
eters derived from the literature, as outlined in detail in Chap. 9. Thanks to the adapted
cell models, the thicknesses of individual epidermal layers were determined on a macro-
scopic scale, ensuring anatomical accuracy. As these thicknesses sum to the total thick-
ness of the epidermis, the histochemical composition could be conceptually represented
using concentration profiles, treating the tissue as a composite of water, lipids, keratin,
and a general protein component. These concentration profiles were then used to derive
the histochemical composition for each cell layer and project it onto individual cell com-
partments of the corresponding parametric cell models, treating their biochemical com-
position at a "molecular scale". By employing mixing formulas in an incremental mixing
procedure, the effective permittivities were determined and then set as material param-
eters for the compartments of the parameterized cell models. With the parametric cell
models now fully realized, capturing detailed cytoanatomical features and ensuring ac-
curate histochemical data when describing the permittivities of the cell compartments,
it was possible to determine the effective material properties of each cell layer using nu-
merical homogenization. With this innovative approach, the bottom-up model enables
the reconstruction of the formation, maturation, and eventual death of epidermal cells,
and seamlessly translates this life cycle into effective material properties, consistently
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12 Conclusions and Outlook

describing the epidermis at both the macroscopic and microscopic scale in a single inte-
grated model.

The integration of the bottom-up model of the epidermis into a complete skin model
is achieved by the simplified assumption that the individual sublayers of the skin are
modular, i.e. that their exact modifications with respect to thickness and the choice of
the underlying material parameters can be considered independently. Based on this as-
sumption, two skin models could be implemented, the topological properties of which
correspond to those of the skin of the thighs. The first model was denoted as the reference
model and was based on metrologically derived tissue models published by Sasaki et al.
in [4,5]. These studies formed the basis for exposure regulations as established by ICNIRP,
thus allowing direct comparisons to be drawn between those guidelines and this study.
In addition, having real measurements at the heart of its simulation models, Sasaki et
al. provides the closest reference information available to a real case. The second model,
referred to as the hybrid model, combined the bottom-up model of the epidermis with
the metrologically derived tissue models of the other skin layers mentioned above. The
material properties of the individual cell layers of the bottom-up model were validated
by comparing them with the epidermal and dermal values found therein.

Embedding the two skin models in FEM-based simulations, a macroscopic exposure set-
up was established to simulate skin irradiation at frequencies between 1GHz and
300GHz. By analyzing the transmittance of EM waves to the skin models and assessing
the EM absorption across the individual cell layers of the epidermis, the study revealed
the following findings and associated conclusions:

* The assessment of the skin models highlighted biases in the metrological represen-
tation of the epidermis in the reference model. These biases can be attributed to: (1)
missectioning of the epidermis, potentially incorporating dermal components, and
(2) the absence of epidermal measurements for frequencies greater than 100 GHz.

* To address the aforementioned absence of data in the reference model, the extrap-
olation ¢ pp (f > 100GHz) = £, (f = 100 GHz) was considered. As a result, devia-
tions from the hybrid model were noted at frequencies above 100 GHz. Specifically:
(1) The reference model underestimated the EM energy transmitted into the skin
by as much as 24 %, and (2) overestimated the absorbed EM energy within the epi-
dermis by up to 35 %.

» Regardless of these biases, the analysis of the energy distribution across the epider-
mis for the entire frequency range revealed: (1) overestimation of absorption by the
dead cells of the stratum corneum by up to 70%, and (2) underestimation of ab-
sorption by the living cells of the viable epidermis by up to 60 %, depending on the
cell layer examined (i.e., K; through K;( or C; through Cy4). This demonstrated the
importance of accurately representing physiological changes across the epidermis
in dosimetric investigations, even at a macroscopic scale

After investigating the macrosopic effects of physiological changes across the epidermis,
scale-back projection was applied to the hybrid model. In a twofold procedure, power

130



was first determined for cellular microvolumes on a macroscopic scale, with these mi-
crovolumes precisely corresponding to the size and specific location of individual epider-
mal cells. This data was then projected onto corresponding cell models on a microscopic
scale, which capture the cellular structure and histochemical composition with high de-
tail. Applying statistical analysis to the spatial SAR distribution in these parametric cell
models, it was possible to define a statistical micro-SAR, SARmi,Kp /C; = MSARmiK,/C, T
SSAR,mi,K ,/C,- This enabled the precise determination of EM absorption using the statisti-
cal average, HSAR,mi,K,/Cq> and the estimation of the variation of this absorption across the
cellular microstructure using the standard deviation, SSAR,mi,K,,/Cy- Based on the extensive
microdosimetric investigations conducted using scale-back projection within the 5G fre-
quency ranges of 1 — 6 GHz and 24 — 52 GHz, the following conclusions can be drawn:

* The comprehensive comparison between HSAR,miK,/C, and SARmak,ic, revealed
an underestimation of epidermal absorption using conventional methods by up to
45%, especially between 1 — 6 GHz where the membranes significantly contribute
to the total absorption.

* In addition, the analysis of the coefficients of variation showed a surprisingly high
level of variation in the microstructure. For the viable epidermis, C VSAR,miK, show-
ed that the variations of SAR values ranged between 30 % and 71 % of one stan-
dard deviation, ssar mi,kp, around the respective mean value, HUSAR,miK,,- The corre-
sponding analysis of CVsar mic g for the stratum corneum demonstrated an almost
frequency-independent average variations of SAR values of 33 %, with an overall
range from 27 % to 36 %.

Based on these findings, it has been demonstrated that scale-back projection allows the
determination of more accurate exposure profiles of irradiated tissues by considering its
underlying microstructure. The use of these profiles in conventional multiphysics simu-
lations therefore has the potential to enhance the accuracy of EM dosimetry.

Outlook

In the subsequent section, potential directions for future research and further refine-
ments of the approaches presented are discussed along with any associated challenges.

The next logical step in research is to develop hierarchical bottom-up models for the
other skin sublayers: the dermis and the hypodermis. However, there are two challenges,
one minor and one major, in developing such models. The minor one is the design and
implementation of a dedicated tissue scale in parametric tissue models that captures the
amorphous histological organization of these tissues. This is a process which requires
detailed histoanatomical knowledge, especially if physiological changes across these lay-
ers are to be captured. How the implementation of such a tissue scale in computational
models could be achieved was discussed in [96] using the illustrative example of generic
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hypodermis models. In these, the amorphous histological organization, i.e. the arrange-
ment of cells relative to each other, was modeled using computational domains that con-
fined a large number of randomly arranged cells. An excerpt from [96], adapted for this
work, is given in Appendix E and should serve as inspiration for more realistic models.
The major challenge is to develop methodological approaches that bridge the organ, tis-
sue, and cellular scales. The strategy used for the epidermis, which exploited its regular,
dense histological organization to approximate the tissue as a general cell arrangement
based on a primitive orthorhombic unit cell, is not applicable to these other tissues. Con-
sequently, the approach that allowed efficient numerical treatment using a detailed sin-
gle cell model with boundary conditions that account for periodicity is no longer valid.

