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Abstract: Both ionizing and non-ionizing radiation
dosimetry studies, medical imaging technologies, and
image reconstruction algorithms require computational
phantoms to assess health effects, to analyze efficiency
and to test algorithms. The goal of this study is to
overview existing models of a human body and to
develop the anatomically realistic boundary represen-
tation phantom for VHF-UHF electromagnetic and
coupled field studies. We use simulated magnetic
resonance images as the source of the phantom geo-
metry. One of the possible applications is illustrated by
an example of coupled electric/thermal field distribution.
Developed phantoms have a broad application in various
branches of science and technology.
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1. Introduction

Most of technology achievements of the last
decades—cellular phones and laptops in our everyday
environments, security gates in airports and anti-theft
systems in malls, magnetic resonance imaging and
wireless implants—expose human body to a
radiofrequency electromagnetic field. To test these
systems, to optimize their performance or to study the
impact on health, we employ anthropomorphic human
models, or phantoms; in vivo studies on humans are
uncommon due to health hazards, ethical issues, and are
impossible for the most cases. The term phantom comes
from radiobiology and means the physical or
mathematical model of a human body [1].

The special case is the radiation in VHF-UHF
ranges where the radio waves of wavelength 4 could be
resonant within a human body or its internal organs with
the linear dimensions a, so that

alA=1. €))

The objectives of this study are: 1) to overview
existing phantoms and their limitations; 2) to develop a
novel computationally efficient B-Rep phantom with
anatomically realistic geometry required to study field
distributions, propagation and resonance effects within a
human head in VHF—UHF ranges.

2. Types of phantoms

Phantoms can be physical or computational.
Computational ones consist of three generations: I —
stylized anthropomorphic phantoms; II — voxel
phantoms; III — boundary representation (B-Rep)
phantoms, or CAD phantoms. B-Rep phantoms could be
either of a polygonal or non-uniform rational basis spline
(NURBS) type.

A. Physical phantoms

The physical phantom is made of a solid shell filled
with liquid that has electrical properties close to real
biological tissue. One example of a physical phantom is
a specific anthropomorphic mannequin (SAM) on Fig. 1,
which is specified by IEEE Std. 1528-2013 [2] and IEC
62209-1 [3], and is used for evaluating near-field
exposure to wireless devices used in close proximity to a
head. To study field distributions inside a physical
phantom, it needs field probes mounted inside, affecting
the field distributions and hence the results. Electric
parameters of the phantom are averaged and
homogenized: it introduces additional errors, especially
on frequencies more than 400 MHz [4], [5]. Other
drawbacks manifest themselves in expensive and time-

consuming experiments [ 1
Qj
Fig. 1. Visualization of specific anthropomorphic mannequin

(SAM) geometry, specified by IEEE and IEA
as a physical phantom for evaluating near-field RF exposure.
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B. Computational phantoms

First-generation computational phantoms were used
¢. 1940s for ionized radiation research and represented a
homogeneous sphere or a cylinder. First heterogeneous
phantoms roughly imitated the structure of a tissue; an
example is Shepp—Logan phantom [6], widely employed
in medical imaging (Fig. 2: left). Medical Internal
Radiation Dose (MIRD) phantom (Fig. 2: right) was the
first stylized anthropomorphic model of human anatomy
[7]; its variations are still used today for ionizing
radiation dosimetry employing Monte-Carlo method.
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Fig. 2. First-generation computational phantoms.
Left: Shepp—Logan phantom, right: “‘family” of stylized MIRD
phantoms (Fisher and Snyder).

Second-generation computational phantoms or voxel
phantoms were the first anatomically realistic models of
a human body. They are based on cadaver cryosection
photos from Visible Human Project [8], computed
tomography (CT) and magnetic resonance imaging
(MRI) scans. The up-to-date list of human voxel
phantoms could be found in [1] and their comprehensive
overview and comparison is given in [9]. Voxel
phantoms are widely implemented for the SAR
assessment; the most notable applications are in [10—13].

Voxel phantom development consists of three basic
steps: 1) identifying tissues for every pixel on 2D raster
images (photos, CT or MRI); 2) superposition of the
sequence of segmented images into a 3D phantom; 3)
assigning parameters of interest to voxels. The volume
of a voxel is then defined as V = 4Ah, where A4 is the
pixel area and / denotes the thickness of a slice.
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Fig. 3. Coarse voxel model of a human pinna
(for illustrative purposes only).

