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ABSTRACT: Researchers in bioelectromagnetics often require realistic tissue, cellular and sub-
cellular geometry models for their simulations. However, biological shapes are often extremely
irregular, while conventional geometrical modeling tools in the market cannot meet the demand for
fast and efficient construction of irregular geometries. We have designed a free, user-friendly tool in
MATLAB that combines several known or new algorithms for easy production of three-dimensional
complex cell shapes based on minimum data. We have considered four different methods of creating
objects: Generalized Rotation, Super-Formula, 3D reconstruction of 2D parallel cross-sections and
branching models. Besides, many transformations such as translation and rotation, Boolean operations
for 3D objects including union and intersection, random copy, etc. are also included in the toolbox. By
utilizing different methods, our toolbox generates a larger variety of realistic biological geometries,
especially tailored for irregular and branching cellular and sub-cellular shapes. We present a group of
biological shape examples in this paper. The toolbox can export the geometries to common standard stl
or voxel formats to be used for simulations in other software. We have developed an open, user-friendly
toolbox, with specialization in cellular and sub-cellular irregular models. This toolbox can provide the
essential realistic cellular models for scientific simulations in biomedical engineering, biotechnology,
bioelectromagnetics, cell biomechanics, and serve as an educational visualization tool in teaching cell
biology. Examples of microdosimetric simulations for electromagnetic exposure to RF frequencies are
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given and discussed.

1. INTRODUCTION

Recently, the importance of three-dimensional modeling
of cellular shapes has increased in various fields such as
Bioelectromagnetics, Biomechanics and developmental
Biology. In [1] the necessity to consider a realistic cell shape
for computing the induced voltage across cell membranes has
been shown, and [2] indicates this for estimating dielectric
properties of biological tissues. Also, the importance of
cell modeling in developmental biology for evaluation of
cell shapes and size is reported in [3]. In pre-2000 studies,
computer models of cells were generally limited to simple
or multi-layers spherical geometries with homogenous
properties.

In 2001, Sebastian and colleagues [4] showed that cell
shape and its orientation in electrical field do significantly
affect the field penetration into cell compartments. These
and other researchers considered multiple-layer spherical,
elliptical and cylindrical models in order to examine the
intensity of electric fields. The layers were meant as crude
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models of internal organelles. Subsequently, in 2002, Walker
and his colleagues [5] modeled a layer of epithelial tissue
with cells, which contain nucleus, and created a microscopic
model of tissue. Beginning in 2003, Weaver and colleagues [6]
modeled irregular cells in two dimensions. In this study, each
cell contained a membrane, nucleus and cytoplasm. Using
the transmission network method provided the possibility of
using a nonlinear membrane model in modeling.

In 2006, for the first time, a simple model of the cell with a
few simple examples of internal organs such as mitochondria
and endoplasmic network was created. This study was
designed to investigate the effect of electroporation on cell’s
components and shows the importance of the presence of
organelles, in examination of field in cells 7, 8].

Animportant work in 2010, that of Huclova and colleagues
[8] proved the importance of using realistic cellular shapes
instead of simple geometric ones for correct estimation of
tissue conductivity. In 2010 Hartinger [9] modeled the skin
at microscopic scales in a healthy and patient state with cell
and nucleus, and announced the ideal frequency range for the
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Fig.1. Corresponding to the method of section 2.1: (a) the generalized rotation, consisting of interpolating between the curves on either side

of the axis aa’ (b) Surface triangles. One of the middle curves is highlighted in red in red. Small arrows depict the connection scheme to de-

fine triangle edges. Corresponding to the method of section 2.3: (c) Determination of Shape Boundaries; corresponding cell boundaries for

a given cross-section. (d) Polygon Interpolation; ten polygons which are parallel to xy plane has been interpolated between cross-sections

(e) Conversion to Binary Values; voxelised matrix of the object has been created. (f) Surface Extraction; the surface of the cell obtained
.from voxelised object using isosurface techniques

diagnosis of disease is below 10 kHz.