Another important endeavor is to extend the simulation environment to have multi-
physics capabilities which can perform thermal simulations. A first step towards imple-
mentation would be to determine the temperature profile of the epidermis based on the
micro-SAR, using USAR,miK,/C, tO quantify the absorption of the tissue microstructure
along with the subsequent temperature increase. In the long term, the implementation
of a multiscale approach to thermal simulation may also be a desirable goal to determine
heat hotspots within single cells, especially in close proximity to organelle membranes.

A further aspect worthy of investigation would be to determine to what extent and in
which frequency intervals physiological changes in the epidermis lead to impedance-
matching effects that significantly influence the transmission behavior of the skin. A re-
cent study by Christ et al. [19] has demonstrated the significance of impedance-matching
properties at frequencies greater than 15 GHz. Specifically, this involves the interplay of
the thickness and material properties of the stratum corneum (SC) in relation to the
deeper sublayers of the skin, which can cause constructive interference, thereby reduc-
ing reflection from the skin surface. However, with the bottom-up model of the epider-
mis developed here, it would be possible to identify not only the thickness of the SC as
the cause of such an effect, but also the gradual transition of the material properties from
one cell layer to the next. One possible approach to investigate the impedance matching
properties of the epidermis in greater detail would be to quantify partial reflectance and
transmittance occurring at the interfaces defined by the layered topology of the individ-
ual epidermal cell layers. This method would allow the capture of the superposition of
multiple reflections and transmissions at these interfaces considering the layered struc-
ture of the epidermis. Such an approach would elucidate whether impedance matching
effects arise predominantly from the pronounced material contrast at the SG/SC inter-
face - where water concentration drops most rapidly - or from combined interactions
across all epidermal cell layer interfaces. From these insights, the necessary level of de-
tail for modeling the epidermis to accurately simulate the transmission behavior of the
skin on a macroscopic scale could be determined.

Finally, there are potential avenues for further developing the bottom-up model of the
epidermis. One significant modification would be to account for glucose levels in the
extracellular medium. Such an adaptation could facilitate non-invasive monitoring of
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pathologies manifested by changes in the chemical composition of the extracellular me-
dium, such as diabetes. Specifically, this would permit investigations into the sensitivity
of metabolic changes to the effective macroscopic material properties within individual
cell layers, paving the way for monitoring a range of pathologies non-invasively, such as
novel glucose monitoring of the fingernail bed [115].
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Appendix A

In order to verify the computational model used to determine the macroscopic properties
of the cells, the simulations considering the simple spherical cell model are compared
with analytical mixing rules. As described in [66] and [61], the effective permittivity of the
cell £, is modelled as double-layered shell

20-v))+A+2v) E;

N A.l
=Cell " =PM (9 4 v)+A-v)E; b

where the geometrical parameter v, represents for the volume ratio between the plasma
membrane and the inner layers and the intermediate parameter E; the effective permit-
tivity of the lower layers weighted by the permittivity of the upper layer, which is in this
case the plasma membrane. The parameters v; and E) is given by

3
) = (1 - dPM) A.2)
I'Cell

and
_ Ecp 20—v)+(1+2v9) Es

§pM (2 + UZ) + (]- - VZ) EZ

1 (A.3)

Similar to the calculation of the effective permittivity of the whole cell, the intermediate
parameter E itself is also calculated from the intermediate parameters v, and E». These
can be calculated according to

3

'N

Uy = (—) (A.4)
r'cell — dpMm

and
_ENE 2(1-v3)+(1+2v3)E;3

= (A.5)
Ecp (@+uv3)+(—-v3)Es

2

The concatenation of intermediate parameters ends with the inner layer consisting of the
nucleus and its envelope, expressed by:

3
Vg = (1— @) (A.6)
'N
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and

E
Ey==2E (A7)
ENE

After calculating the effective dielectric constant of the cell according to the above al-

gorithm, the effective material parameters of the mixture are calculated based on the
Hanai-Bruggeman equation as presented in [25]

_ Emix—Eca) (EEC

Emix

= ) — (1= ccen). (A.8)
(Epc — Ecen)
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Appendix B

Cross-sections through the YZ plane of the cell models K;g2, K5, Kg, C; and Cy4 are illus-
trated in Fig. B.1. The cross-sections of the keratinocytes are each shown in the correct
proportions to one another, and those of the corneocytes are also correct with respect
to each other. Due to the large aspect ratio of the corneocyte model, it is not possible to
show the two types of model in the correct size ratio to each other.

(b) Ks

(a) Kig2

(e) Ci

(f) Cia

Figure B.1: Overview of the cross-sections through the YZ plane of the cell models K;g», K5, Kg,
C; and Cy4. The cross-sections of the keratinocytes and those of the corneocytes are each shown
in the correct proportions to one another.
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Appendix C

Analysis of the power distribution over the epidermal cell layers, C,, according to Eq. 10.6.
Fig. C.1(a) shows that in the reference model, the power distribution within the SC is pri-
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Figure C.1: Analysis of the power distribution over the epidermal cell layers, C,, according to
Eq. 10.6: (a)-(b) Power absorbed by the epidermal cell layers, C,, in the reference and hybrid
models, denoted by Agp,c . and Agpc " respectively. (c) Relative deviation of AAgp,c . between the
two skin models. The plots corresponding to each of the investigated cell layers are represented
by solid, dashed, dotted and dashed-dotted lines. They are colored in magenta (C; through Cy),
green (Cs through Cg), blue (Cg through Cy») and gray (C;3 through C,4) asindicated in the legend.

marily determined by the distance of the individual cell layers from the skin surface. The
power distribution within the hybird model in Fig. C.1(b) shows that the level of hydra-
tion has a strong influence on the power distribution within the epidermis, as evidenced

139



Appendix C

by the significantly higher difference between the absorption in cell layer C; and Cy4. The
relative deviation depicted in Fig. C.1(c) shows that the absorption of the SC is overesti-

mated by up to 70% across the entire spectrum in all cell layers (with the exception of
Cp).
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In this appendix, illustrations are provided to showcase the variability of SAR values.
These are captured across the cell models of keratinocytes, as depicted in Fig. D.1 through
Fig. D.10 (i.e., K; through Kj), and also across the cell models of corneocytes, as shown
in Fig. D.11 through Fig. D.24 (i.e., C; through Cy4). Within these figures, SARmix,/c, (@)
is illustrated on semi-logarithmic scales in subplots (a) and (b) for frequency intervals F,
and F, respectively. The mean, usar mik »/Cq)> is marked by a solid black line. A dark-gray
area around this mean encompasses values within one standard deviation, specifically
USAR,mi,K,/C,4 + SSAR,miK,/Cy» with dashed-dotted lines signify the bounds of this range.
A light-gray area around HSAR,miK,/C, T SSARmiK,/C, reveals the full value range within
the computational domains, bounded by SARmax,mi,Kp/C q and SARmin,mi,Kp/C - Addition-
ally, a red dotted line denotes the local SAR exposure threshold, SAR; g, limiting induced
power in limbs to below 4 k_vng according to the basic restrictions (see Tab. 7.1).

