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Abstract

Electromagnetic therapy is extensively used in various
medical treatments of tumour cells. Different studies re-
veal that electrotherapy can effectively destroy or shrink
tumour cells. Accurate modelling of the electromagnetic
interactions with the tumour cells will enable biomedical
engineers to develop effective treatment techniques. In this
paper, we present a radically different non-mainstream ap-
proach based on algebraic topology to model this type of
problems. We discuss the basic modelling framework for
simulating electric field interactions with tumour cells and
suggest a test problem to study such interactions at different
skin-depths.

1 Introduction

Biomedical application of electromagnetic fields (elec-
trotherapy) is a proven technique to effectively destroy or
shrink tumour cells. Accurate modelling of such electro-
magnetic interactions is important for developing precise
treatment procedures for curing tumours. Several analytical
and numerical tools can be used to model electromagnetic
interactions [1-9]. In particular, comparisons between nu-
merical and analytical methods to model different electric
field and potential distributions around tumour cells were
done in [10-16]. In this paper, we are presenting a radically
different approach for modelling electric field interactions
with tumour cells using a non-mainstream tool called alge-
braic topological method - ATM [17-26]. Compared to the
traditional methods like finite-element or finite-difference
methods, this method has several advantages. For exam-
ple, in the case of ATM, we use only physically measurable
scalar quantities without the need for differential equations
and field vectors. In addition, we directly get the discrete
formulation, which can be easily translated into computa-
tional algorithm.

2 Electric field - tumour interaction: test
problem

By accurately controlling the electric field distributions
generated by needle electrodes, we are able to concentrate
electric fields in places where it is precisely needed for ef-
ficient treatment of tumour cells. Hence, the electrode con-

figuration is a crucial factor, which needs detailed investi-
gation. Calculating potential and electric field distributions
essentially involve (analytical or numerical) procedure for
solving the Poisson equation. A real-time example of nee-
dle electrodes placed on human body is shown on the left-
hand side of Fig. 1. We will analyse two needle electrode
configurations, namely, circular and elliptical, with hypo-
thetical tumours located in four points as illustrated on the
righthand side of Fig. 1. In this test problem, all tumour
cells are assumed to be located in the same (top) layer of
the human body. Of course, this is rather a simplification
only for modelling the field distribution on the top layer. A
more generalized case of tumours located at different depth
will be considered in the ATM modelling.

Figure 1. Left: An example of electrotherapy treatment.
Right: Circular and elliptical needle electrode configura-
tions with four different tumour locations (marked as stars).

3 Algebraic topological method (ATM) mod-
elling

For modelling the electric field-tumour interactions using
ATM, we start with the Poisson equation given by

Vip=pe!. (1)

In Eqn. 1 ¢, p, and € denote electric potential, volume
charge density, and permittivity, respectively. The model
we use for permittivity is very critical for accurately sim-
ulate potential and electric field distributions. There are
many ongoing research in this area and we use the outcomes
from these research in our modelling [27-30]. The ATM
equivalent of the Poisson equation is written as

Y @, YT = Qc(S,ta) )
)



where dfn[ is the coboundary operator, WV is the electric flux
and Q. is the charge content as defined in [18]. The beauty
of ATM lies in the simplicity and power of two mathemati-
cal tools, namely boundary and coboundary operators.

In ATM, we discretize the domain into cells (volumes),
which could be of any shape. Ideally, we go for tetrahe-
dral cells to best model a multiscale problem. In the case
of electric field-tumour interactions modelling, we consider
a 3-layered human skin and the tumours are assumed to
be located at different depths (layers) as depicted in the
Fig. 2. The reason for choosing different tumour depths
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Figure 2. Cut-through-view of a 3-layered human skin with
4 hypothetical tumour regions at different skin depths.

is to study the penetration of electric field at different skin-
depths. This way, we can evaluate the efficacy of certain
electrode configurations. We employ highly unstructured
tetrahedral grid and the tumour regions are meshed very
finely compared to the surrounding regions.

Like in many numerical modelling methods, we have to
truncate the region using accurate domain truncation tech-
niques. The most common approach is to employ absorbing
boundary conditions (ABCs) [31, 32] or perfectly matched
layers (PML) [33-35]. Currently we go for simple one-
way ABC, however, highly accurate PMLs are topics of
further research in the ATM. Already existing conformal
time-domain methods [36—45] are excellent candidates for
ATM domain truncation.