Voxel phantoms soon became popular in non-
ionizing radiation studies, since the field problems could
be easily solved using finite-difference time-domain
(FDTD) method. It is among the simplest and widely
employed methods to be implemented for the full wave
solution of Maxwell’s equations [14].

The main drawbacks of voxel phantoms are the
difficulty to deform and translate the geometry without
considerable losses, “staircase effects” in the geometry
[4] due to rotations, limited possibility for mesh space
adaptivity [15], accordingly high computational costs
and grow rate O(N°). For the analysis of propagation and
resonance effects in human head in VHF-UHF range,
the tissue boundary approximation in voxel phantoms is
either inadequate or computationally inefficient.

Fig. 4. B-Rep phantom examples. Left: Polygonal mesh
representation of SAM; right: NCAT phantom.

Third-generation phantoms are boundary representa-
tion or B-rep phantoms. They do not have the drawbacks
mentioned above. Either the polygonal mesh (Fig. 4:
left) or the NURBS, (Fig. 4: right) approximate tissue
boundaries, so it could be easily scaled, deformed or
rotated without any loss. These phantoms are relatively
new, the first versions were developed only after 2000
(NURBS-based cardiac-torso (NCAT) phantom [16];
Fig. 4: right). Till now they have been used primarily for
ionizing radiation studies. The most prominent B-Rep
phantoms used today for non-ionizing radiation are those
of the Virtual Family group developed by Christ et al
[15]. These phantoms are widely used for non-ionizing
radiation exposure studies, notably in [17-19]. However,
B-Rep phantoms are still often voxelized to carry out
FDTD  analysis, consequently  reducing  the
computational efficiency or accuracy.

Polygonal mesh phantoms (Fig. 4: left) are the set of
closed surfaces 0Q; in R* (or closed polygons oT; in R*
for 2D phantoms) representing the tissue boundaries.
The surfaces 0C; consist of the set of polyhedrons
(usually triangles)

Fz{f],fz,...fk}, [, eV xVxV, )

formed by the set of vertices
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V={v1,v2,...,vn}, 3)
and the set of edges
E={e,e,,...c,}, e eV xV. 4

NURBS models the tissue by parametrically
representing it with surfaces of degrees p, ¢ in directions
u, v. A simple NURBS curve is a polynomial function of
the form [17]:

ZM)iPiNi,p (u)
Clu) ==, )

ZWiNi,p (u)
i=0

where w; are weights, P; denotes the control points and
N p(u) stands for the normalized B-spline basis function
of degree p. NURBS surface is defined in a similar way.

The polygonal mesh could be easily converted to a
NURBS model and vice versa using various 3D CAD
packages. Modern research efforts are focused on the
creation of new hybrid phantoms of the subjects of
various ages and sexes for augmenting the statistical
significance of simulation results.

Existing B-Rep phantoms are either not enough
accurate for studying resonance effects in head tissues or
containing too much details for computationally efficient
finite element mesh. Therefore, the new phantom must
be developed to meet the requirements of necessary
anatomical accuracy and computational efficiency.

3. B-Rep phantom development
The building process of the B-Rep phantom consists
of the following steps:
1. acquiring the subject slice data using MRI, CT, or
cryosection photos;
2. segmenting of the images according to the tissue
type using image processing algorithms;
3. vectorizing obtained closed segments using
piecewise linear approximation or NURBS curves;
4. for 3D phantoms: constructing surfaces bounded by
obtained loops using polygons or NURBS surfaces
(distance between the slices should be sufficiently
small to preserve small objects and reduce
topological errors);
5. combining obtained closed surfaces (edges for 2D
models) into a completed phantom;
6. assigning appropriate tissue properties
volumes enclosed in the surfaces.
To study the electromagnetic resonant properties of
a human head and its excitation, we used the simulated
MRI scan of a normal brain from Aubert-Broche et al.
[21]. This approach is more time-efficient and provides
adequate anatomical accuracy, since the tissues are
already segmented within the generated scans.

to the

Fig. 5. Obtained 2D slice of B-Rep head phantom. Bld is
blood; WM denotes white matter; GM means grey matter;
CSF is cerebrospinal fluid;, Mrw is bone marrow,
Skil stands for a skull; Skn is skin.