In 2014, the importance of the realistic cellular shapes
in modeling led to creation of a toolbox to model realistic
geometric shapes based on the cell’s microscopic image [10].
Most recently in 2016, it has been shown that realistic cell
shape can be crucial, even for results of chemical pathway
simulations [11]. Realistic shape modeling has also been
indicated in simulating cell migration [12].

In this paper we describe the ability of our toolbox named
SAVT in biological modeling, with emphasis on irregular
cellular models. Available modeling programs in the market
are designed with regard to regular, industrial shapes.
Creating smooth but irregular or branching (like neurons
or cells with cilia) biological structures with conventional
methods becomes very complicated and difficult. This toolbox
was devised to tackle the inability of conventional computer
modeling tools in construction of realistic geometrical
models of irregular biological cell shapes and organelles. The
main algorithms for body generation are discussed next. The
graphical user interface is also discussed. We then present
several examples and compare the tool efficiency with a well-
known industrial shape modeler. The tool can provide the
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essential realistic cellular models for scientific simulation or
visualization in biomedical engineering, cell biomechanics or
bioelectromagnetics, and serve as an educational visualization
tool for teachers of biology and bioengineering.

2. METHODS

In this toolbox we utilize four different methods for creating
models, in order to include the vast number of biological shapes.
The user could use each of these methods or their combination
to create a model. Also, there are many other tools that may help
the user to alter, transform, and combine the obtained models.
We describe these methods below. Considering restrictions in
journal pages, we avoid details on other well-known methods
such as translation, rotation, etc.

2-1- Generalized Rotation

This method is based on a single 2D image [10]. The user
determines the boundary of the object -either manually or
automatically- by selecting a number of points. Automatic
selection of points is possible by utilization of an approach
in image processing field called Snake algorithm [13]. In
Fig. 1(a), which is a 2D image on x-y plane, the boundary
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of object. is determined by a set of points. Then, the user
defines a rotation axis (aa’) that separates the boundary to
two parts (C_ and C, ). In this method the algorithm finds
corresponding points between C_ and C,, and rotates the
pointson C, ((0 = 0) around the aa’ axis so as they match
to their correspondences on C_ ((D = 180). For example,
point P on curve C,, rotates around aa’ to connect
point P' on curve C_. These rotations create a number of
intermediate curves. Their number depends on the angular
step. In the final step, the algorithm connects these points to
create the surface of the 3D object. Assume we define the set
of points as Eq. (1), then for creating the surface triangles we
apply Eq. (2) and Eq. (3) for all the points, so that the triangles
will be formed.

3D 3D

3D
B = (xn,i > VnisZni ) 1)
Pn,i - I)n,Hl ) (2)
Pn,i - Pn+1,i+1 (3)

2-2- Super Formula

This method is provided in [14], and is based on the
determination of some parameters, which gives this method
a little flexibility. The user defines the parameters of Super
Formula and the algorithm puts these parameters in Eq. (4-
9), to create the surface points. In the final step, the surface
triangles are created exactly in the same way of Generalized
Rotation method.

P = lcos mﬂ + lsin m2 (4)
a 4 b 4
1 o 1. ( &\
P, =|—cos| m— | +|-sin| m— (5)
a 4 b 4
7, = ! 7, = ! (6)
1 sf2 ™
nl’fﬂ ”JP2|
X =1,co8 @.r, cos (7)
y =rsin@.r, cosd (8)
z=r,8ind 9

Where the quantities €, ¢ are the elevation and azimuth
angles in spherical coordinatesand n , n, n, and m are integer
parameters controlling shape geometry.

2-3- Three-Dimensional reconstruction of parallel cross-
sections

When a number of parallel cross-sections of an object
are available, SAVI can reconstruct the 3D object by using
this process. In the first step, the user should load all the
cross-sections and determine the object boundary in each
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image, by using manual or automatic selection of boundary.
The next step is to estimate a number of curves between
these cross-sections in order to have a smooth output after
reconstruction. For this purpose, the algorithm puts a specific
number of points on each cross-section’s boundary and finds
corresponding points between cross-sections, by using a
minimum distance algorithm. Then by utilizing Spline we
estimate some points between corresponding points, and
by connecting them together the middle curves are formed.
The algorithm generates the surface of the object through 3D
binary matrix of the object (3D voxelised matrix), which itself
is created through changing the curves data into 2D binary
matrices; matrices with binary values (0 for Outside and 1 for
Inside the curve). Fig. 1(c-f) shows the process of applying
this method on contours of six parallel cross-sections of a cell
step by step.

