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Abstract 

The relationship between locally averaged specific absorption rate (SAR and the 

corresponding steady-state temperature rise in the “Visible Human” body model exposed 

to plane wave at 30MHz, 75MHz, 150MHz, 450MHz, and 800MHz is investigated based on 

correlation analysis of their respective distributions. The spatially averaged SAR is 

computed using the IEEE standard SAR averaging procedure with different averaging 

tissue masses.  

 

1. INTRODUCTION  

Due to the rapid widespread penetration of wireless communications technology in 

everyday life, there has been an increasing public concern about the health implication of 

electromagnetic (EM) energy exposure. However, EM exposure safety has been the subject 

of significant research on dosimetry and possible bioeffects since the aftermath of World 

War II, following the introduction of powerful EM energy emitters, e.g., the radar in 

battlefields. Likewise safety standards have been developed by international organizations 

like US National Council on Radiation Protection (NCRP) [1], UK national radiation 

Protection Board (NRPB) [2-3], International Commission on non-Ionizing Radiation 

Protection (ICNIRP) [4], and the Institute of Electrical and Electronics Engineers (IEEE), 
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which promulgated the first exposure safety guideline in 1966 [5] and has issued numerous 

revisions over four decades [6-11], several of which have also been adopted by the 

American National Standards Institute (ANSI). Those standards and guidelines have gone 

through a maturation process that has recently culminated in the substantial harmonization 

between the most important international RF safety standards namely IEEE and ICNIRP. In 

fact both ICNIRP and IEEE/International Commission on Electromagnetic Safety (ICES) 

RF safety standards bodies, recognize the well established adverse health effects from 

possible excessive heating of exposed tissue. As it is shown in [12], adverse physiological 

effects and damage to human tissues by EM energy exposure may be induced by excessive 

temperature increase. 

Following the consolidation of the knowledge gathered from the first few decades of RF 

dosimetry research [13], both whole-body and localized SAR limits were defined to protect 

against excessive core and spatially localized temperature increases. For what concerns the 

localized limits, a standard exposure metric – the spatially averaged SAR – has been 

defined for the averaging volumes of 1 [1, 7] and 10 grams [4, 11] of tissue, starting from 

different dosimetric considerations. Recently, the revised IEEE safety standard [11] has 

harmonized with ICNIRP on the 10-g SAR limits. However, to date, there is a paucity of 

systematic studies that address the relationship of spatially averaged SAR with localized 

temperature rise. A small number of studies have dealt with the impact of different SAR 

averaging volumes and schemes on the relationship with temperature rise. In [14-15], the 

correlation between peak spatially-averaged SAR computed using various averaging 

schemes and the spatial peak temperature rise is studied in relation to the human head 

exposure in the near-field of mobile phone-like antennas. In those papers the correlation 

between peak 1g and 10g SAR, using four SAR averaging schemes based on both IEEE 

standard C95.3-2002 guideline [16] and ICNIRP guideline [4], and peak temperature was 

quantified. Those investigations have shown that peak 10g SAR computed based on IEEE 
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standard [16] better correlates with the related peak temperature rise. It should be noted that 

this conclusion was based on the correlation analysis between the peak SAR and peak 

temperature rise values computed in a significant number of exposure conditions, but only 

1g and 10g SAR averaging masses were considered. 

In contrast to the aforementioned studies, we will analyze the correlation between SAR and 

temperature rise for plane-wave, whole-body exposure conditions, by taking into account 

whole SAR and temperature distributions, whose correlation is investigated for various 

SAR averaging masses: 0.1, 0.5, 1, 5, 10, 20, 50, 100, and 200 grams. Since it is based on 

correlations among very large data sets, across several frequencies and exposure 

conditions, this approach allows selecting the SAR metric that correlates better, in a global 

sense, with the temperature distributions. The study is conducted for the plane-wave 

exposure at 30, 75, 150, 450 and 800 MHz, with the waves traveling along horizontal 

directions. For each frequency 4 cases are considered, for both vertical (E) and horizontal 

(H) polarizations and for 2 types of exposure: front and side (right). The coupled EM – 

Thermo simulations were performed using the FDTD based electromagnetic and thermal 

solver FDTDLab [17-18]. 