4 Tuning electric potential distribution

By varying the potential applied to these needle electrodes
one can fine-tune the distribution of electric potential. We
have shown typical potential distributions due to circular
and elliptical electrode configurations in Fig 3. The dif-
ference between two configuration potentials is also given.
This difference plot shows how one can fine-tune the elec-
tric field in the regions of interest by varying the elec-
trode configuration and the applied electrode potential.
These results are only valid for superficial tumour loca-
tions. The field distributions will vary as we go to different
skin-depths. As a truly multiscale method, the ATM can
easily handle the complexities involved in modelling hu-
man tissues with tumours. Being a rather non-mainstream
method, we need to further test and compare capabilities
of ATM, especially with the advanced higher-order discon-
tinuous Galerkin method [46—48]. One can relate various
differential-calculus-based methods and ATM formulation
as discussed in [49].

circular (c) elliptic (e)

+1

difference ? /3
(c-e)

-1

Figure 3. Potential distribution for circular and elliptical
electrode configurations and the difference plot between the
two configurations.

5 Summary

We have presented the direct discrete formulation of ATM
without the need for field vectors and differential calcu-
lus. As discussed, the ATM has more advantages than
traditional numerical and analytical tools. Compared to
finite-element method, we can model multiscale features
accurately with less computational resource requirements.
Compared to finite-difference method, we can model com-
plex geometries accurately. In various experiments em-
ploying structured grids, the numerical accuracy of ATM
is comparable to that of standard finite-difference method.
However, if one has to use ATM to its best potential, we
need to use them on highly unstructured inhomogeneous
grids. We have shown how these features make them ideal
candidate for modelling electric field-interactions with tu-
mour cells.

References

[1] K. Yee, “Numerical solution of initial boundary value
problems involving Maxwell’s equations in isotropic
media,” IEEE Transactions on Antennas and Propa-
gation, vol. 14, no. 3, pp. 302-307, 1966.

[2] A.Taflove and M. E. Brodwin, “Numerical solution of
steady-state electromagnetic scattering problems us-
ing the time-dependent Maxwell’s equations,” IEEE
Transactions on Microwave Theory and Techniques,
vol. 23, no. 8, pp. 623-630, 1975.

[3] W. C. Chew, J.-M. Jin, E. Michielssen, and J. Song,
Fast and efficient algorithms in computational elec-
tromagnetics. Artech House, Inc., 2001.

[4] J. Volakis, K. Sertel, and B. C. Usner, Frequency Do-
main Hybrid Finite Element Methods for Electromag-
netics. Morgan & Claypool Publishers, 2006.

[5] J. R. Hoefer, Wolfgang, Numerical Techniques for
Microwave and Millimeter Wave Passive Structures,
ch. The transmission line matrix (TLM) method,
pp- 451-496. Wiley, 1989.



(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

P. B. Johns and R. L. Beurle, “Numerical solu-
tions of 2-dimensional scattering problems using a
transmission-line matrix,” Proceedings of the IEEE,
vol. 118, pp. 1203-1208, 1971.

C. Christopoulos, The Transmission-Line Modeling
Method: TLM. 1IEEE Press, 1995.

T. Weiland, “A discretization method for the solu-
tion of Maxwell’s equations for six component fields,”

Electronics and Communications AEU, vol. 31, no. 3,
pp. 116-120, 1977.

M. Krumpholz and P. Russer, “A field theoreti-
cal derivation of TLM,” IEEE Transactions on Mi-
crowave Theory and Techniques, vol. 42, no. 9,
pp- 1660-1668, 1994.

D. Miklav¢ié, K. Beravs, D. §emrov, M. Cemaiar,
F. Demsar, and G. SerSa, “The importance of elec-
tric field distribution for effective in vivo electropo-
ration of tissues,” Biophysical Journal, vol. 74, no. 5,
pp- 2152-2158, 1998.

S. B. Dev, D. Dhar, and W. Krasswoska, “Electric
field of a six-needle array electrode used in drug and
DNA delivery in vivo: analytical versus numerical so-

lution,” IEEE Transactions on Biomedical Engineer-
ing, vol. 50, no. 11, pp. 1296-1300, 2003.

L. E. B. Cabrales, A. R. Aguilera, R. P. Jiménez, M. V.
Jarque, H. M. C. Ciria, J. B. Reyes, M. A. O. Mateus,
F. S. Palencia, and M. G. Avila, “Mathematical mod-
eling of tumor growth in mice following low-level di-
rect electric current,” Mathematics and Computers in
Simulation, vol. 78, no. 1, pp. 112-120, 2008.

S. Corvi¢, M. Pavlin, and D. Miklavcic, “Analyti-
cal and numerical quantification and comparison of
the local electric field in the tissue for different elec-
trode configurations,” BioMedical Engineering On-
Line, vol. 6, no. 1, pp. 37-50, 2007.