2-4- Branching Models

The last method for creating models is allocated to
biological branching structures. The user can create the body
part for the branching structure by using one of the previous
methods. Fig.2 (a) shows the main steps for formation of a
branching model. The first step is to create the 3D branching
model using L-systems[15]. In brief, L-systems create complex
objects by successively replacing parts of a simple initial object
using a set of rewriting rules or productions. We have set some
predetermined rules that can be used for biological modeling.
Although the output models of the L-systems are 3D, they
don’t have volumes. The algorithm creates a volume for each
branch. The volume of each branch relates to the branch order
of that branch; higher order branches should have a larger
diameter. Hence the second step is the determination of the
branch orders of the L-system model.

We assign orders to branches iteratively according to
the adjacent branch orders (branch orders for branches that
are joined to each other in a particular node). For ordering
the branches in L-system model, we first find the nodes that
their node orders are equal to one (float nodes). These float
nodes are attached to the branches that their branch orders
are equal to one. Then we use an iterative function for all
nodes to find branch orders higher than one. To understand
how this functions work, assume that N numbers of branches
are connected together in a particular node. We know the
branch orders for (N-1) branches and we want to determine
the branch order for the unknown one. If the maximum of all
(N-1) branch orders is exclusive, the branch order of the last
branch is equal to the Max; otherwise its branch order is equal
to (Max+1).

After determination of branch orders, we need to create
a volume for L-system model. For this purpose, we used
voxels (volume cell. The numbers of voxels, which determine
the branch diameter, are related to branch orders. In the final
step, we obtain the surface of the object from the voxelised
object, using MATLAB functions, Isosurface and Isocaps.

2-5-Transform Tools
We have considered a group of tools that may help to
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Fig.2. (a) L-system model: The L-system process for creating a simple example of branching object is shown. (b) Branch Ordering: branch
orders are obtained for the example. (c) Creation of volume: Volume has been added to branches according to their branch orders by using
3D voxelised matrix.

make the necessary changes to created shapes. In this part we
review some of the most important transform tools:

2-5-1 Boolean Operations

This transformer can obtain Union or Intersection of two
or more objects. The Subtraction of two objects is also possible
with this transformer. We first create a three-dimensional
binary matrix (voxelised matrix) for each object, which
represents them. Then we apply these Equations that are for
combination of two 3D matrices (A and B):

Union:(A+B)Zl

(10)
[ntersection:(A+B) >1 (11)
Subtraction:(A— B) > 1 (12)

2-5-2 Random Copy

In many Biological structures, we need to randomly copy
a high number of objects inside another one. For instance,
many organelles are randomly distributed in high quantities
in a cell. By using this transformation, the user chooses the
area of copy and the number of copies, and the algorithm will
randomly copy the objects.

Many other conventional tools that are available in other
modeling software such as Scale, Translate, Rotate, Copy,
Convex Hull, Add Random Points, view Cross-sections, etc.
are also available in SAVI.

2-6- Input/output

For the purpose of connecting SAVI to other software,
it can create outputs and accept inputs in STL and VOXEL
formats as well as the main MATLAB format. STL format
is created by [16]. In VOXEL format, we create a 3D binary
matrix for each object using [17]. Also, we create a combined
matrix, which represents all objects in only one 3D matrix;
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each object has a specific value in that matrix. The User can
select the Cellular Volume Fraction (CVF) for the combined
matrix, which determines the empty space to be included
outside the cell, as well.

3. SOFTWARE

To create a user-friendly toolbox, we have used the
graphical user interface (GUI) builder of MATLAB. Our
toolbox consists of many GUIs that are connected to the
main GUI, and they will appear when the user presses their
related button. For example if we select an object and press the
multiple copy button, its corresponding GUI will appear. Fig.
3 shows the main GUI for SAVI, which includes six different
panels, shortly described below:

Create: This panel is allocated to five methods of
generating new object; Generalized rotation, Super formula,
3D reconstruction of 2D parallel cross-sections, Branching
models and basic objects.

