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ABSTRACT  

The present work investigates the electromagnetic power 

absorbed in arteries and blood due to far field exposure. A 

mathematical model is adopted to trace the electromagnetic 

field penetration, covering the low frequency range, LF 

(30kHz -300kHZ), and the high frequency range, HF (3MHz-

900MHz), through an artery with implanted stent. The model 

calculates the dissipated and stored power density due to the 

EMF far field exposure. The frequency dependence of 

thermal and non-thermal effects on the artery and on the 

flowing blood is hence assessed. The proposed model 

compares the power density distribution with frequency in the 

absence and the presence of the implant. The thermal and 

non-thermal effects due to dissipated power density and that 

stored respectively are hence estimated within electric field 

strengths (1V/m-1kV/m). 

 

Mona A. El Naggar  

Engineering Math. & Physics Dept., Faculty of 

Engineering, Cairo University, Cairo, Egypt 

Submission:  24 January 2018 

Accepted:  29 January 2018 

Published:  28 February 2018 

 

 



www.ijsrm.humanjournals.com 

 

Citation: Mona A. El Naggar. Ijsrm.Human, 2018; Vol. 8 (4): 100-109. 

101 

1. INTRODUCTION  

EMF exposure has recently become an essential research field due to the constantly 

increasing dependence on microwave, UHF, VHF and other frequency ranges serving various 

technology applications. Scientists are concerned with assessing the EMF biological 

effects.[1-4] The effect of human EMF exposure is usually assessed by either whole or partial 

body measurements. These measurements assess the amount of EMF energy absorbed due to 

near or far field exposure by phantom models [5-6] and computer simulation and numerical 

analysis techniques [7-10]. Mathematical modeling of EMF energy absorption in biological 

tissues and systems is an important method of this assessment [11 -14]. International 

standardization establishments issue Maximum Permissible Exposure (MPE) levels for 

humans, partial and whole body, regularly. These MPE levels are expressed in terms of 

maximum electric or magnetic field strength, Specific Absorption Rate (SAR), or power 

density absorbed in the biological tissue [15-17], specifying neither tissue or organ type nor 

issuing special limits for patients with implanted medical devices. Standards for safety levels 

of human exposure to EMF of frequency ranges; (0–3 kHz) [18] and (3 kHz -3GHz) [17-19] 

are issued and updated periodically. These institutional standards mostly indicate thermal 

effects in terms of the absorption rates reported, whereas non-thermal effects are not yet 

addressed by these institutes. Researchers investigate the non-thermal effect of the EMF as 

either interaction with ionic fluids [20] or as the power stored in a specific body tissue [21].  

Vascular substitutes or stents, used for the treatment of arterial blockage, usually made of 

stainless steel, exhibit compliance mismatch. A silicone- silicone rubber stent section was 

introduced and compared to the commonly used stainless steel stent [22]. The present work 

investigates the silicone rubber stent response to EMF exposure by comparing the induced 

power in an arterial section and blood inside in two cases, with and without a stent implant.  

The present work aims to employ an analytical approach to calculate the average power 

density absorbed, both stored and dissipated, within a cylindrical section of an artery of 

diameter 12mm and thickness 3mm, with blood inside. The proposed model assumes the 

normal incidence of a vertically polarized electromagnetic wave, of field strength range 

(1V/m-1kV/m), to be incident on the arterial section in two cases: an arterial section without 

stent and another with a silicone rubber stent implant.  In each case, the power density, 

dissipated and stored, is computed for the artery and for the blood. Hence, the computed 

results are investigated to estimate the thermal and non-thermal effects resulting from far 
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field exposure in the LF and in the HF ranges. These ranges are divided according to the 

international standards as LF (30kHz-300kHz), HF (3MHz-900MHz).  

The present work compares arterial response to the specified EMF far field exposure in two 

cases; without a stent implant and with a silicone rubber one. Besides being biocompatible, 

mechanically compatible, the silicone rubber is a recommended material for stent 

manufacture.  

2. MATHEMATICAL MODEL  

The mathematical model considers two cases namely, the EMF exposure of an arterial section 

with flowing blood. Secondly, the exposure when the artery is provided with an implanted 

stent. The equations governing the total electric and magnetic field distributions in each layer 

are deduced, considering the respective biological electromagnetic properties. MapleV 

computer programming is adopted. The values of real and imaginary components of the EMF 

power densities are computed as a function of frequency and electric field strength. 

Maxwell’s equations are employed using the reported electromagnetic properties of arteries 

and blood [23-25]. The model assumes the incidence of a polarized electromagnetic wave on 

a homogeneous arterial section where a sample of 1mm
2 

surface area is studied. The 

reflection on successive interfaces contributes to the overall calculated power. The 

electromagnetic properties such as permittivity, (f), conductivity, σ(f), and 

permeability, (f) of each medium are inserted in the model, as complex functions of 

frequency. The average power density for the frequency range (1kHz-100MHz) and the 

electric field strengths (1V/m-1KV/m), is calculated for the artery, the stent and the blood. 