A.R. Aguilera, L. E. B. Cabrales, H. M. C. Ciria, Y. S.
Pérez, E. R. Oria, S. A. Brooks, and T. R. Gonzilez,
“Distributions of potential and electric field of an elec-
trode elliptic array used in electrotherapy: Analytical
and numerical solutions,” Mathematics and Comput-
ers in Simulation, vol. 79, no. 7, pp. 2091-2105, 2009.

A. R. Aguilera, L. E. B. Cabrales, H. M. C. Ciria,
Y. S. Pérez, F. G. Gonzalez, M. M. Gonzalez, L. O.
Zamora, F. S. Palencia, M. F. Salas, N. R. Bestard,
G. S. Gonzadlez, and 1. B. Cabrales, “Electric current
density distribution in planar solid tumor and its sur-
rounding healthy tissue generated by an electrode el-
liptic array used in electrotherapy,” Mathematics and
Computers in Simulation, vol. 80, no. 9, pp. 1886—
1902, 2010.

A. E. Bergues Pupo, J. B. Reyes, L. E.
Bergues Cabrales, and J. M. Bergues Cabrales,

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

“Analytical and numerical solutions of the potential
and electric field generated by different electrode
arrays in a tumor tissue under electrotherapy,’
BioMedical Engineering OnLine, vol. 10, no. 85,
2011.

T. Karunakaran, “Algebraic structure of network
topology,” in Proceedings of the Indian National Sci-
ence Academy, vol. 41, pp. 213-215, 1975.

K. Sankaran, “Beyond DIV, CURL and GRAD:
modelling electromagnetic problems using algebraic
topology,” Journal of Electromagnetic Waves and Ap-
plications, vol. 3, no. 2, pp. 121-149, 2016.

F. H. Branin, “The algebraic-topological basis for net-
work analogies and the vector calculus,” in Sympo-
sium on generalized networks, pp. 453-491, Polytech-
nic Press, Brooklyn, 1966.

K. Sankaran, “Perspective: Are you using the right
tools in computational electromagnetics?,” Journal of
Applied Physics, 2018. Invited article - submitted.

Aakash, A. Bhatt, and K. Sankaran, “How to model
electromagnetic problems without using vector calcu-
lus and differential equations?,” IETE Journal of Ed-
ucation, vol. 59, no. 2, 2018. In review.

F. H. Branin Jr., Problem Analysis in Science and En-
gineering, ch. The network concept as a unifying prin-
ciple in engineering and the physical sciences, pp. 41—
111. Academic Press, 1977.

K. Sankaran, “Old tools are not enough: Recent trends
in computational electromagnetics for defence appli-
cations,” DRDO Defence Science Journal, 2018. In
review.

H. E. Koenig and W. A. Blackwell, “Linear graph the-
ory - a fundamental engineering discipline,” I. R. E.
Transactions on Education, vol. E-3, no. 2, pp. 42—
49, 1960.

K. Kondo and M. Iri, RAAG Memoirs: Unifying
study of the basic problems in engineering sciences
by means of geometry, ch. On the Theory of Trees,
Cotrees, Multi-trees and Multi-Cotrees, pp. 220-261.
Gakujutsu Bunken Fukyu-Kai, 1958.

Aakash, A. Bhatt, and K. Sankaran, “Transcending
limits: Recent trends & challenges in computational
electromagnetics,” in IEEE-INAE Workshop on Elec-
tromagnetics - IWE, December 2018.

K. R. Foster and H. P. Schwan, “Dielectric properties
of tissues and biological materials: A critical review,”
Critical Reviews in Biomedical Engineering, vol. 17,

no. 1, pp. 25-104, 1989.

N. Siauve, R. Scorretti, N. Burais, L. Nicolas, and
A. Nicolas, “Electromagnetic fields and human body:



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

a new challenge for the electromagnetic field com-
putation,” COMPEL: The International Journal for
Computation and Mathematics in Electrical and Elec-
tronic Engineering, vol. 22, no. 3, pp. 457-469, 2003.

L. S. Xu, M. Q. Meng, and C. Hu, “Effects of dielec-
tric values of human body on specific absorption rate
following 430, 800, and 1200 mhz rf exposure to in-
gestible wireless device,” IEEE Transactions on In-
formation Technology in Biomedicine, vol. 14, no. 1,
pp- 52-59, 2010.

G. Li, N. Du, and L. Zhang, “Effective permittiv-
ity of biological tissue: Comparison of theoretical
model and experiment,” Mathematical Problems in
Engineering, vol. 2017, no. 7249672, pp. 1-7, 2017.

S. Abarbanel and D. Gottlieb, “On the construction
and analysis of absorbing layers in CEM,” Applied
Numerical Mathematics, vol. 27, no. 4, pp. 331-340,
1998.

