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This paper analyzes the specific absorption rate and the temperature 

elevation of the brain within an adult’s man head exposed to 

electromagnetic radiation. The source of electromagnetic radiation is a 

contemporary mobile phone operating at 900 MHz. Simulations were 

performed on an anatomically accurate AustinMan 2.6 voxel-based human 

model with a resolution of 1x1x1 mm3. The thermal analysis focuses on 

temperature distribution on the brain surface in fixed time steps during one 

hour of continuous mobile phone use. 
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1. Introduction 

It is hard to imagine the modern way of life without mobile phones and their use. Their use 

inevitably imposes a growing number of long phone calls. However, mobile phones emit a low level 

of non-ionizing radiofrequency energy, a form of electromagnetic radiation (EMR) that all biological 

tissues can easily absorb. The massive use of mobile phones and the EMR they emit produce growing 

concern regarding the impact of EMR on human health. The concern grew since the International 

Agency for Research on Cancer (IARC) designated mobile phone EMR as Group 2B, possibly 

carcinogenic to humans [1]. 

The specific absorption rate (SAR) quantifies the absorption rate of EMR within all biological 

tissues. It refers to the amount of energy averaged over by a certain mass of biological tissues, i.e., 1 g 

or 10 g. There are two guidelines regarding exposure limits for mobile phone users in terms of SAR 

[2, 3]. Moreover, exposure to EMR mobile phones emit is regulated by prescribed maximal 

permissible levels for the head and limbs. In the USA, SAR is limited to 1.6 W/kg over 1 g of tissue 

[4], while in Europe, SAR is limited to 2 W/kg averaged over 10 g of tissue [5]. These values refer to 

the head and torso, while for limbs, SAR is limited to 4 W/kg. The noticeable effect of EMR on 

biological tissues is heating [6], i.e., while biological tissues absorb EMR, they heat up.  

Many studies report that EMR emitted by mobile phones is partly absorbed by the brain due to 

proximity between them [6-8], which inevitably leads to the temperature increase of the brain [9, 10]. 

The temperature increase of the hypothalamus just by 0.2°C–0.3°C alters how the human body 

regulates its temperature [11, 12]. Moreover, reports suggest that EMR mobile phones emit can cause 

various neurological and cognitive disorders, such as headache, dizziness, memory loss, loss of 

concentration, and sleep disturbance [13-16]. Some studies suggest a relationship between EMR 

mobile phones emit and brain tumors [17-19]. 



The research presented in this paper analyzes the temperature elevation of the brain relative to 

the time when exposed to EMR emitted by a mobile phone at 900 MHz. Although there are many 

similar types of research, none provides temperature elevation of the brain in the time domain [10, 20, 

and 21]. 

2. Method and Modelling 

Simulations presented in this research were performed using CST Studio, an electromagnetic 

simulating software based on the Finite Integration Technique (FIT) discretization of the integral form 

of Maxwell’s equations [22]. 

The source of EMR in the presented research was a model of a contemporary smartphone 

available from CST Studio. The used mobile phone comprises properly organized components of any 

other contemporary smartphone, such as 2G, 3G, 4G, Wi-Fi antennas, a large LCD, battery, PCBs, 

camera, and plastic case. Although this mobile phone has four GSM antennas, only one emits notable 

EMR partly in the brain. Therefore, SAR distribution and thermal analysis were simulated only for 

this antenna, which operates in the 2G/3G band at 900 MHz. 

The accuracy of SAR and temperature distribution inside a human head depends on the 

resolution of the employed human head model and the number of tissues it contains. A voxel-based 

model represents the anatomically realistic model of a human body, which is why they are highly used 

in various EMR simulations. Their main advantages are that they can easily map inhomogeneous 

tissues and have scalability. CST Studio offers HUGO, a voxel-based human model built from the 

Visible Human Male data set and designed explicitly for electromagnetic simulations. HUGO is 

187 cm tall and 113 kg heavy, and it comprises 31 different tissues with a resolution of 1x1x1 mm
3
. 

Numerous similar studies employ HUGO voxel-based model [23-25]. AustinMan 2.6 is the voxel-

based human model, representing an improved version of the HUGO model, likewise used in many 

similar studies [26-30]. Although both share the exact resolution, AustinMan has 86 well-detailed 

tissues with improved boundaries between them compared to just 31 Hugo's. Good resolution and 

distinct boundaries between tissues are essential when many tissues are concerted in constricted space, 

such as the human head. Therefore, based on its well-established background, the AustinMan 2.6 

voxel-based human model was used in the conducted simulations to obtain accurate results. 