 

2. DOSIMETRIC MODEL AND ANALYSIS METHOD 

A. Whole-Body Human Model 

The numerical model used for RF 

exposure simulations in this study is 

based on Visible Human Project data sets 

[19] which was further segmented by 

researchers at the Air Force Research 

Laboratory, Brooks AFB, TX [20] to produce the voxelized model and to indicate the 

tissue type in each voxel. From the originally available several different resolution models 

 

Figure. 1 Front and side (right) exposure of the human 
body model to plane wave 
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the one with 3 mm resolution (voxel dimensions: 3 x 3 x 3 mm3) has been selected to 

reasonably represent the body anatomy, satisfy the requirements imposed by numerical 

method (FDTD) [21] considering the highest frequency of RF exposure of 1.0 GHz, and to 

provide practical simulation time of 20 individual exposure conditions: five frequencies, 

front and side plane wave exposure (see Fig. 1) with both vertical (E) and horizontal (H) 

polarizations. 

The model features 39 different tissues with electric properties taken from [22], while the 

thermal properties including metabolic heat production rates and blood perfusion 

parameters for each tissue were compiled from different sources  [23-26].  

 

B. EM Calculations Method 

At present the most suitable method for the computational analysis of complex, realistic 

and highly inhomogeneous objects like the human body is the Finite-Difference Time-

Domain (FDTD) method. The frequency-dependency of the electrical tissue parameters is 

determined by the four-Cole-Cole dispersion model [27]. To simulate the open space 

around the exposed body, the ten-layer Uniaxial Perfectly Matched Layer (UPML) method 

[21] has been used at the computational domain boundaries with at least 90 mm (equivalent 

to 30 voxels) from the body-air interface. This separation was sufficient for accurate 

simulations as test runs with larger UPML boundary separation from the human body 

model do not show significant impact on computed SAR values. Plane wave excitation and 

scattering has been modeled by the Total-Field Scattered-Field (TFSF) technique [21], 

using time-harmonic excitations at the aforementioned frequencies.  
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C. SAR Calculation, Averaging Scheme 

For time-harmonic fields, the point-SAR is defined as: 
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where, , and are the electric field components, while xÊ yÊ zÊ σ and ρ  are the tissue 

electrical conductivity and mass density, respectively. The 12-component averaging 

algorithm [28] was adopted to determine SAR values for each voxel (i, j, k) in the body 

model mesh. The IEEE recommended volume averaging algorithm [16] was employed to 

perform SAR mass-averaging. It should be observed that the air-inclusion factor is not 

explicitly defined in [16], though 10% is taken in this investigation, as it has been 

conventionally used by many researchers.  

 

D. Thermal Calculations 

The Bio-heat equation [29] is employed to compute the temperature rise in the body 

due to EM exposure, which takes into account the heat exchange mechanisms such as heat 

conduction, blood flow, EM energy dissipation, and metabolism 

  ob ATTBSARTk
dt
dTC +−−+∇⋅∇= )()()( ρρ  (2) 

Here, T is the point temperature, Tb is the blood temperature (assumed 36.7oC and 

independent of the SAR, which is an acceptable approximation as long as the basal body 

temperature is not changed in response to EM-induced heat), k is the thermal conductivity 

of the tissue, Cp the specific heat capacity, B the blood flow coefficient, and A0 the basal 

metabolic heat production rate. First two member of equation 2 represent simple 

differential heat equation. The next member is the influence of absorbed EM energy. 

Another one is blood flow member, which represents the way blood with its constant 
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temperature acts on temperature in definite point. And the last one equation member is 

metabolic rate, it’s constant in this model. Thermal properties are compiled from [23-26]. 

