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ABSTRACT:  To calculate and evaluate wave scattering and penetration of electromagnetic waves 
in different biological tissues it is necessary to use a realistic model of the human body, with all 
tissues resolved and separately assigned with appropriate electric/magnetic properties. We report the 
development of a realistic 3D whole-body human model that has been adapted for simulation in CST 
software, containing 46 different resolved tissues with their relevant electrical properties over 1Hz-100 
GHz, non-ionizing electromagnetic radiation. The model is based on whole-body magnetic resonance 
images (MRI) of Zubal-phantom data with voxel dimensions of 3.6 mm. Wideband simulations are 
performed to show the successful application of the model in computational dosimetry. The results of 
the electric field calculation indicate that the peak of electric field in the body occurs at around 70 MHz, 
which is the same as the well-known resonant frequency of the body. Moreover, the difference between 
electric field intensity among tissues can be as high as 30 dB, and that tissues with lower water content 
(e.g. bones, knee) can generally have higher induced electric fields. High water content tissues such 
as the eye vitreous humor have generally lower induced electric fields. The model is available free of 
charge for research purposes at bioelectromag.ir.
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1.Introduction
Interactions of electromagnetic field (EMF) with human 

body is an important issue in the field of biomedical research 
and safety assessment. The use of realistic voxel models 
of the entire human body has been much in demand for 
computational dosimetry of non-ionizing electromagnetic 
waves[1]. There are several human models available from 
commercial sources, such as the virtual population from 
IT’IS [2], and the NORMAN model [3] or the Austinman/
woman [4], NAOMI [5] and the florida children voxel model 
[6] and other national models[7]. Most of these are however, 
of limited availability and are not free. Some researchers have 
tried to create shape-deformable models that can be used 
to create different models for different postures of human 
body [8]. Models can be voxel-based or based on polyhedral 
meshcells. However, voxel models fit conceptually with the 
FDTD Method or its derivative stabilized method of FIT. 
Consequently, voxel models are very often employed for 
dosimetric evaluations[9]. 

The purpose of the research reported here was to construct 
a free realistic whole-body voxel models based on MRI data 
over as wide a frequency range as possible (1Hz-10GHz) that 
can be easily used in CST computational electromagnetics 
software. Our model is based on Zubal’s whole-body (arms 
down) phantom [10]. This is a voxel model based on MRI 

images with 125 tissue resolved with 192´96´498 bytes 
volume. The model has no electrical properties and these had 
to be added.  The merit and novelty of our model is (1) it is 
distributed herein as free for research purposes and (2) In 
absence of electrical properties for many of the 125 tissues 
in the Zubal phantom, we have established carefully-selected 
corresponding tissues for them, as described in the material 
s and methods section together with many other challenges 
that has been solved. Finally, we show full-wave computations 
of plane waves incident on human body over 1 Hz- 10 GHz, 
to see how different tissues differ in the amount of induced 
electric fields at different frequencies. Frequency responses of 
all tissues have been computed and plotted. 

2. Model Development
Zubal’s whole-body (arms down) phantom from the free-

source visible human project [10] was taken and the data 
files were interpreted into a 3D matrix of tissue numbers. 
Each entry in this matrix corresponds to a voxel in the actual 
human body model. The entries are tissue numbers. Some 
changes were implemented in the Zubal model to make it 
appropriate for electromagnetic simulation in CST studio. 
First, the format of model files were changed to match a 
proper format for simulation in CST studio. Second, the 
electrical properties of more than 125 tissues available in the 
zubal model had to be determined. In the CST format, each 
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frequency has to be assigned a file, in which the properties for 
all tissue numbers have to be given. These tissue properties 
are conventionally found from the 4-cole-cole model based 
on the data by Gabriel et al.[11-13]. 
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Where 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the ionic (DC) conductivity of the tissue, 𝑗𝑗  is the angular frequency in rad/s 

and the rest are parameters given by [11] for all tissues. All thermal, physical, and dielectric 

parameters are taken from IT’IS database, available at [14]. Electrical properties were compiled in 

separate data files in proper formats. As a challenge, the electrical properties of many tissues 

in zubal model are not available in the literature. We match these with available and 

equivalent tissues that are close to the desired tissue either in terms of function or structure. 