The scenario where the mobile phone was placed in a standard talking position was simulated. 

In other words, the mobile phone was leaned tightly against the right cheekbone of the AustinMan 

head. Fig. 1 shows the alignment between the head and mobile phone. 

Fig. 1 Alignment between the head and mobile phone 



The temperature of biological tissues is obtainable by solving Pennes' bioheat equation [31, 32], 

which can be expressed as: 
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The more common representation of blood perfusion heat-sink strength found in the literature is 

the blood perfusion rate. It relates to blood perfusion heat-sink strength via the following expression: 

                    
    

  
 (2) 

Each biological tissue has dielectric and thermal properties necessary to calculate SAR and 

temperature distribution inside the head, so obtaining these values from good sources is essential. 

Dielectric properties are frequency-dependent, while thermal properties are not frequency-dependent. 

Dielectric and thermal parameters used in the presented research were sourced from the IT'IS 

foundation [33] and are given in Tab. 1. 

Tab. 1. List of head tissues with their dielectric and thermal parameters at 900 MHz 

Biological tissue εr σ ρ c k m h 

Blood Vessel 44.775 0.696 1102 3306 0.46 150 2.32 

Bone Cortical 12.453 0.143 1908 1313 0.32 10 0.15 

Bone Marrow 5.504 0.040 980 2065 0.19 30 0.46 

Brain Grey Matter 52.725 0.942 1045 3696 0.55 764 15.54 

Brain White Matter 38.886 0.590 1041 3583 0.48 212 4.32 

Cartilage 42.652 0.782 1100 3568 0.49 35 0.54 

Cerebellum 49.444 1.262 1045 3653 0.51 770 15.67 

Cerebro Spinal Fluid 68.638 2.412 1007 4096 0.57 0 0 

Dura 44.426 0.961 1174 3364 0.44 380 5.89 

Eye Cornea 55.235 1.394 1062 3615 0.54 0 0 

Eye Lens 46.572 0.793 1076 3133 0.43 0 0 

Eye Sclera 55.270 1.166 1032 4200 0.58 380 5.89 

Eye Vitreous Humor 68.901 1.636 1076 3133 0.43 0 0 

Fat 5.461 0.051 911 2348 0.21 0 0 

Lymph 59.683 1.038 1050 3609 0.52 5624 87.1 

Medulla 49.444 1.262 1046 3630 0.51 559 11.37 

Midbrain 49.444 1.262 1046 3630 0.51 559 11.37 

Mucous Membrane 55.031 0.942 1102 3150 0.34 594 9.19 

Muscle 55.031 0.942 1090 3421 0.49 37 0.91 

Nerve 32.530 0.573 1075 3613 0.49 160 2.48 

Pons 49.444 1.262 1046 3630 0.51 559 11.37 

Salivary Gland 75.986 0.815 1048 3760 0.51 383 5.93 

Skin  41.405 0.866 1109 3391 0.37 106 1.65 

Spinal Cord 32.530 0.573 1075 3630 0.51 160 2.48 

Tendon 45.825 0.718 1142 3432 0.47 29 0.45 

Tongue 55.270 0.936 1090 3421 0.49 78 1.21 



Tooth 12.453 0.143 2180 1255 0.59 0 0 

Trachea 42.007 0.771 1080 3568 0.49 35 0.54 

During simulations, in order to have comparative results, the reference power of the antenna 

was set to 1 W according to ICNIRP [2], IEEE standard [34], and other similar research [35-37]. The 

SAR distribution was obtained from the power loss density as a post-processing result according to the 

IEEE C95.3 standard averaging method over 1 g of tissue. 

3. Simulation Results 

Fig. 2 shows two curves, which help to analyze the depth of EMR absorption and temperature 

elevation of the brain. Both curves pass through the right temporal lobe, the area where the 

temperature elevation on the brain surface is the highest.   

Fig. 2 Position of curves A and B 

Curve B is directed to track the maximal temperature elevation inside the brain. Its starting 

position is in the center of the heat zone, where the highest temperature elevation is. The maximal 

temperature elevation area was traced via the brain's 1 mm long plot sections. Curve A serves as a 

control curve, and its role is to illustrate the heat penetration depth, and temperature elevation inside 

the heat zone. It is parallel to curve B and it lies just at the edge of the heat zone. 

3.1. SAR1g distribution 

Fig. 3 shows the SAR1g distribution on the surface of the head and for the horizontal cross-

section in the region where the SAR1g is at its highest peak. 