The convection boundary condition for (2) is used at the body-air interface: 

  ( )
n
TKTTH cs ∂
∂

−=−⋅  (3) 

where H, Ts, and Tc denote, respectively, the convection coefficient, the body surface 

temperature, and the air temperature [30-31]. The convection coefficient was set to 8.4 W 

m-2 0C-1 [32], while the air temperature was set to 22o C. 

To determine the baseline steady-state temperature distribution in the body in the 

absence of RF-induced heat generation, the initial steady-state temperature distribution is 

calculated using (2) after eliminating the electromagnetic energy absorption term. Setting 

the initial temperature of all tissues to 36.7o C, it would take about two hours of simulated 

heat diffusion and convection processes to converge to a steady-state within about 10-5 oC. 

The RF-induced temperature rise was then computed by taking the baseline as the initial 

distribution for a subsequent simulation featuring the electromagnetic energy absorption 

term in Eq. (2) and letting the model reach a new steady-state, also requiring about two 

hours of simulated heat exchange processes. It should be remarked that we normalized all 

SAR distributions employed in the thermal simulations to yield 2 W/kg peak 10-g average 

SAR, which represents the ICNIRP and the new IEEE localized exposure basic restriction 

for the general public. This normalization would produce peak temperature rise in the range 

of 0.5-0.8oC. 

 

E. Estimate of the Correlation between SAR and Temperature Rise 

One of the distinctive aspects of the approach used in this study is that a global 

correlation coefficient is estimated using the temperature rise and mass-averaged SAR 

distributions across the whole body model, not just their peak values irrespective of the 

geometrical proximity, for each exposure condition. This approach leads to a global 
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assessment of how well correlated averaged-SAR and temperature rise distributions are. 

The global correlation coefficient is here defined also for the case where several exposure 

conditions are considered together for its determination. Indicating with the index n the 

generic exposure condition and with m the specific averaging mass considered, the 

following formula is employed to derive the corresponding global correlation coefficient: 
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where  and  are the locally-averaged SAR, derived from the normalized SAR 

distributions for a cubic volume of mass m, and the temperature rise, respectively, at voxel 

(i, j, k) of the Visible Human model in the n-th exposure condition, while 

)(
,

m
nijkSAR nijkT ,Δ

)(m
SAR  and TΔ  

are the ensemble SAR and temperature rise average values in the cumulative data set 

relative to the four plane-wave exposure conditions. To reduce the possible impact of 

limited simulation accuracy at points exhibiting minuscule temperature increases, voxels 

exhibiting TΔ <0.01 oC, well below the aforementioned peak temperature rises, have been 

omitted from the actual correlation estimates. Using the voxel selection criteria just 

described, over 2 million data points would be typically available from each modeled 

exposure case for the correlation analysis based on (4). The coefficient R gives possibility 

to evaluate how good are correlating two distributions, if coefficient R is equal to 1, they 

correspond ideally, if it goes to 0, they don’t correlate. 

 

3. RESULTS 

Numerical simulations were carried out on an AMD Athlon™ computer equipped with 

a 64 X2 Dual Core 4400+ 2.21GHz processor and 3 GB memory available for electro-

thermal simulations in FDTDLab. On Fig. 2 as an example several SAR distributions, 

obtained for front E-palarized plane wave exposure at 75MHz for 1, 5, 10, 50 and 100 gram 
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averaging masses and appropriate temperature rise are presented. For SAR averaging 

algorithm [16] the mass of averaging is the parameter which determines degree of 

smoothness. As two extreme cases point SAR and whole-body averaged SAR distributions 

could be considered. First is most discreet, SAR values are just obtained according 

equation (1) independent from each other. And in second case all the distribution is 

constant. All the distributions obtained for definite masses of averaging less than body 

mass are some kind of transitional in terms of smoothness between these two cases. For 

temperature it’s obvious that temperature and temperature rise distributions are smooth, 

while values in one point can’t be independent from neighbor values, system should come 

to steady state. That’s why the idea of searching for best suited averaging mass is the idea 

of searching for SAR distribution which is “same way smooth” as temperature rise. 