The final results of the tissue matching process for this model are summarized in table 1. 
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Where ionicσ  is the ionic (DC) conductivity of the 
tissue,  ω  is the angular frequency in rad/s and the rest are 
parameters given by [11] for all tissues. All thermal, physical, 
and dielectric parameters are taken from IT’IS database, 
available at [14]. Electrical properties were compiled in 
separate data files in proper formats. As a challenge, the 
electrical properties of many tissues in zubal model are not 
available in the literature. We match these with available and 
equivalent tissues that are close to the desired tissue either in 
terms of function or structure. The final results of the tissue 
matching process for this model are summarized in table 1.

Other points to consider include: 
· There is no data available in the literature for the 

dielectric properties of urine over the frequency spectrum of 
single Hz to a few GHz mandatory for fitting to the 4-cole-
cole dispersion model. Therefore, for the dielectric parameter 
values of urine, IT’IS has chosen the values for th e urinary 
bladder wall, and for the thermal properties, the mean value 
of bladder wall and urine is calculated.

· The dielectric properties database generated by Gabriel et 
al., 1996 [13] contains values for only a few endocrine tissues: 
thyroid, testes, and ovaries. For all reproductive organs, the 
values reported for testes and, for all other glands, those of 
thyroid is used.

· The contents of the stomach and intestines depend on 
the diet of the subject. For the thermal properties, an average 
of water and muscle corresponding to a diet of 50/50 water 
and meat is calculated. For the dielectric properties, IT’IS has 
chosen the values for muscle only.

This model consists of  243x128x128 cubic voxels, all of 
3.6 mm dimension in the adult phantom. Fig. 1 shows the 
developed whole-body voxel model. This model is in the arms 
down position, as if standing on the ground with the hands at 
the sides of body.

3. Application to electromagnetic dosimetry
3-1- Simulation Settings

The developed human body model was used to obtain 
the frequency response functions for all tissues and organs of 
the body (heart, kidney, etc.) in the entire 1 kHz to 1 GHz 
frequency band using the CST-MWS software. 

The radiation model  is an E-polarized (Electric field 
vector along body axis) plane wave that is incident on the 
body from front and has an electric field intensity of 1 V/m 
at all frequencies. Practically this corresponds to the person 
being in the far field of a transmitting antenna; e.g. from the 
base transceiver stations (BTS) antennas at distances greater 

than 200 meters. 
 Induced electric fields are solved using full wave 

electromagnetic equations (Maxwell’s equations). Open 
boundary conditions were applied with placing solids (filled 
with vacuum) around the model to distance from absorbing 
boundary conditions. Convergence has been checked for all 
simulations.

3-2 Results
The first-attempt results of the electric field are presented 

in Fig. 3 Accordingly, it is seen that the field is different in 
different tissues and varies with frequency. The discontinuity 
in some tissues at 100 kHz is because the two frequency 
bands (1kHz-100kHz) and (100 kHz-1GHz) were simulated 
separately considering software limitations. Although 
both results converge, slight misalignments such as these 
were found to occur nevertheless, due to the insignificant 
properties of materials at the fitting level, the number of 
meshes, the number of excitation pulses in two simulations, 
and the computational accuracy of the software. The solutions 
to eliminate this difference are discussed next.

To correct the frequency response at 100 kHz and lower, 
we applied the following line of reasoning: The range below 
1MHz corresponds to quasi-static conditions. It is known 
that in quasi-static conditions, fields induced inside bounded 
objects (either by time-varying magnetic component or by 
the time varying electric component) tends to increase with 
frequency by first order (f). Consequently it is reasonable 
to expect a rise of 20dB/decade in E with rising frequency. 

 

Fig. 1.The view of whole-body voxel model of human in cst. 

  

 

 

Fig. 2. Sample demonstration of the segmented cross-section in the Zubal model. 

  

Fig. 1.The view of whole-body voxel model of human in cst.

Fig. 2. Sample demonstration of the segmented cross-section in 
the Zubal model.
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Table 1. Tissue matching summary and the tissue numbers in the final CST Model 
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This can also be analytically deduced from the solution of the 
Laplace’s equation for electric field inside a conducting sphere 
when placed inside a uniform electric field as shown in the 
appendix. Consequently, the electric field below 100 kHz is 
obtained by extending the fields just above 100 kHz down 
with a slope of 20dB/dec. The final result is given in Fig.4.

   The results of the electric field generated by the body 
scale analysis in Fig. 4 indicate that the peak of electric field 
penetration in the body occurs at around 70 MHz (65 MHz), 
which is the same as the well-known resonant frequency of the 
body. At lower frequencies, the displacement of free charges in 
response to the initial induced electric field and the creation 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Results of induced electric fields in several specific tissues in two simulation intervals 

  

Fig. 3. Results of induced electric fields in several specific tissues in two simulation intervals

 
Fig. 4. Final results of induced electric fields in selected tissues. 