Fig. 3 SAR1g distribution on the head surface 



Fig. 3 shows that SAR1g is concentrated on the entire right cheekbone and exceeds the maximal 

permissible value more than two times since the maximal value was 3.374 W/kg. The area colored red 

in Fig. 3 identifies the head tissues, which absorb the most energy. The SAR1g is the highest within the 

skin and the fat tissue above the cheekbone. Moreover, SAR1g is also present in the muscles, in the  

 

Fig. 4 SAR1g distribution on the brain surface 

tendon and a small part of the EMR penetrates to the brain, where minimal SAR1g values are still 

noticeable. Since the presented research focuses on the brain, Fig. 4 shows SAR1g distribution on the 

brain surface, emphasizing the right temporal lobe.  

As seen in Fig. 4, SAR1g is concentrated on the entire right temporal lobe, where the maximal 

SAR1g value was 0.242 W/kg. Based on figures 3 and 4, it is evident that SAR1g rapidly decreases after 

being absorbed by the fat tissue. Such rapid drop can partly be associated with the antenna radiation 

pattern, which is not entirely directed towards the brain. Therefore, only a portion of the EMR reaches 

the brain. 

3.2. Temperature distribution 

Temperature distribution within the human head changes relative to the duration of the phone 

call. A dynamic thermal simulation was conducted for 60 minutes of straight mobile phone use to 

analyze this process thoroughly. Fig. 5 shows temperature distribution on the head surface in the initial 

state when no EMR was absorbed and after 60 minutes of straight mobile phone use as shown in Fig. 

1. 

Fig. 5 Temperature distribution on the head surface: a) in the initial state 

b) after 60 minutes of continuous phone call  



In the initial state, the skin temperature is, as expected in the case of a healthy adult, less than 

37.2°C. Namely, during this state, the maximal skin temperature was 37.0848°C, while the maximal 

skin temperature in the same zone after 60 minutes of straight mobile phone use was 37.5357°C. 

Consequently, the temperature difference between 60 minutes of the straight phone call and the initial 

state was exactly 0.4509°C. Fig. 6 shows temperature distribution on the brain surface before being 

exposed to the EMR. The temperature distribution shown in Fig. 6 will be the reference point for four 

measurement spots recorded every 15 minutes. 

Fig. 6 Temperature distribution on the brain surface before the phone call 

Since SAR1g was concentrated on the right temporal lobe, it will inevitably heat up, which is 

why it is essential to identify the maximal temperature in this region, which was 37.2538°C. Fig. 7 

shows temperature distribution on the brain surface after 15 minutes of continuous mobile phone use.  

Fig. 7 Temperature distribution on the brain surface after 15 minutes of continuous phone call 

As expected, Fig. 7 shows that a significant part of the right temporal lobe begins to heat up, 

and the maximal recorded temperature at this point was 37.3202°C. Consequently, the temperature 

difference between 15 minutes of the continuous phone call and the initial state is 0.0664°C. Fig. 8 

shows temperature distribution on the brain surface after 30 minutes of continuous mobile phone use.  



Fig. 8 Temperature distribution on the brain surface after 30 minutes of continuous phone call 

After 30 minutes of continuous phone call heat area gradually expands, and the brain 

temperature increases. The maximal recorded temperature at this point was 37.3314°C, which is only 

0.0776°C higher compared to the initial state when no phone call was conducted. Fig. 9 shows 

temperature distribution on the brain surface after 45 minutes of the continuous phone call. 

Fig. 9 Temperature distribution on the brain surface after 45 minutes of continuous phone call 

A slight temperature increase is noticeable after 45 minutes of the continuous phone call, which 

also expands the heated area slightly. The maximal recorded temperature at this point was 37.3371°C, 

which means that the temperature elevation is 0.0833°C. Fig. 10 shows temperature distribution on the 

brain surface after 60 minutes of the continuous phone call. 

Fig. 10 Temperature distribution on the brain surface after 60 minutes of continuous phone call 



Fig. 10 shows that after one hour of the continuous phone call, the maximal recorded 

temperature was 37.3415°C, which is only 0.0877°C higher compared to the initial state when no 

phone call is made. 

Based on the previous results, it can be concluded that the temperature and heat gradually 

increase, and the difference between the initial state and 60 minutes of straight mobile phone use is 

less than 0.1°C, which means that blood flow keeps the brain sufficiently cool. 

The antenna's output power significantly affects the temperature elevation in the brain. If the 

output power reduces, the temperature elevation will drop as well. Fig 11 shows temperature 

distribution on the brain surface after 60 minutes of the continuous phone call with 0.5 W of output 

power. 