Cell Models of the Korneocytes K; through K,
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Figure D.1: SARy;x, (w) for cell model K;: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, psar mik,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, usark, £ Ssark,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmaxmik, and SARmin mik, - A red dotted line
marks the SAR exposure threshold for the public, SAR) g, set below 4 kwg. (b) Plot analogous to (a)
for frequency F».
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Figure D.2: SARn;k, (w) for cell model K»: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, psar x, £ Ssar k,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARmin mik,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.3: SARn; x, (w) for cell model K3: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, usar k, £ Ssar k,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARmin mik,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.4: SARn;k, (w) for cell model Ky: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, psar x, £ Ssar k,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARminmik,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.5: SARy; x, (w) for cell model Ks: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, usar k, + Ssar k,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARmin mik,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 ﬁ—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.6: SARy; x, (w) for cell model Ke: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, psar x, £ SsaRr K, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARmin,mi k- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.7: SARn; x, (w) for cell model K7: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, usar k, £ Ssar k,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARmin mik,. A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 ﬁ—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.8: SARy; x, (w) for cell model Kg: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, psar x, £ SsARr k,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARmin,mik,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.9: SARy; x, (w) for cell model Kg: (a) Semi-logarithmic representation of SAR values for
frequency interval F;. The solid black line indicates the mean, usar mix,. A dark-gray area sur-
rounds this mean, encompassing values within one standard deviation, psar k, £ Ssar k,, demar-
cated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mik, and SARmin mik,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 ﬁ—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.10: SARp;k,,(w) for cell model Kjo: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psar mik,,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar k,, + SsaR k,,» de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mi k,, and SARmin,mik,,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.11: SARp;c, (w) for cell model C;: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psar mic,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar,c, £ Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mi,c, and SARminmic, . A red dotted line
marks the SAR exposure threshold for the public, SAR;¢g, set below 4 kwg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.12: SARnic,(w) for cell model Cy: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psarmic,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar c, + Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax,mi,c, and SARmin mi,c,- A red dotted line
marks the SAR exposure threshold for the public, SAR;(g, set below 4 kwg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.13: SARnic,(w) for cell model C3: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, usar mic,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar,c, £ Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax mi,c, and SARmin,mi,c,- A red dotted line

marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)
for frequency Fo.
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Figure D.14: SARnic,(w) for cell model Cy: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psarmic,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar c, * Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax,mi,c, and SARmin mi,c,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.15: SARnic,(w) for cell model Cs: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psar mic,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar c, * Ssar,c;, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax mi,c; and SARmin,mi,c;- A red dotted line

marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)
for frequency Fo.
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Figure D.16: SARnic,(w) for cell model Cg: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, usar mic,.- A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar c, + Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax,mi,c, and SARmin,mi,c,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 ﬁ—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.17: SARnic,(w) for cell model C7: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, usar mic,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar,c, £ Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax mi,c, and SARmin,mi,c,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.18: SARnic,(w) for cell model Cg: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, usar mic,- A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar c, + Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax,mi,c, and SARmin,mi,c,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 ﬁ—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.19: SARnic,(w) for cell model Cg: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psar mic,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, usar,c, £ Ssar,c,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmnax mi,c, and SARmin,mi,c,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.20: SARni c,,(w) for cell model Cio: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, usar mic,,- A dark-gray area
surrounds this mean, encompassing values within one standard deviation, psar c,, * Ssar,c,,» de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mi,c,, and SARmin,mi,c,,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 ﬁ—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.21: SARn;c,, (w) for cell model Cy1: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, usarmic,,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, ysarc,,  Ssar,c,,, de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mi,c,, and SARmin,mi,c,,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.22: SARni ,,(w) for cell model Ciy: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psarmic,,- A dark-gray area
surrounds this mean, encompassing values within one standard deviation, psar.c,, * Ssar,c,,» de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mi,c,, and SARmin,mi,c,,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—;. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.23: SARn; c,,(w) for cell model Cy3: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, usarmic,,- A dark-gray area
surrounds this mean, encompassing values within one standard deviation, ysar c,,  Ssar,c,;» de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mi,c,, and SARmin,mi,c,;- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 X—Yg. (b) Plot analogous to (a)

for frequency Fo.
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Figure D.24: SARnic,,(w) for cell model Cy4: (a) Semi-logarithmic representation of SAR values
for frequency interval F;. The solid black line indicates the mean, psarmic,,. A dark-gray area
surrounds this mean, encompassing values within one standard deviation, psarc,,  Ssar,c,,» de-
marcated by dashed-dotted lines. The light-gray area illustrates the full range of observed values
within the computational domain, bounded by SARmax mi,c,, and SARmin,mi,c,,- A red dotted line
marks the SAR exposure threshold for the public, SAR; g, set below 4 ﬁ—;. (b) Plot analogous to (a)

for frequency Fo.
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Preface: The following appendix, adapted from the journal article published in [96], serves
as an illustrative example of the implementation of a dedicated tissue scale. This scale ad-
dresses the histological organization of an amorphous tissue structure in the context of the
multiscale classification scheme as originally discussed in Chap. 4. While the generic rep-
resentation of the hypodermis given here allows for the identification and quantification
of the limits of applicability of analytical and numerical homogenization methods over a
frequency range from 10 MHz to 200 GHz, it lacks the level of realism necessary for full in-
tegration into this thesis. It is important to note that nomenclature and indexing of values
might differ between the main body of the thesis and this appendix.

This appendix covers the computer-aided investigation of randomized composites. Here,
these are generalized microstructures which, in a broader sense, represent the hypoder-
mis (HYP), i.e. the subcutaneous adipose tissue of humans. In the context of this in-
vestigation, Sec. E.1 "Concept and Methodology" first presents a formalism that allows
the generation of virtual randomized microstructures, represents them in a numerically
efficient manner by means of a homogenized surrogate material, and then investigates
the spectral response of the reflection from both the original (sub-)surface material sys-
tem and the homogenized surrogate in a broad-band frequency investigation covering
a range from 10 MHz to 200 GHz. This formalism is used to determine the validity of the
homogenization of an individual microstructure by setting a validity boundary and thus
dividing the investigated frequency range into a valid range and a forbidden range.

Subsequently, this formalism is applied to a large number of parameterized randomized
microstructures in a Monte Carlo analysis. In the context of this study, the statistical eval-
uation of the validity limits of the individual microstructures is then used to determine
the validity limit of an entire class of realized microstructures defined by common pa-
rameter settings that determine their morphology.