The average power density,  is calculated as a complex function of f and E0:                                      

                      (1) 

 , T=1/f ,  f is the incident EMF frequency and x is the 

direction of the wave propagation into the layer thickness x. The dissipated power density, 

Pdiss, and that stored, Pstr, are the real and imaginary components of Appendix 1 shows 

detailed mathematical analysis. 
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3. RESULTS  

A far field EMF exposure is assumed to be normally incident on the outer layer of an arterial 

cylindrical section with blood inside. The dissipated power density, Pdiss, and that stored, Pstr, 

are calculated in (w/m
2
), for different values of field strengths, E0, in each layer for the two 

abovementioned cases.  

For the first case, figures (1a, 1b) illustrate the power densities Pdiss and Pstr, respectively 

versus the frequency, f, in an arterial section without a stent implant, in the range (1kHz-

800kHz). Figures (2a, 2b) show these power density distributions versus f, in blood for the 

same LF range. Whereas, figures (3-a, 3-b) show the power density distributions in the 

arterial section, in the range (1MHz-200MHz). Figures (4-a,4-b) show the distributions of 

these power densities in blood for the same HF range as well. 

For the second case, at LF figures (5-a, 5-b) show Pdiss and Pstr, in an arterial section with a 

silicone rubber stent implant, versus f. Whereas figures (6-a, 6-b) show these power density 

distributions for the blood inside it. 
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While figures (7-a,7-b)  show these distributions in the arterial section, in the range (1MHz-

900MHz). Figures (8-a,8-b) show the power densities for blood at HF. 
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4. DISCUSSION  

The frequency range, (1kHz-800kHz), covers the traditional LF range while the range 

(1MHz-900MHz) covers the HF one. These two ranges are chosen to match most of the EMF 

applications including medical diagnosis and treatment.  The electric field exposure is taken 

to comply with the average values emitted by these sources (1V/m-1kV/m). The present work 

considers the complex nature of the permittivity and its frequency dependence. Hence the 

dissipated and stored powers are highly dependent on this physical property. However, the 

measurements of the biological tissue permittivity are subject to a considerable inconsistency 

which may affect the final results thus accounts for the fluctuations appearing on LF figures.  

5. CONCLUSION  

The present results indicate that for LF exposure, at E0≥1kV/m, the incident EMF induces 

thermal and non-thermal effects that exceed the LF safety standards [16] [19] [26].  Whereas, 

Table 1 illustrates a comparison for HF exposure with the international MPE. For E0=1kV/m 

the power density is higher than HF safety standards only at the shown frequencies.  

Since the power penetration depends on the thickness of the considered layers, the 

preliminary work showed that the skin effect for both artery and stent is insignificant, as far 

as the power dissipated or stored is concerned.  

The dissipated power density is considered the main source of thermal effect. Traditionally, 

stainless steel, which is commonly used for stent implants in arteries, may screen the blood 

from any power exposure. On the other hand, it reflects most of the power back to the artery 
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causing a considerable temperature rise. Silicone rubber is not only highly compatible but 

also enjoys better mechanical properties. The present work confirms that this material is 

capable of distributing the incident energy between the blood and the artery.  Accordingly, 

lower thermal effects result compared to those induced by metallic stents.  

Caution should be given when people are exposed to LF at electric fields exceeding or equal 

to 1kV/m. Since above this field strength, the absorbed power exceeds the MPE levels.   

Particular concern should be given for the people with implants when they are subjected to 

medical devices that utilize HF apparatus.  

Table 1    HF Exposure 

 

MPE Level 

(W/m
2
) 

 

f   (MHz) 

E0=1kV/m 

Present Work(W/m
2
) Artery 

 

Present Work(W/m
2
) Blood 

without stent with stent without stent with stent 

Pdiss Pstr Pdiss Pstr Pdiss Pstr Pdiss Pstr 

ICNIRP [15] 

[16] IEEE [17] 

[18] [26] 

300kHz-3GHz  

(Public:4.5W/

m
2
) 

Occupational: 

(10W/m
2
) 

1 13.294

1 

11.45807 13.011 8.1215 13.2 7.96 7.9 7.02 

1.590 9.55 8.92255 7.592 6.669 7.29 6.69 4.86 6.12 

2.510 7.355 7.17508 5.666 5.3095 5.609 5.063 3.872 4.604 

3.980 5.87 5.733975 4.5499 4.2335 4.531 4.013 --- ---- 

6.310 4.735 4.4891 3.68285 ------ ------ ---- ---- ----- 

10 3.895 3.46986 ------ ------ ---- ---- ----- ----- 
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APPENDIX 1 

Reflection and transmission coefficients for the i
th

 layer are:  

                   (1) 

                    (2) 

where  is the complex form of the permittivity and the suffix  , and denote 

current, preceding and succeeding layers respectively. The incident polarized electric field is 

assumed to be propagating in the x-direction normal to the interface: 

                                                                                                    (3) 

                                              (4) 

The arterial layer is layer 1, the stent layer 2, and the blood layer 3. At the interface from air 

to layer1, the electric field is parallel to the interface. The transmitted and reflected 

components of the electric and magnetic fields through layer 2 are:  

                                             (5) 

 

                      (7) 

) 

Where 𝛿1(f) and 𝛿2(f) are the absorption coefficients of respective media and k2(f) is its 

wavenumber.   