View: This panel dedicated to examining all the objects,
individual objects or cross-sections of the objects.

Objects: This panel shows all the created objects in a list.
The selected object of this list will be highlighted with a blue
color, while all the other objects are shown in red. Also, the
user can delete, restore or rename the selected object using the
modules of this panel.

Graphic: This panel shows all the generated models in a
3D figure.

Reports: This panel informs the user of the outcomes.

Along with these panels, there are tabs such as create a
new project, save a project and Load a project, and menus such
as export, import and help that are included in the main GUL

4. RESULTS
In this part, we constructed two groups of examples that
show ability of SAVI in biological modeling.
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Fig.4. (a) Shark: This model is obtained by Union of several parts which are created by Generalized Rotation method. (b) Starfish: This

model is obtained by Super Formula method. (c) Coral: This model is obtained by using L-Models method. (d) Lungs: This model is

obtained by Union of several parts which are created by Generalized Rotation method. (¢) Femur bone: This model is obtained by using
3D reconstruction of 2D parallel cross-sections. The parallel contours of cross-sections are also shown.

4-1-Biological Organs

The first category is not limited to a specific group of
biological organs. Fig. 4 shows biological models that we
obtained by using different creating methods.

4-2-Cell and Organelles

The main purpose of this toolbox is cell modeling. Since
cellular shapes are irregular, SAVI provides various methods to
meet the demand for flexibility and versatility in constructing
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irregular geometries. Fig. 5 shows a vast number of cellular
and subcellular models.

5. DISCUSSION

Conventional modeling toolboxes are created based on an
industrial mentality. This purpose causes the concentration on
regular geometries, which are common in industrial models.
On the other hand, biological shapes are mostly irregular.
Hence the use of conventional methods for biological purposes
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Fig.5 (a) A rod cell with filled outer segment and several mitochondria, and a nucleus, (b) Cone and rod cells, (c) Normal red blood cell,
(d) Small white blood, (e) Golgi body organelle, (f) Mitochondrion organelle, (g) Cell with protrusions, (h) Chinese hamster ovary cell, (i)
Two view of geometric model of the basal cortex cubic cell in the skin epidermis with internal organs, (j) Pyramidal neuron.

Table 1. Estimated time that user spends on Shark and Coral modeling in SAVI toolbox in MATLAB R2013a for mac.

Shark
Estimated
Steps . .
time (min)
Generalized 4
rolalion
Scale 2
Retation 1
Translation 1
Union 1
Total time 9 minules

Coral
Estimated
Steps . .
time(min)
L-syslem design 10
Body creation 1
Position of |
branches
Orienlalion of |
branches
Run lime 2
Total time 15 minules

is unacceptable. SAVT toolbox is devised based on irregular
shapes mentality; therefore the user can obtain the realistic
and flexible models of irregular objects, which are impossible
or difficult to generate with conventional modeling toolboxes.
We have shown the ability of SAVI in creating irregular
biological shapes in Fig.4, and also the strength of this toolbox
in cellular modeling is indicated in Fig.5.

Another advantage of SAVI compared with other modeling
toolboxes is the ease in working and modeling, which results
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in minimum time for generating complex biological objects.
Tablel shows the estimated time that a user spends to create
two complex objects, shark and coral, which are shown in
Fig.4.

One of the factors that helps saving time is the ability to
keep objects coordinate according to the 2D micrographs. For
example, in modeling a cell within its organelles from a 2D
micrograph, the user models each organelle separately but in
the final model, the coordinates are the same as the 2D model,
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Fig.6. Example simulation: The model retinal rod cell and volume power loss density within the cell exposed to electric fields at frequencies
of IMHz and 1GHz.

so there is no need to spend time to correct the coordinates.