Finally, the graphical evaluation of the electromagnetic fields within the microstructures
is used to estimate the information content of the forbidden region in order to determine
its potential for the classification of structural features.
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E.1 Concept and Methodology

E.1.1 Random Sequential Addition

The heterogeneous material structures under investigation, which mimic a realistic HYP
microstructure, are generated using the random sequential addition (RSA) algorithm
[116]. This algorithm allows the randomized placement of spherical inclusions for a given
volume fraction ¢, = Vine , a given inclusion diameter dj,. and a minimum separation

supercell

distance dq to avoid contact between inclusions and their merging. dq defines the mini-
mum radius around an inclusion where no further adjacent inclusion may be placed. In
the version of the algorithm re-implemented in this study, dq is a dimensionless coeffi-
cient greater than 1, which must be multiplied by the inclusion diameter to determine
the prohibited area around an inclusion. In addition, the algorithm has been modified
to enable the periodic continuation of the microstructure, defining it as a computational
supercell. This allows the use of periodic boundary conditions both for numerical ho-
mogenization and for the subsequent numerical backscatter analysis (see section E.1.2
and section E.1.4, respectively).

(a) (b) €r,1 O1 €r,2 O2
@ o
dd7.d..Idinc )
] y
\\ 7
Yy
L
z X

Figure E.1: Random sequential addition algorithm for the generation of heterogeneous material
structures: (a) overview of the adjustable parameters; (b) generalized example for a generalized
parameter setup. In this study: di,c =50 um, ;1 =80, 01 = 0.53 %, &2 =50and o, =0.12 %

The dimensions of the computational supercell were chosen to be Iy = 1mm and [, =
1 mm in order to represent a structure on the same scale as the thickness of the hypoder-
mis. Fig. E.1 shows a generalized 2D representation of the microstructure of this layer
with adipose cells represented by monodisperse spherical inclusions with a diameter
dinc = 50um , €;,; = 80, and o; = 0.53 % that are embedded in a homogeneous extra-
cellular material with €, =50, and 02 = 0.12 % Due to the lack of dispersive material pa-
rameters in the investigated frequency range, constant material parameters are applied
using the estimations provided by [45], even though the dispersive nature of extracellular
and intracellular media would have to be considered for a more realistic tissue represen-
tation (see Chap. 8.2.2.2). Since the main objective is the evaluation of validity limits in
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the context of multiscale modelling, the constant material parameters help to ascribe the
validity limits more clearly to volume scattering.

E.1.2 Numerical Homogenization

For homogenization, the 2D supercell contains the heterogeneous 2D composite mi-
crostructure (cf. Fig. E.1(b)). This is then placed between the plates of an idealized vir-
tual capacitor. As depicted in Fig. E.2, a time-harmonic voltage with constant amplitude
u= P, -9, is applied between these opposing plates (i.e Dirichlet boundary conditions).
Perlodlc boundary conditions (PBC) are then defined along the remaining two edges in
order to suppress fringing fields and reduce the memory resources of the subsequent
quasi-static EM simulation. Using different boundary conditions, previous investigations
have quantified the influence of Maxwell-Wagner interfacial polarization in composite
materials in comparison to results calculated using classical mixing rule [97]. Anisotropy
in the underlying microstructure is taken into consideration by exchanging the virtual
electrodes and the PBCs as seen in Fig. E.2. The capacitor setup is implemented in the
finite-element-method-based (FEM) software package COMSOL Multiphysics [95]. Each
2D simulation model can be interpreted as an infinitely extended 3D capacitor of finite
thickness in one of two ways. Firstly, due to the PBCs outlined above, and secondly, due
to translational invariance normal to the plane visible in Fig. E.2.

Lt €r,1 01 %o Eﬁi(w)a‘iﬂ‘(w)

1}
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f:‘figw) oS (w)

i
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Figure E.2: Schematic of the numerical homogenization procedure: For the tensorial acquisition
of the material parameters, the effective material properties are determined successively with
respect to the individual spatial directions.

From the time-harmonic quasi-static EM analysis of the supercell as a capacitor, an effec-
tive admittance is retrieved that is represented by the equivalent electrical parallel circuit
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consisting of the elements G¢ and C°f. This is given by

i(w)

yef(w) = 17 — GM(w) + jwC (). E.1)

where the applied voltage i and the resulting current i(w) can be directly exported from

COMSOL Multiphysics. The effective material properties £° and o°t are thus easily de-
duced according to
d iw) d
Xeff(w)Z - _(a) o= o(w) + jvwgog?ff(wz (E.2)

geff(w)

where d is the distance between the parallel plates and A is the area of the electrode.
In Eq. E.2, the right-hand term can be interpreted as the complex effective conductivity
geff(w) of the homogenized effective material. The required material parameters can then
be derived directly:

and
g eff
ey = 2L (E.4)
wEo

Excitation in both the x and the y directions (cf. Fig. E.2) allows the consideration of
anisotropies in the effective material properties and yield the corresponding frequency-
dependent second-rank tensors for the effective permittivity and effective conductivity;,
respectively.

For the conductivity

eff

— 0

7MWy =| 7 @) (E.5)
0 ofw)

and for the permittivity

— eff 0

£ M(w) = £ (@) . (E.6)
0 af'fyf(a))
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These homogenized, frequency-dependent effective material representations are inte-
grated in the simulation model of the generalized reflectometry setup in accordance with
the multiscale modeling approach.

E.1.3 Homogenization Using Mixing Rules

Despite the application of analytical mixing rules from EMT [23] being a potential alter-
native to the numerical homogenization procedure presented in Sec. 3.1.2, the latter is
superior and thus implemented due to a variety of differences discussed in the follow-
ing.

Classical mixing rules such as Maxwell-Garnett (MG), Bruggemann (B) [117] or Landau-
Lifshitz-Looyenga (LLL) [118], [119] consider two-phase composites as inclusions em-
bedded in a dielectric host material. The derivation of classical mixing rules, which ana-
lytically describe the macroscopic material properties of such a material mixture, is based
on the following assumptions: the EM field solution is curl-free (V x E = 0) and all inter-
actions between adjacent inclusions are neglected [24]. Strictly speaking, these assump-
tions mean that the application of the mixing rules is limited to quasi-static conditions in
diluted mixtures. As a rule of thumb, the relation g—;’ > dinc, Where 1, denotes the wave-
length within the material, can be used to estimate the upper applicable frequency of the

mixing rules for sparse microstructures (cy up to 10%).