7 ﬂm DN ?‘Wsﬁ'A WAV
‘ KSR PRI
5 ‘%;AA g‘%“ K

L7

NS
>

L

%
JOREKTS

K
£

AV

av, & ",u -
AR
I

KIS
LERLRER)

VAYA
N
s
\/

v A

VAN
DAL
oy

o
(¥

A

A
\V
2

A

1\

D
A7
0k
)
2

4!
VAYAY
AVAV‘

N

AT,
LA
B

= SRR

g PR

= SR

g RN

= Ry

£ AV

5 YR

NAOLA s

S '%v SLERE %
T O AVATE N
- Y A OORE

\ASDD
2

AFQA
iy
\/

<D

5
SRR
NOEsE

>y
V

</

oA VAAVys
xe;;g'v:%&nmgy d

K]
YA)
N

)
A %‘y
7
oK

N
AN
KRR

K7
4

=y

=AY
Ay,

e Yavave N
s AVANYQN

AV VAV N P

50 -40 -30 -20 -10 0
x-coordinate [mm]

Fig. 6. Space-adaptive finite element mesh of the phantom.

For the vectorization of the images, we developed a
MATLAB script that firstly reduces the color space by
converting a raster image to indexed one (function
rgb2ind()) and then traces region boundaries (using
bwboundaries()). Now, boundaries could be
converted to shapes using polygons or NURBS and
combined to the final geometry (Fig. 5). Outer layers
(Skll/Mrw) are simplified in order to reduce the number
of degrees of freedom (DoF); the model can be still
considered as realistic for field distribution studies and



80 Denys Nikolayev

remains adequate up to the frequency of about 2 GHz
[5]. The electric properties of tissue were assigned
according to the data from Gabriel et al [22] and the
thermal ones are from Hasgall et al [23].

Finally, the phantom can be meshed using different
types of adaptivity for achieving desired accuracy and
performance. Fig. 6 shows the example of space-
adaptive meshing of the resulted phantom. It could be
clearly seen that FDTD meshing would produce much
more DoF (and thus require more computational
resource) to accurately describe the geometry of tissue
boundaries.

4. Example of application: FEM analysis of
coupled physical fields in a human head

We employed finite element method to study
electromagnetic  eigenfrequencies [5], resonance
excitation and Specific Absorption Rate (SAR).
COMSOL Multiphysics® and the in-house software
Agros2D [24] was used for coupled field simulations.

To find electric field distributions, we use the
standard harmonic wave function:

VL (VXE)- &2 (gr —EJE:O, (6)
M, W&,

where 4, and ¢, are respectively relative permeability and
relative permittivity, o is the electrical conductivity
[S/m], ® denotes the frequency [rad/s], and k, is the
wave number of free space.

Perfectly matched layer (PML) was used in order to
truncate the study region in combination with Dirichlet
boundary condition to set the field to zero at the outer
domain:

nxE=0. (7)

After solving (6) for electric field E, specific

absorption rate distribution could be found using

2
SAR(r)=[ oWE®] 4
p(r)
where p is the tissue destiny [Kg/m’], and r stands for
the general space variable (x, y for the 2D phantom).

Fig. 7 shows the SAR distribution in a human head
phantom due to incident plane wave propagating along
x-axis in positive direction, i.e. left-to-right. SAR was
computed from (8) after solving (6) for the E field.

From complex-valued field values (due to lossy
materials) we can find the power dissipation density Q.
[W/m®] [25]:

; ®)

1 AN . .
0. :ERe<J~E)+ERe(m}B~H), 9)
where the first term on the right-hand side represents the

resistive losses and the second one stands for magnetic
losses.

Surface: logl0(SAR) [W/kg]

V¥ -9.08

Fig. 7. SAR distribution in the developed human head phantom
due to an incident plane wave propagating along x-axis
(lefi-to-right).
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Fig. 8. Temperature change in the developed human head
phantom after 10 seconds of exposure to incident plane wave
propagating along x-axis (lefi-to-right).

Now we can assess the tissue heating process
(without taking into account the blood flow) using the
time dependent heat equation:

oT

pCpE—V-(kVT)zQe, (10)

where k is the thermal conductivity of a tissue, C,
denotes the heat capacity and T is the temperature.
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Neumann boundary condition must be applied in
order to set the heat flux to zero at the limiting
boundaries of the study domain:

—n-(-kVT)=0. (11)

Fig. 8 depicts the heating pattern of the tissue after
10 seconds of exposure to an incident plane wave
(Fig. 7). One can clearly see the highly inhomogeneous
distribution caused by the heterogeneous structure of a
head tissue.

5. Discussion and conclusion

This study reviews and classifies the existing
phantoms, describes the process of development of the
new boundary representation phantom and provides an
application example.