Although we have attempted to create a complete toolbox
for cellular and biological modeling, SAVI similar to other
toolboxes needs to be upgraded continually. At the moment,
there are certain biological and cellular shapes that SAVI
toolbox cannot model, and we hope to consider them in the
next versions of the toolbox. For instance, SAVI currently
cannot model spiral shapes like snails or seahorses and
serpentine shapes like snakes with the same ease as with other
models. As a result, some other methods for creating objects
should be included in SAVT’s next versions. Also, to embrace
a larger group of branching structures such as Purkineje cells,
more L-systems rules can be included. Finally, more export
and import formats can be incorporated in future versions of
SAVIL.

It is instructive to compare the modeling capabilities
with [14]. The superformula in [14]. In addition to avoiding
the regularities and symmetries in [14], the combination of
methods in this toolbox allows for much more flexible shape
design and visualization. Most importantly, the toolbox can
implement branched structures and shelled compartments,
much an improvement over [12] and [14]. An open-source
code of the toolbox is available at [18].

6. MICRODOSIMETRY

Obtaining accurate results for electromagnetic field
distributions at cellular scales (Microdosimetry) has been of
interest recently [4]. This requires accurate modeling of cell
shapes and can now be more easily provided by our toolbox.
An example is now given regarding the microwave exposure
of retinal rod cells (light-sensing cells on the retina).
The cell model is shown in Fig. 2. The cell diameter is almost
1.7 um and its length is about 30 pm . The model is stimulated
by a capacitive arrangement, consisting of two parallel
plates 36 (um apart. The electrodes are filled in between
with material properties of physiological saline. The model
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is solved in the electromagnetic simulation software CST
EMS’ with tangential boundary conditions on four lateral
sides, which implicitly assumes periodicity in all directions.
Incident field lies along the cell axis and has an intensity of
77 V/m. This is an estimation of the electric field induced in
the head by a GSM mobile phone with a maximum allowable
SAR of 1.6 W/Kg. Dielectric permittivity and conductivity
properties used for the models are obtained from references
[19-21] which are for f= 1MHz, and f= 1GHz respectively;

9

=184,64 o =0.4,1.17 S/m,

cytoplas cytoplasm

8Membrane = 1289 UMembrane = 56 X 1075 S/ma
€ Ex Cellular = 48’ 47.9 O Ex Cellular — 039 0.4 S/m,
=90, 61.6,

ENucleoplasm

=2.8,3.6 S/m, £, ppe =160,

UNucleoplasm

O-Nuc.Envelope = 0011 S/m9 €Stgck = 183
Og =107° S/m, ¢, =54,0,, =0.12 S/m.

The distributions of volume electric loss density are given
in Fig. 6. An important observation is that electric field
is increased within the synaptic “neck” of the cell, twenty
times more intense than the average loss in the tissue (the
extracellular medium and most of the cytoplasm). This is
because free-charges have to travel through a smaller channel
at the neck, surrounded by almost-insulating (capacitive)
cell membranes, which results in higher current density and
thus higher electric field intensity. This type of amplification
is absent at higher frequencies, where displacement current
become dominant relative to free-charge (ionic) currents,
and the impedance of membrane capacitors decreases.
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Consequently, currents are no more bounded by membranes
and the neck-amplification disappears, as can be observed in
Fig. 6, in the results at f= 1GHz.

Another interesting aspect is the shielding of the interior
of organelles at lower frequencies by non-conducting
membranes. Since the membranes are only weakly
conducting, they block currents from penetrating into
these compartments. This shielding is also a low-frequency
phenomenon, and is absent at higher frequencies (Fig.6).

7. CONCLUSION

We have reported a new modeling toolbox which has special
abilities to model irregular biological shapes. We have also
described different geometric design methods that we believe
canincludeavast number of biological organs, especially cellular
and sub-cellular shapes. SAVI is a user-friendly graphical user
interface, which incorporates all the tools introduced. These
tools find application in bioelectromagnetics, biomechanics
and developmental biology and also as visualization tools for
teaching biology and bioengineering. They produce various
smooth, irregular shapes that are not as easily generated by the
conventional industrially optimized CAD tools. The outputs
are in standard formats and can be used in other modeling
software.
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