In [120], Bruggeman’s mixing rule was extended to the Hanai-Bruggeman (HB) formula
to approximate denser mixtures (cy up to 40% [25]). The macroscopic material proper-
ties according to HB can be determined by:

(E.7)

eff _ _eff eff \ A
(Er,BG €r,2) 8r,2
= : _(l_cv)
€

T peff _ eff eff
(Er,l Er,2) 1,BG

where efflf and efg denote the effective complex permittivity of the host and inclusion ma-

terial respectively. The depolarization factor, A = 0.5 accounts for composites consisting
of rods embedded in a dielectric host material. According to MG, the effective material
parameters can be determined by

€ =€ (E.8)
MG 1,1
e+ Al - c) (€25 — et
and according to LLL by
eff _ _eff(1-cy) _effc
EouL =61 Epp - (E.9)
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In Fig. E.3, the spectra of the permittivity and conductivity calculated by MG, HB and LLL
mixing rules are compared with those determined by numerical simulations. Fig. E.3 (a)
and (c) show the permittivity and conductivity of a microstructure with the parameter set
dq = 1.05, dinc = 50 um and ¢, = 0.45 and (b) and (d), one with the parameter set dgq = 1.05,
dinc = 100 pm and ¢, = 0.35. Examples of the analyzed HYP realizations are shown in (e)
and (f). These cases represent extremes in terms of the volume fraction or density applied
to the mixing rules.

(a) dg = 1.05, dinc = 0.05mm, c, = 0.45 (b) dg = 1.05, dinc = 0.1 mm, ¢, = 0.35
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Figure E.3: Spectral response of the permittivity and conductivity of two illustrative microstruc-
tures in the frequency range from 10 MHz to 200 GHz. The spectra are calculated by analytical mix-
ing rules such as Maxwell-Garnett (MG), Hanai-Bruggemann (HB) and Landau-Lifshitz-Looyenga
(LLL) as well as by using numerical simulations. (a) and (c) correspond to the structural parame-
ters dgq = 1.05, dinc = 50 um, ¢y = 0.45 and (b) and (d) to dq = 1.05, djnc = 100 um, ¢y = 0.35. Exam-
ples for the analyzed HYP realizations are shown in (e) and (f).

Common to all spectra is a low-frequency roll-off of permittivity, or a increase of con-
ductivity, at about 100 MHz, which is associated with the decay of the Maxwell-Wagner
effect. In the lower frequency range, the simulated spectra are between those of MG and
HB. The calculations according to the MG formula represent a lower estimate and the HB
an upper estimate of the electromagnetic material properties. The calculations accord-
ing to the LLL formula seem to overestimate the influence of interfacial polarization and,
thus, are not appropriate to represent the macroscopic material properties in the lower
frequency range. At high frequencies, however, the deviation between the simulation re-
sults and any of the mixing rules is marginal.
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This result is in accordance with [97], where the dielectric spectra obtained by simula-
tions and mixing rules have been compared. The investigations showed that only numer-
ical simulations which could be considered as the multipole representation of the EM
problem were able to determine the influence of interactions between adjacent particles
correctly at low frequencies. In [14] and more comprehensively in [45], numerical ho-
mogenization has been extensively investigated and validated using skin measurements,
in the context of multi-scale modelling of the skin at microwave frequencies in compari-
son with classical mixing rules. It has been shown that the shape of cells has a significant
influence on the macroscopic material properties due to interfacial polarization, espe-
cially at low frequencies and high volume densities.
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Figure E.4: Graphical evaluation of the electric field within the microstructures under investiga-
tion at 10MHz and 200 GHz (i.e. with and without the influence of charge carriers between the
material boundaries). The images all demonstrate rotation-free yet divergent electric fields.

The effect of interfacial polarization is illustrated in Fig. E.4 using the electric field strength
distribution at 10MHz and 200 GHz within the illustrative microstructures considered
in Fig. E.3. Even though the numerical FEM solver uses all of Maxwell’s equations, the
excitation of the composite by two electrodes means that the images all demonstrate
rotation-free yet divergent electric fields. Compared to classical mixing rules at frequen-
cies lower than the roll-off frequency of the interfacial polarization, numerical homog-
enization can therefore still be regarded as the more reliable calculation method, as it
considers field interactions between adjacent inclusions, but still provides a quasi-static
solution.

Nevertheless, MG and HB mixing rules can be used to estimate the validity at low fre-
quencies and can calculate the macroscopic material properties with high accuracy for
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high frequencies even for dense composites when compared to numerical simulations.

In summary, at frequencies lower than the expected Maxwell-Wagner roll-off, while MG
and HB can be considered as upper and lower bounds to verify numerical simulation, LLL
overestimates the interfacial polarization. Only at frequencies lower than the expected
Maxwell-Wagner roll-off, are the differences between the spectra obtained by simulations
and those determined by mixing rules are negligible, so that the calculation methods are
interchangeable.

E.1.4 Reflectometry

After determining the effective macroscopic material properties of the microstructures, a
generalized reflectometry setup is used to analyze the reflection of an incident EM plane
wave from a (sub)surface system of structures. This system is defined by a plane bound-
ary between air and either the original heterogeneous composite material or its homog-
enized EMT representation (cf. Fig. E.5). The plane wave is emitted from a non-reflective
port at an angle of incidence, ajnc, (here 0°) having either s or p-polarization with respect
to the reflection plane (i.e. x-y plane). The amplitude of the incident plane wave corre-
sponds to a constant input power, Py, whereas the reflected power, Py, is detected by
the same non-reflective port. From these values, the desired measure, namely the power
reflection coefficient, R = I;—g‘, is calculated. The absorption coefficient, A = };—‘;, is deter-
mined by a corresponding volume integration of the material losses, Py, within the ma-
terial structure. The top and bottom of the computational domain are terminated with
perfectly matched layers (PML). The upper layer is assigned the material parameters of
air, and the lower those defined by ??ff(w) and o *f(w). Similar to the capacitor setup,
PBCs are also introduced into the reflectometry model to omit fringing fields while ex-
tending the randomized super cell to a periodic representation of the composite surface
layer.

The simulation was performed on a PC equipped with an Intel i7-6700k processor (4
cores) and 64 GB DDR4 RAM. In the given frequency interval, 260 frequency points were
simulated with a multifrontal massively parallel sparse direct solver (MUMPS) where the
density of the frequency points increased for higher frequencies. This increasing density
can be interpreted as a frequency-dependent sampling rate to investigate interference
patterns within the forbidden range with sufficiently high resolution. The simulation for
each frequency point lasted 21s and included the simulation of the heterogeneous mi-
crostructure and its homogenized representation in s and p-polarization.

A first example for analyzing the breakdown of the effective material representation is
given in Fig. E.5(c) for HYP tissue with a cell volume fraction of ¢, = 0.45. The blue curve
represents the power reflection coefficient of the heterogeneous composite model and
the dotted red curve that of the homogeneous EMT model for p-polarized excitation in
a frequency range from 10 MHz to 200 GHz. The comparison between the reflectance of
the heterogeneous material structure and its homogenized representation is only carried
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Figure E.5: Comparison between the heterogeneous and homogenized (EMT) representation of a
generalized HYP model: (a) heterogeneous simulation setup; (b) homogeneous simulation setup;
(c) spectral responses of the reflectance (showing the typical Maxwell-Wagner roll-off in the MHz
range) for ;; =80, 01 =0.53 %, &2 =50,0,=0.12 %, dinc =50 um, and ¢, = 0.452.

out for p-polarization. This is due to the fact that, for s-polarization, the electric field
is aligned in the translation-invariant direction of the composite and therefore, homog-
enization is not defined according to the numerical homogenization procedure stated
earlier. The validity limit of the EMT representation for a deviation of 2% between the
two frequency responses is located at fy, = 78 GHz for this particular HYP tissue realiza-
tion. The validity range of the homogenized EMT representation therefore extends below
the validity limit. However, the forbidden range found above this limit is characterized
by strong variations in the frequency response. These are associated with the heteroge-
nous tissue model which defines a characteristic fingerprint which can be exploited for
material classification.