Fig. 11 Temperature distribution on the brain surface after 60 minutes with 0.5 W output power 

The maximal recorded temperature on the brain surface when the antenna’s output power equals 

0.5 W was 37.3243°C, corresponding to approximately 20 minutes of the continuous phone call when 

the antenna's output power was 1 W. Fig. 12 shows temperature distribution on the brain surface after 

60 minutes of the continuous phone call when antenna’s output power is reduced to 0.25 W. 

Fig. 12 Temperature distribution on the brain surface after 60 min. with 0.25 W output power 

The maximal temperature in Fig. 12 was 37.3185°C, which corresponds to approximately 10 

minutes of the continuous phone call when the antenna's output power was 1 W.  



Curves A and B illustrate the depth of temperature elevation inside the brain. Fig. 13 shows 

comparative diagrams of temperature distribution along both curves inside the brain for the initial state 

and after 60 minutes of straight mobile phone use.  

Fig. 13 Temperature distribution after 60 minutes of continuous phone call:  

a) along curve A; b) along curve B 

Both diagrams show that at the point roughly 3 cm inside the brain, temperatures after 60 

minutes of the straight call and when no phone call is made are almost identical because the difference 

between them is less than 0.001°C. 

3.3. Comparison with similar research 

Almost all mobile phones employ antennas with various positions and radiation patterns. 

Consequently, all mobile phones produce different SAR distributions and thermal effects [36]. 

Additionally, the position of the mobile phone has a significant role in temperature elevation.  

Research [36], conducted using a diploe antenna, reports similar results whereby the maximal 

temperature elevation in the brain is 0.18°C. It should be noted that the dipole antenna has a 

significantly different radiation pattern compared to the one employed in this paper.  

Although conducted on dead tissue, which is not cooled by the blood flow, the results presented 

in the research [38] are comparative with the results presented in this paper. Namely, the average brain 

temperature elevation after 10 minutes of continuous mobile phone use in research [38] was 0.1°C 

compared to 0.063°C recorded in the proposed research. Blood flow would lower the brain 

temperature, which is why the presented results are slightly lower. 

Research [39] reports results similar to the results presented in this paper, where the maximum 

rise in brain temperature is 0.11°C. On the other hand, research [40] reports almost identical results to 

the results presented in this paper, where the maximal temperature elevation in the brain was 0.1°C. 

4. Conclusion 

Research presented in this paper analyses the SAR1g distribution and temperature elevation of 

the human head in the time domain while it absorbs EMR emitted by a mobile phone. The emphasis of 

the research is particularly on temperature elevation of the brain. 

An antenna with a partial radiation pattern directed to the brain was selected as the source of 

electromagnetic radiation. The anatomically accurate human head model with a sufficient number of 

tissues and resolution of 1x1x1 mm
3
 was used to simulate EMR absorption and SAR and temperature 

distribution. 



Because the mobile phone is leaned tightly against the head, the SAR1g value is high and 

roughly exceeds the permissible level by twice. The obtained results demonstrate that one hour of 

continuous mobile phone usage increases the brain temperature roughly by 0.09°C in a 900 MHz 

band. The obtained results are in good correspondence with the results from the available literature.  

Successful brain temperature maintenance can be attributed to the good thermal insulation of 

skin and fat and convective blood flow. Based on these results, it can be concluded that mobile phone 

EMR produces a minimal effect on the brain, even after a phone call for as long as one hour. 

Consequently, brain function is slightly impacted by the absorbed EMR. However, to minimize brain 

heating, a mobile phone user can frequently toggle the mobile phone position between one ear and 

another, thus allowing the blood flow to cool down the heated tissues and one side of the brain. 

It should be noted that mobile phones have different antenna positions and radiation patterns, 

producing different results, some of which may have significantly higher brain temperature elevation. 
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Nomenclature 

b – heat-sink strength from each tissue volume by blood perfusion [Wm
3
-1°C-1] 

c – tissue specific heat capacity [Jkg-1°C -1]  

cblood – specific heat capacity of blood [Jkg-1°C -1]  

εr – tissue permittivity [Fm-1] 

h – tissue heat generation rate [Wkg-1] 

k – tissue thermal conductivity [Wm-1°C-1] 

m – blood perfusion rate [ml-1min-100 g-1] 

qmet – tissue metabolic heat generation [Wm
3
-1] 

ρ – tissue mass density [kgm
3
-1] 

ρblood – mass density of blood [kgm
3
-1] 

σ – tissue conductivity [Sm-1] 

T – tissue temperature [°C]  

Tb – blood temperature [°C] 
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