W. F. Hall and A. V. Kabakian, “A sequence of absorb-
ing boundary conditions for Maxwell’s equations,”
Journal of Computational Physics, Elsevier, vol. 194,
pp- 140-155, 2004.

J. P. Bérenger, “Three-dimensional perfectly matched
layer for the absorption of electromagnetic waves,’
Journal of Computational Physics, vol. 127, no. 2,
pp- 363-379, 1996.

J. A. Roden and S. D. Gedney, “Convolution PML
(CPML): An efficient FDTD implementation of the
CFS-PML for arbitrary media,” Microwave and Op-
tical Technology Letters, vol. 27, no. 5, pp. 334-339,
2000.

F. L. Teixeira and W. C. Chew, “Complex space ap-
proach to perfectly matched layers: a review and some
new developments,” International Journal of Numer-
ical Modelling: Electronic Networks, Devices and
Fields, vol. 13, pp. 441455, 2000.

F. Bonnet and F. Poupaud, “Bérenger absorbing
boundary condition with time finite-volume scheme
for triangular meshes,” Applied Numerical Mathemat-
ics, vol. 25, no. 4, pp. 333-354, 1997.

C. Fumeaux, D. Baumann, K. Sankaran, K. Krohne,
R. Vahldieck, and E. Li, “The finite-volume time-
domain method for 3-D solutions of Maxwell’s equa-
tions in complex geometries: A review,” in Proceed-
ings of the European Microwave Association, vol. 3,
pp- 136-146, EuMA, 2007.

K. Sankaran, C. Fumeaux, and R. Vahldieck, “Split
and unsplit finite-volume absorbers: Formulation and
performance comparison,” in Proceedings of the Eu-
ropean Microwave Conference, pp. 17-20, EuMA,
2006.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

K. Sankaran, C. Fumeaux, and R. Vahldieck, “Hybrid
PML-ABC truncation techniques for finite-volume
time-domain simulations,” in Proceedings of the Asia-
Pacific Microwave Conference, pp. 949-952, APMC,
2006.

C. Fumeaux, G. Almpanis, K. Sankaran, D. Baumann,
and R. Vahldieck, “Finite-volume time-domain mod-
eling of the mutual coupling between dielectric res-
onator antennas in array configurations,” in 2nd Euro-
pean Conference on Antennas and Propagation (Eu-
CAP), pp. 14, IET, 2007.

K. Sankaran, C. Fumeaux, and R. Vahldieck, “An in-
vestigation of the accuracy of finite-volume radial do-
main truncation technique,” in Workshop on Compu-

tational Electromagnetics in Time-Domain, pp. 1-4,
IEEE, 2007.

K. Sankaran, T. Kaufmann, C. Fumeaux, and
R. Vahldieck, “Different perfectly matched absorbers
for conformal time-domain method: A finite-volume
time-domain perspective,” in 23rd Annual Review of
Progress in Applied Computational Electromagnetics,
pp- 1712-1718, ACES, 2007.

T. Kaufmann, K. Sankaran, C. Fumeaux, and
R. Vahldieck, “A review of perfectly matched ab-
sorbers for the finite-volume time-domain method,”
Applied Computational Electromagnetic Society,
vol. 23, no. 3, pp. 184-192, 2008.

K. Sankaran, C. Fumeaux, and R. Vahldieck, “Finite-
volume Maxwellian absorbers on unstructured grid,”
in IEEE MTT-S International Microwave Symposium
Digest, pp. 169-172, 2006.

K. Sankaran, C. Fumeaux, and R. Vahldieck, “Ra-
dial absorbers for conformal time-domain methods:
A solution to corner problems in mesh truncation,”
in IEEE/MTT-S International Microwave Symposium,
pp- 709-712, 2007.

J. Chen and Q. H. Liu, “Discontinuous Galerkin time-
domain methods for multiscale electromagnetic simu-
lations: A review,” Proceedings of the IEEE, vol. 101,
no. 2, pp. 242-254, 2013.

J. S. Hesthaven and T. Warburton, Nodal Discontinu-
ous Galerkin Methods: Algorithms, Analysis, and Ap-
plications. Springer Publishing Company, 1 ed., 2007.

J. Alvarez, L. D. Angulo, A. R. Bretones, and S. Gar-
cia, “A spurious free discontinuous Galerkin time-
domain method for the accurate modeling of mi-
crowave filters,” IEEE Transactions on Microwave
Theory and Techniques, vol. 60, no. 8, pp. 2359-2369,
2012.

C. Mattiussi, “An analysis of finite volume, finite el-
ement, and finite difference methods using some con-
cepts from algebraic topology,” Journal of Computa-
tional Physics, vol. 133, pp. 289-309, 1997.