For the analysis of the problems involving full wave
solutions of Maxwell’s equations and containing
optimization tasks, computational performance is essential.
Moreover, we cannot oversimplify the geometry of a
problem while studying the effects strongly affected by the
structure of a head (e.g. SAR hotspots in a human head due
to resonance effects that can arise due to RF exposure in
VHF-UHF ranges). B-Rep phantoms provide the necessary
anatomical accuracy for such tasks as well as it can take the
full advantage of /Ap-adaptive finite element meshes
increasing computational efficiency. B-rep phantoms could
be also implemented with integral equation methods using
boundary element discretization, but this approach was
found generally inefficient for complex dielectric structures.
Traditional approach using voxelization and FDTD method
for computations is also possible and is widely
implemented in modern software (e.g. SEMCAD X).

In this paper, a polygonal mesh based phantom was
developed containing seven electrically and thermally
distinct human head tissues with realistic anatomical
structure. One of the possible applications of the
phantom was demonstrated by an example of the FEM
analysis of coupled physical fields—electromagnetic and
thermal—using the mesh space adaptivity. The phantom
could be used both for specific absorption assessment
and wave propagation studies (e.g. for biomedical
wireless implants). The development of the phantom is
semi-automatic. Therefore, with the developed algorithm
it is possible to vectorize the image data of necessary
subject and create the anatomical models of other parts
of the body, as well as the phantoms of animals.

The major limitation of the developed phantom is
the anatomical precision due to the simple vectorization
algorithm. However, obtained accuracy is sufficient to
study coupled physical field distribution effects within a
generalized human head in the defined frequency range.
For resonance and propagation studies at the frequencies
over 2 GHz, the outer layers of the phantom (skin-
periosteum-skull-dura) must be refined. It could be done
using the same algorithm providing higher resolution
initial images.

The developed phantom can be widely applied in
multi-branch studies. Apart from its primary usage in
VHF-UHF radiation and coupled fields, it could be
employed for the simulation of arbitrary field
distributions and ionized radiation dosimetry.

Studies  both  ionizing/non-ionizing  radiation
dosimetry and in medical imaging are of the highest
importance for the modern society. Providing the
scientific community with new efficient computational
phantoms contributes to the development of science,
technology and health care.
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AHATOMIYHO PEAJIICTUYHUI
B-REP ®AHTOM I'OJIOBH JIIOIUHU
JIJ151 TOCJIIKEHHSI EOEKTIB
JIBU-YBY BUITPOMIHIOBAHHSI

Jenuc Hikonaes

OOGuucnroBaibHi (paHTOMH Tijla JIOJMHU € HE3aMiHHUMH
IHCTpYMEHTaMH JO3UMETpii IOHI3yIOUHMX Ta HEIOHI3YIYHX
BUTIPOMIHIOBaHE JUISI PO3PAaxXyHKYy Ta OIIHKK OiOJOTITHHX
edektiB omnpomineHHs. OKpiM TOTo, TEXHOJOTII MeIu4HOT
Bi3yami3amil Ta aaropuTMH PEKOHCTPYKIii 300pakeHb BHKO-
PHUCTOBYIOTh OOYHCIIOBaJbHI (DAHTOMH Uil TECTyBaHHS Ta
ontuMizamii. MeTow 1IbOTO JOCTIIKEHHS € po3poOKa HOBOTO
AQHATOMIYHO-PEATiCTUYHOr0 (PAaHTOMA Yy TPAHUYHOMY IpE.-
craBienHi (B-Rep) mms mocmimkenHs posmoxity ¢ismdHAX
[OJIiB y roioBi JroguHu. Po3risiHyTuil anroputrm noOynoBu
(anTomMa Moxke OYTH BHKOPHCTAHHH Ui aBTOMATH30BaHOL
po3poOKH (haHTOMIB OyIb-SIKMX CYO’€KTIB JOCIHIKeHb, 0a3y-
I0YNCh Ha X CKaHyBaHHI METOZAMH MEIMYHOI Bi3yamizauii.
[puknan 3acTocyBaHHS pPO3pPOOIEHOTO (haHTOMa IPOLTIOCT-
pOBaHMIT aHANI30M pPO3MOAITY €JIeKTPOMArHiTHOIO Ta Tel-
noBoro moxiB. Po3pobnenuil ¢danToM MOXe OyTH IIHPOKO
3aCTOCOBYBAHMM Y 0aratb0OX raiy3six HayKH Ta TEXHIKH.
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