E.1.5 Transferability to Three-Dimensional Simulations

Since the validity limits of the microstructure are to be studied in the context of a Monte
Carlo simulation, it is necessary that large amounts of data be generated using simula-
tions. In order to limit the numerical effort to a manageable level, the Monte Carlo study
presented in Sec. E.2 is based on the 2D reflectometry setup presented above (see Sec.
E.1.4). In order to assess the transferability of the study for 3D microstructures that more
realistically approximate HYP, two 3D microstructures are simulated: one with a volume
coefficient of ¢, = 0.2 and the other with ¢, = 0.35. As shown in Fig. E.6(c) and (f), mi-
crostructures with spherical inclusions embedded in a cubic supercell are investigated.
While the material parameters and the diameter of the inclusion, dj,. = 50 um, remain
unchanged to those introduced in Sec. E.1.1, the edge length of the cubic supercell is
now reduced to 0.25mm. To reduce the numerical demands of the simulation, an auxil-
iary layer is inserted between the supercell and the PML. Just like the bottom PML, the
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Figure E.6: Overview of two 3D simulations of a generalized HYP structure (i.e. for &;; = 80;
o1 = 0.53S/m; €2 = 50; 02 = 0.12S/m; dipc = 50 um). The edge length of the simulated super-
cell is 0.25mm. The upper row contains simulation results for a structure with a volume fraction
of ¢y = 0.2 and the bottom row those of a structure with a volume fraction of ¢, = 0.35. (a) and
(d) show the frequency-dependent power reflection coefficient, R, of the heterogeneous (blue)
and the homogeneous model (red). (b) and (e) provide an overview of the relative error between
both models. The validity range is highlighted in green and the forbidden frequency range in red.
(c) and (f) show the field distribution of the magnitude of the electric field within the supercell
embedded in the simulation setup at 300 GHz.

effective material parameters of the composite are assigned to this auxiliary layer. Note
that this separation of the supercell by this auxiliary layer is mainly due to numerical
reasons as the direct termination of the heterogeneous layer by the PML poses some nu-
merical challenges given complex morphology of the layer.

Due to the high numerical demand and, thus, to the high simulation time, this inves-
tigation could not be performed with a larger set of implementations. The simulations
were performed on a PC equipped with two Intel Xeon E5-2697 V4 processors (36 cores)
and 512 GB of RAM. Between 0.1 GHz and 300 GHz, 200 frequency points were simulated
with a MUMPS solver with the density of these points increasing with frequency. The
simulation for each frequency point lasted 2 hours and included the full-wave simula-
tion of the heterogeneous microstructure and its homogenized representative in p and
s-polarization.

The spectral response of the power reflection coefficient R is shown for the heteroge-
neous (blue) and homogeneous model (red) in the given frequency interval in Fig. E.6(a)
and (d). Based on the 2% deviation criterion, the validity of the homogeneous material
model is retrieved from the relative deviation (i.e. relative error) between the models This
collapses at 156 GHz for the material structure with a volume coefficient of ¢, = 0.2 and
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at 225GHz for ¢, = 0.35. The validity range of the homogeneous model is again marked
green and the forbidden range red.

The observed periodic oscillations in the simulated spectral response of the power re-
flection are due to Fabry-Perot resonances in both the heterogeneous and homogeneous
layer. These oscillations are determined by the finite thickness of the auxiliary layers and
are thus not present in our prior 2D simulations. This is because we have dealt with a nu-
merically infinite half-space system in those cases. However, the evaluation of the validity
limit is not affected by the Fabry-Perot resonances since they are present in both models
and thus assumed to be balanced out in the analysis of the relative error. To underline
this, Figs. E.6(b) and (e) show the relative errors between the reflection coefficients of
both models in the same frequency range.

The field strength distributions within the heterogeneous models at 300 GHz illustrated
in Figs. E.6(c) and (f) show that the breakdown of the validity of the EMT model and the
associated interference patterns in the reflection response are accompanied by strong
field inhomogeneities within the microstructure. A core statement of this thesis con-
cerning the correlation between interference patterns in the spectral response and mor-
phological peculiarities of the microstructure can thus be transferred to randomized 3D
cases. This is clearly indicated by two observations stated above and summarised here:
(a) the separation of the investigated spectrum into a valid and a forbidden range, and
(b) the interference patterns associated with inhomogeneous field distributions in the
microstructure in the forbidden range. Due to the limited number of 3D simulations per-
formed here, the transferability of these statements can only be given qualitatively.

E.2 Monte-Carlo Analysis of Validity Limits

Table E.1: Overview of the material and structural parameters of parameter sets P; to Pg.

€r,1 =80;01=0.53S/m; €, =50; 02 =0.12S/m
260 sampled frequency points (10 MHz to 200 GHz)

P; dq dinc Cy realizations
Py 1.05 50 um 0.05 220
P, 1.05 50 um 0.1 220
P3 1.05 50 um 0.15 220
Py 1.05 50 um 0.2 220
Ps 1.05 50 um 0.25 220
Pg 1.05 50 um 0.3 220
Py 1.05 50 um 0.35 220
Pg 1.05 50 um 0.4 220
Py 1.05 50 um 0.45 220
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Figure E.7: Validity limits for several generalized HYP derivatives: (a) spectral responses of the re-
flectance (showing the typical Maxwell-Wagner roll-off in the MHz range) of 220 implementations
(for €r,1 =80; 01 =0.53S/m; €2 = 50; 02 = 0.12S/m; dinc = 50 pm; and volume fraction ¢y = 0.45);
(b) Validity limits of the derivatives of a heterogeneous material structure (here the HYP tissue),
the blue line indicates the expected validity limit based on classical considerations; (c), (d), (e) ex-
amples of the electric field distribution | E | at various frequencies (i.e. at 10 GHz, 100 GHz, 200 GHz,
respectively); (f), (g) examples of the analyzed microstructures (i.e. for ¢, = 0.45 and ¢, = 0.05 re-
spectively). The validity range of the EMT material model is colored in green while the forbidden

range is marked red.