  

Fig. 4. Final results of induced electric fields in selected tissues.
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of a secondary field opposite to the radiation field reduces the 
induced field within the body.  At frequencies higher than the 
resonance frequency, with increasing tissue loss, the energy 
of the radiation field is absorbed at the body surface, thereby 
reducing the electric field strength at deeper points within the 
body. It can be seen that the difference between tissues can 
be as high as 30 dB, and that tissues with lower water content 
(e.g. bones, knee) can generally have higher induced electric 
fields. High water content tissues such as the eye vitreous 
humor have generally lower induced electric fields. 

The specific rate of absorption (SAR) has been estimated 
for these tissues in Fig.5. Computation of SAR has been done 
based on (2);

2

2
ESAR σ
ρ

=
 (2)      

where the conductivity is a frequency dependent parameter 
dependent on tissue type, and mass density has been assumed 
an average constant for all tissues.  It is observedin Fig.5 that  
power dissipation tends to be higher for low-water-content 
tissues where the electric field has been higher. 

As a final note, human body models can be of use esp. 
for high frequency applications. However, care must be 
practiced when applying such models for low frequency 
applications. The reason is two-fold: first, the low frequency 
electrical properties of tissues are generally harder to evaluate 
experimentally mostly due to electrode polarization error [11-
12]. Second, the voxel models often neglect extremely thin 
basal membranes or epithelial layers that might act as barrier 

to ionic currents at lower frequencies. At higher frequencies, 
the capacitive effects of these layers might be considered as 
shorted out, and contribute little to the electric field results.   

4. Conclusion
In this paper we presented a voxel model of the human body 

with voxel size of 3.6 mm and 46 types of tissue properties. All 
electrical properties of tissues are calculated and prepared in 
a proper format for simulation in CST software. Evaluation 
of frequency response for the induced electric fields in some 
organs and tissues has been demonstrated as an example 
of the application of this model. It has been seen that the 
electric field intensity in different tissues can have differences 
up to about 30 dBs, with low-water-content tissues showing 
stronger internal electric fields. The model is freely available 
at www.bioelectromag.ir. 

Appendix
The field inside a sphere within a medium can be 

represented as: 

                                             (A.1)

where the ambient environment around the body is 
denoted by a and the sphere denoted by b, and er denotes 
relative complex permittivity. At lower frequencies the 
conductivity is dominant over dielectric permittivity and 
the complex permittivity
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Fig. 5. Final results of specific absorption rate (SAR) in selected tissues. Please note the dB scale, which is 10log10(SAR(W/Kg)) 

shown on the vertical scale for the corresponding Electric field intensities in figure 4. 

  

Fig. 5. Final results of specific absorption rate (SAR) in selected tissues. Please note the dB scale, which is 10log10(SAR(W/Kg)) shown 
on the vertical scale for the corresponding Electric field intensities in figure 4.

harder to evaluate experimentally mostly due to electrode polarization error [11-12]. Second, 

the voxel models often neglect extremely thin basal membranes or epithelial layers that might 

act as barrier to ionic currents at lower frequencies. At higher frequencies, the capacitive 

effects of these layers might be considered as shorted out, and contribute little to the electric 

field results.    

4. Conclusion 

In this paper we presented a voxel model of the human body with voxel size of 3.6 mm and 

46 types of tissue properties. All electrical properties of tissues are calculated and prepared in 

a proper format for simulation in CST software. Evaluation of frequency response for the 

induced electric fields in some organs and tissues has been demonstrated as an example of the 

application of this model. It has been seen that the electric field intensity in different tissues 

can have differences up to about 30 dBs, with low-water-content tissues showing stronger 

internal electric fields. The model is freely available at www.bioelectromag.ir.  

Appendix 

The field inside a sphere within a medium can be represented as:  

Ebody
Einc

= 3εra
2εra+εrb

                                                       (A.1) 

where the ambient environment around the body is denoted by a and the sphere denoted by b, 

and r denotes relative complex permittivity. At lower frequencies the conductivity is 

dominant over dielectric permittivity and the complex permittivity εrb = εr
′ − j(εr

" + σi
ωε0

) can 

be approximated by the term corresponding to conductivity alone, thus arriving at (2). 
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alone, thus arriving at (2).

(A.2)
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