 

 

 

 

 

 

 

 
Figure 2 Example of SAR & istributions, front E-polarized plane wave exposure at 
75MHz. Distributions correspond to (from left to right) 1, 5, 10, 50 and 100 grams of 
averaging masses. At the very right is appropriate temperature rise distribution. 

TΔ d
 

 

As it could be noticed from Fig. 2, best correspondence between temperature rise and 

SAR distributions is for 5 and 10grams averaging masses, while these distributions in the 

best way describe by smoothness temperature rise distribution. 

The correlation between the temperature rise and the corresponding spatially-averaged 

SAR distributions has been computed using (4). We also analyzed the dependence of the 
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correlation factor on various parameters, namely the frequency (including 75 MHz which is 

within the body resonance frequency range) and different SAR averaging masses. The 

results presented in Fig. 3 report the computed correlation coefficients for various 

frequencies and averaging masses for four plane-wave exposure conditions described 

earlier independently. This gives possibility to investigate independently in details behavior 

of correlation coefficient, it’s dependence on SAR averaging mass in each exposure way. 

As follows from Fig. 3, best correlation coefficient is observed for 5g averaging mass. 

Another observed trend is that SAR distributions appropriate to 10g averaging mass 

correlate always better than appropriate results for 1g averaging mass.  

 

 

 

 

 

 

 

 

 

 

 

a)  b)  

d)  c)  
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gure 3 Correlation coefficients, based on the cumulative data set comprising the four exposure 
conditions independently: a) frontal plane wave exposure, E polarization, b) frontal plane wave exposure, 

olarization, c) side (right) plane wave exposure, E polarization, d) side (right) plane wave exposure, H 
olarization 

H p
p

Equation (4) was employed to estimate the global correlation between the temperature 

rise and the corresponding mass-averaged SAR distributions, after grouping together the 

SAR and temperature data sets relative to the all conditions at each frequency. This 

grouping was deemed important to provide a robust metric incorporating the four different 
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body exposure conditions. In so doing, each global correlation coefficient was computed 

over a data set comprising more than 8 million instances. On Fig. 4 these distributions were 

cumulated in a single data set for each frequency and averaging masses.  

Noticeably, from Fig 4., as from Fig. 3 earlier, the best correlation is obtained for 5 

gram averaging mass.  This result suggests that on average 5-g locally averaged SAR is the 

best SAR related metric to represent temperature response of the human body exposure to 

RF energy. Also in all cases, not depended on exposure conditions of frequency, the 10-g 

SAR is better correlated with the global temperature distribution than the 1-g SAR, which 

appears to strengthen the rationale behind the choice of the former as the basic restriction 

IEEE C95.1-2005 standard [16] and ICNIRP guidelines [4]. Here should be mentioned that 

difference between correlation coefficients for 1, 5 and 10-g averaged SAR distributions 

and appropriate temperature rise distributions are not more than several percents. For 

example, the biggest difference between 5-g and 1-g averaging masses is not more than 5% 

according to Figs. 3-4. 

 

Figure 4 Global correlation coefficients, based on the cumulative data set comprising the 
four exposure conditions. 
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4. SUMMARY 

This paper presents the results of the correlation analysis carried out for various locally 

averaged SAR and steady state temperature raise values evaluated in the human body 

exposed to EM filed. The SAR and temperature rise data have been obtained from the 

numerical simulations of the realistic human body model exposure at 30MHz, 75MHz, 

150MHz, 450MHz, and 800MHz in several different exposure conditions. Based on the 

simulated results the global correlation coefficient between and the distributions of the 

steady state temperature rise and the locally averaged SAR computed for different 

averaging tissue masses have been obtained. This approach allowed selecting the SAR 

averaging mass that provides the best representations of the related steady state temperature 

rise. The results show that in all considered exposure conditions on average the 5g SAR is 

the best metric in this regard, and 10g SAR is always better than 1g, which allows to make 

choice in favor of  IEEE C95.1-2005 standard [16] in comparison with ICNIRP guidelines 

[4]. 
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