The analysis of a single HYP tissue structure has only minor significance for the reliable
determination of the validity limit of the associated EMT representation. Therefore, the
procedure presented in Sec. E.1.4 is performed for a large number of randomly generated
realizations of the same HYP tissue based on a corresponding structural parameter set
labelled P;j. Each set, Pj, contains fixed values for both the minimal separation distance,
dq = 1.05, and the diameter of the spherical inclusions in the HYP, dj,c = 50 um. These
fixed values are augmented by one of nine volume fractions, cy; € {0.05,0.1,...,0.45}, re-
sulting in 9 different HYP tissue types, corresponding to parameter sets Py,...,Pq (cf. Ta-
ble E.1). Within the framework of a Monte-Carlo analysis, 220 statistically independent
microstructures with randomly distributed inclusions were created for each P; and cor-
responding ¢y;. These are considered in the following as realizations of the parameter
set P;. Examples of such microstructures are shown in Fig. E.7(f) and E.7(g) for the pa-
rameter sets Pg := (dq = 1.05, dinc =50um, ¢, =0.45) and P, := (dq = 1.05, dinc =
50um, ¢y = 0.05) respectively. As an example, the statistical analysis for HYP sample Pqg
(cy = 0.45) with 220 randomly generated realizations is illustrated in Fig E.7(a). The fre-
quency responses of the simulated power reflection coefficient of all of the realizations
are confined to the grey-shaded area between the top and bottom envelope, with the
blue curve labelling a single representation of this spectral set, which has already been
depicted in Fig. E.5(c). The red-dotted curve shows the performance of the homogenized
EMT model of the HYP tissue. The validity limits of the EMT homogenization are de-
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termined as the frequency above which the power reflection of the homogeneous EMT
model and the heterogeneous composite model deviate by more than 2 %. This yields a
frequency value for each of the realizations at which this deviation first occurs. For the
example of Py, this yields a corresponding data set of 220 values with a mean frequency
of fmean = 76 GHz, which in the following is defined as the representative value for the va-
lidity limit. The associated standard deviation is o = 20 GHz leading to a first upper and
lower bound of f; min = 66 GHz and f; max = 86 GHz, whereas the absolute minimum and
maximum of this limit for this data set corresponds to fimin = 33GHz and fihax = 132GHz
as depicted in Fig. E.7(a). The validity range of the EMT material model is coloured green
while, the forbidden range, in which the EMT representation breaks down, is coloured
red.

As a last stage, the overall Monte-Carlo analysis was carried out for all parameter sets,
Py,...,Pg, and their respective volume fractions, ¢y 1,..., ¢y9 (cf. Fig. E.7(b)). This revealed
validity limits for HYP tissues at astonishingly low frequencies around 60 — 80 GHz. In
contrast, the classical estimation of validity limits according to EMT [23] using ’;—; > dine,
where A, denotes the wavelength within the material, is significantly higher, with val-
ues between 110GHz and 120GHz (see Fig. E.7(b) blue line). This is an interesting re-
sult as it may challenge assumptions made in commonly used tissue models for mm-
wave [58] and THz frequencies [121]. In addition, the statistical evaluation of all nine
parameter sets also led to validity limits with only weak dependence on the volume frac-
tion of the lipid droplets (i.e. inclusions) in the adipose HYP tissue. Fig. E.7(c)-(e) de-
pict the electric field distributions, IE |, within the microstructure of the heterogeneous
composite for three distinct frequencies along the blue curve. As expected from EMT,
these field profiles are mostly homogeneous at frequencies within the validity range (e.g.
10GHz), but display interference patterns at forbidden frequencies (e.g. 100GHz and
200 GHz) with emerging spatial correlations to the underlying microstructure. In the con-
text of reflectometry-based tissue classification, these correlations will in Sec. E.3 be used
to establish the possibility of classifying microscopic features of the heterogeneous mi-
crostructure using spectral fingerprints in the forbidden range, an example of which is
shown by the blue curve in Fig. E.7(a). In contrast, the well-behaved frequency response
in the validity range allows for the extraction of macroscopic quantities such as the un-
derlying volume fraction of the inclusions.

E.3 Information Content of the Forbidden Range

The existence of validity limits has direct consequences on the use of EMT-based multi-
scale models for multi-layered tissue systems such as skin. In such models the maximum
frequency is determined by the tissue layer with the lowest validity limit, thus yielding
an allowed operating frequency band which becomes specific to the overall skin model.
At higher frequencies outside this band, the described homogenization of the particular
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based predictions of the validity limits involved.

real part of the Poynting vector Re{S}, the imaginary part Im{S}, the loss density p, and the differ-
tural changes in the tissue models during the frequency-domain simulation while relying

Figure E.8: Graphical evaluation of the EM fields within the microstructure for the frequency
ence of energy densities Aw.

points 160.7 GHz, 187.1 GHz, 187.9GHz and 190.3GHz (i.e. for €,
tissue layer is not applicable anymore and its further analysis

05 =0.12S/m; d,
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Figure E.9: Spectral response in the forbidden frequency range between 100 GHz and 200 GHz:
(a) reflectance; (b) absorptance; (c), (d) detailed enlargements of the reflectance and absorptance
in the subinterval between 182 GHz and 188 GHz; (e) example of the analysed HYP realization (i.e.
for ;1 =80; 01 =0.53S/m; £, = 50; 02 = 0.12S/m; djyc = 50 um; and volume fraction ¢, = 0.45).

As indicated in the previous section, the increasing impact of the microscopic properties
on the frequency response beyond the validity limit opens up the possibility to identify
and classify specific features of the tissue’s microstructures based solely on the associ-
ated spectral fingerprint in the forbidden frequency range. This reasoning can be under-
pinned by correlating characteristic features in this spectral fingerprint with interference
patterns emerging from the microstructure. In an illustrative example, specific frequency
points in the spectral fingerprints of the power reflection, R, and absorption, A, between
100GHz and 200 GHz were studied for a single HYP tissue realization (cy = 0.45) in con-
junction with the associated EM field patterns in the microstructure.

A field quantity of particular significance here is the difference between electric and mag-
netic energy density, Aw. This measure has already proven successful in the assessment
of advanced MRI coils [122]. It is derived from the time-harmonic version of the Poynting
theorem, represents the conservation of EM energy flux, E (i.e. the Poynting vector), as
shown in Eq. E.10, where $ has to fuel areas with dissipation loss and at the same time
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compensate for temporal changes in the reactive power.

o001 ., 1, . .
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The reactive power term contains the difference, Aw, between the electric and magnetic
energy density, where Aw emerges only if the energy density distributions of both field
quantities are spatially separated. The quantity Aw thus indicates a locally confined res-
onant enhancement of reactive fields in the very microstructure of the tissue while also
highlighting potential "hot spots" in the loss density, p. This is mainly due to oscillating
balancing currents between these separated energy densities. The dissipated power in
the tissue, P,, results from integrating the power loss density, p, over the tissue volume
yielding the absorption, A.

Applied to the proper heterogeneous material representation of an illustrative HYP real-
ization, Eq. E.10, and its derived measures, can be used to investigate correlations be-
tween the spatial field distribution within the microstructure and the spectral finger-
print in the forbidden range. In this case, the local electric and magnetic field strengths,
E(?) = (E,(7) Ey(?) EZ(?))T and E(?) = (H,(7) ﬂy(?) ﬂz(?))T respectively, are used for cal-
culation, where 7 denotes the spatial position. As depicted in Fig. E.8, Aw provides the
most selective map of the resonant loss enhancement which is highly correlated to the
tissue microstructure and thus to the randomized HYP cell distribution. With this con-
nection between microstructure, affine field patterns and specific signatures in the spec-
tral fingerprint, the spectral responses in the forbidden frequency range are reasoned to
contain enough information for the classification of the underlying microstructure. In
the following, the spectral responses of both power reflection, R, and absorption, A, of
the given HYP tissue are plotted in Fig. E.9 for the previously mentioned region of inter-
est in the forbidden frequency range. Apart from the expected opposing behavior of the
frequency responses of R and A (see Figs. E.9(a) and (b)), where a reflection maximum is
accompanied by an absorption minimum, there are distinct subintervals demonstrating
different behavior, such as that between 184 GHz and 188 GHz (shaded grey). An enlarged
view of this specific region is plotted in Figs. E.9(c) and E.9(d) and shows both R and
A forming unique spectral substructures. In the following, local extrema located both
within and outside the sub-interval will be analyzed. This will be performed at the fre-
quency values of 160.7 GHz, 187.1 GHz, 187.9 GHz and 190.3 GHz labelled by red dots.

The associated field patterns regarding flowing, dissipating and stored energy are de-
picted in Fig. E.8 partly using a generalized field line representation provided by the line
integral convolution (LIC) method [123]. Comparing these fields inside the subinterval
(at 187.1 GHz and 187.9 GHz) with those outside (at 160.7 GHz and 190.3 GHz) indicates
that the imaginary part of the energy flux, S, yields the most distinct correlations to the
underlying microstructure. This is even more distinct when using Aw, which is actually
derived from Im{S}. It can therefore be assumed that these unique spectral substructures
in the spectral responses may contribute particularly significantly to the information
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content about the tissue microstructure. This makes it easy to understand that promis-
ing tissue classification schemes based on skin surface reflectometry could implicitly use
such unique spectral features and eventually exploit them in the framework of a super-
vised learning-based classification approach. For a more detailed discussion of this topic,
see [96].

E.4 Conclusions

In Sec. E.1, the basic assumption and the methodology of the numerical study conducted
was introduced. This introduction included the generation of semi-periodic microstruc-
tures using a modified parameterizable version of the RSA algorithm. Subsequently, the
effective macroscopic material properties of these structures were determined using ei-
ther a numerical FEM-based homogenization approach or analytical mixing rules. Fi-
nally, the validity limits of these microstructures were evaluated by comparing the orig-
inal heterogeneous (bio)composite with its homogenized surrogate material in a gener-
alized reflectometry setup.

The comparison between the numerical and analytical homogenization approaches per-
formed in Sec. E.1.3 showed that, at frequencies below the expected Maxwell-Wagner
roll-off, only numerical homogenization accounts for the interaction between depolar-
ization fields of adjacent inclusions correctly. This is of particular importance in the case
ofrandom, dense material composites, such as those investigated in this study, and would
be even more important if more complex irregular inclusion shapes were considered. The
reason is that only numerical homogenization provides a correct multipole representa-
tion of the EM problem and is able to determine a rotation-free yet divergent quasi-static
solution for the electric field with respect to the interactions between adjacent inclusions.
This is not possible when using mixing rules, since these make approximate assumptions
to account for the proximity of adjacent inclusions (e.g. the HB mixing rule) or to neglect
them completely (e.g. the MG mixing rule). Therefore, at low frequencies, these mixing
formulas can only be used to estimate upper and lower limits for the expected effective
macroscopic material parameters. For frequencies above the expected Maxwell-Wagner
polarization, both the MG and the HB mixing formulas allow the exact determination of
the effective material parameters.

In Sec. E.1.4, a formalism to investigate the validity limit of each homogenized surro-
gate material by means of a generalized reflectometry setup was introduced. The valid-
ity limit was defined at the lowest frequency value with a 2% deviation between the re-
flection of an incoming plane wave from the heterogeneous subsurface system and its
homogenized representation. Thus, a validity range was defined below this limit. Above
this validity range, the spectral response of the reflection of the heterogeneous material
system showed oscillations caused by Fabry-Perot resonances. To check the transferabil-
ity of these observations to more realistic representations of HYP tissue, the formalism
was also applied to two 3D supercells containing spherical inclusions. This investigation
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showed the same oscillation pattern as observed before, thus allowing the same classifi-
cation of the spectral response of the system into validity and forbidden ranges. Due to
the high numerical demand of these simulations, the subsequent Monte-Carlo analysis
was performed in 2D only.

In Sec. E.2, a comprehensive Monte-Carlo analysis was conducted to investigate the va-
lidity limits of several HYP tissue derivatives. These HYP derivatives were defined by pa-
rameter sets describing their structural particularites in terms of the separation distance
between the inclusions, dg, their diameter, di,., and their volume fraction, c,. In this
particular analysis, nine parameter sets were defined resulting in generalized HYP tis-
sue derivatives with various volume fractions of the inclusions with cy; € {0.05,...,0.45}
alongside constant dq = 1.05 and dj, = 50 um. For each of these parameter sets, 220 ran-
domized realizations were generated, homogenized and evaluated in terms of their in-
dividual validity limits using the virtual reflectometry setup. The analysis of the validity
limits of the individual realizations of each parameter set, P;, showed that the validity
limit of an entire parameter set must be defined by statistical measures such as the mean
validity frequency, fmean,i, and the corresponding standard derivation, ot;. In addition,
the statistical analysis showed an astonishingly low onset of the EMT validity limits be-
tween 60 GHz - 80 GHz while classical estimations forecasted a limit between 110 GHz -
120 GHz.

Furthermore, it could be observed that the EMT validity limits and the Fabry-Perot os-
cillations in the forbidden range corresponded to the structural particularities of the un-
derlying parameter set, while the roll-off of the reflection coefficient in the validity range
corresponded to the volume fraction of the underlying material composition.

To validate the applicability of the forbidden frequency range for classification of the un-
derlying microstructure, the reflection in the forbidden range was investigated for an ar-
bitrary tissue representation as an illustrative example. The analysis of the spectral re-
sponse was complemented by a graphical evaluation of the electromagnetic fields within
the microstructure. In this graphical evaluation, four measures were illustrated: the real
and imaginary part of the Poynting vector, Re S and Im §, the loss density, p, and the dif-
ference between the energy densities, Aw. The analysis of these fields regarding energy
flow, dissipation and storage showed locally confined resonant enhancement of reactive
fields and also highlighted local hot spots in the loss density. It could be shown that these
field effects corresponded to maxima and minima in the spectral response of the reflec-
tion coefficient. Based on this finding, it can be assumed that these locally confined res-
onant enhancements contribute to the information content of the forbidden range and
can thus be used to classify structural particularities of the underlying microstructure
under investigation.
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