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Abstract 

A thermal model has been developed which allows accurate temperature computa-

tions in high resolution anatomical models. The model is based on the basic thermal 

model described by Pennes which neglects any of the thermoregulatory mechanisms 

in humans. The thermal model developed here overcomes major simplifications by 

the mathematical consideration of these mechanisms which is needed for modeling a 

physiologically correct reaction to a thermal stimulus. The local blood perfusion, as 

well as the local metabolic rate, is modified as a function of the local tissue tempera-

ture. The model implemented increases the blood temperature on the basis of the 

absorbed energy. The heat exchange at the tissue/air interface, including the skin 

and respiratory tract, is also improved. The model takes not only the heat dissipation 

by radiation, conduction and convection into consideration but also the insensible 

loss of water by evaporation. Furthermore, the thermal model also accounts for the 

active heat dissipation by sweating. The generic implementation of the thermal model 

makes it possible to use it for different human models (children, adults, pregnant 

women) and it is also possible to take implants into consideration. The performance 

of the model is validated by comparing the simulation results to actual temperature 

measurements in humans. 

The thermal model is used to compute the temperature elevation in humans exposed 

to radiofrequency electromagnetic fields. Until now, the tissue heating caused by ra-

diofrequency electromagnetic fields could only be estimated by a surrogate, namely 

the specific absorption rate. The temperature elevations in children of different sizes 

and ages as well as pregnant women at different gestational stages exposed to plane 

waves is computed. Furthermore, the temperature elevation in human bodies is com-

puted for a diagnostic modality (magnetic resonance imaging) and a therapeutic mo-

dality (medical diathermy).  

 

 

Keywords: anatomical models, dosimetry, numerical simulations, Pennes equation, 

thermoregulatory model 

  



  

 

  



Kurzfassung 

Ein thermisches Modell wurde entwickelt, welches Temperaturberechnungen in 

hochauflösenden anatomischen Modellen ermöglicht. Das Modell basiert auf einem 

vereinfachten thermischen Modell das von Pennes entwickelt wurde und sämtliche 

thermoregulatorische Mechanismen vernachlässigt. Das in dieser Arbeit entwickelte 

Modell beseitigt diese Vereinfachungen durch die mathematische Berücksichtigung 

dieser Mechanismen, um eine physiologisch korrekte Reaktion auf einen thermi-

schen Stimulus modellieren zu können. Dazu wird die Durchblutung als auch die 

Stoffwechselrate in Abhängigkeit der lokalen Temperatur variiert. Die Bluttemperatur 

wird als Funktion der absorbierten Energie erhöht. Der Wärmeaustausch an der Ge-

webe/Luft-Grenzschicht, dies umfasst sowohl die Haut als auch den Atemtrakt, wur-

de ebenfalls verbessert. Das Modell berücksichtigt nun nicht nur den Wärmeverlust 

durch Strahlung, Konduktion und Konvektion, sondern auch den Wasserverlust durch 

Verdunstung. Außerdem wird mit dem thermischen Modell die aktive Wärmeabgabe 

durch Schwitzen berücksichtigt. Durch die generische Implementierung des thermi-

schen Modells kann es an unterschiedlichsten Modellen (Kindern, Erwachsenen, 

Schwangeren) eingesetzt werden, eine Berücksichtigung von Implantaten ist eben-

falls möglich. Die Performance des Modells wird durch den Vergleich der Simulati-

onsergebnisse mit tatsächlichen Temperaturmessungen validiert. 

Das thermische Modell wird dazu verwendet, die Temperaturerhöhung in Humanmo-

dellen zu berechnen, die gegenüber hochfrequenten elektromagnetischen Feldern 

exponiert sind. Bis jetzt konnte die Gewebserwärmung durch hochfrequente elektro-

magnetische Felder nur indirekt über ein Surrogat, nämlich der spezifischen Absorp-

tionsrate, bestimmt werden. Die Temperaturerhöhung im Körperinneren bei Kindern 

unterschiedlichen Alters und Größe und bei schwangeren Frauen in unterschiedli-

chen Schwangerschaftsstadien, exponiert gegenüber ebenen Wellen, wurde berech-

net. Außerdem wurde die Temperaturerhöhung in digitalen Humanmodellen für eine 

diagnostische Behandlungsmethode (Magnetresonanztomographie) und eine thera-

peutische Behandlungsmethode (Diathermie) berechnet 

 

 

Schlüsselwörter: anatomische Modelle, Dosimetrie, numerische Simulation, Pennes 

Gleichung, thermoregulatorisches Modell 
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1. Introduction 

1.1. Preface 

The use of electronic devices emitting radio frequency (RF) electromagnetic fields is 

still increasing exponentially. This includes electromagnetic sources in every-day life 

such as cell phones or electronic article surveillance systems. The electromagnetic 

fields (EMF) of these sources are usually low. Considerably higher fields are used for 

medical applications (e.g. medical resonance imaging, medical diathermy) or at cer-

tain workplaces (e.g. dielectric and induction heating). 

Therefore, limiting values have been proposed to restrict RF-EMF exposure and pro-

tect people from adverse health effects. The compliance with such RF-EMF exposure 

limits can be assured by measurements. This approach is, in general, rather complex 

as, due to the disparity of the sources covering a wide frequency range, several 

measuring instruments might be needed. The complexity increases even further if 

measurements in the near field region of the source have to be performed. The big-

gest constraint with regard to measurements is its very limited ability to measure the 

field quantities within the human body. 

An alternative method to evaluate the RF-EMF exposure is numerical dosimetry. This 

method allows the computation of the field quantities in numerical human models. 

Several off-the-shelf software packages are available on the market. They are able to 

compute the induced current density (J) and the specific absorption rate (SAR) of the 

internal organs and tissues with high accuracy over a wide frequency range for arbi-

trary exposure setups [1] [2]. 

The implementation of thermal models able to compute the induced temperature ele-

vation caused by the absorbed RF-EMF energy deposition is still the subject of ongo-

ing research efforts. In particular, the consideration of thermoregulatory reactions of 

the human body to external heat loads is still not sufficiently accounted for in the ex-

isting thermal models. 
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1.2. Objectives 

The goal of this work is to develop a new thermoregulatory simulation model, capable 

of determining the temperature distribution and its elevation inside the body in a 

quantitative manner, by considering the thermoregulatory mechanisms of the human 

body. 

The well-known and widely used Pennes equation is used as basis for this model. 

This model was originally designed to describe the heat balance in the upper arm 

and was later extended to describe the heat balance in the whole human body. This 

simplified thermal model has to be improved and extended by taking into account 

thermoregulatory mechanisms. The boundary conditions at the tissue/air interface 

should be better adapted to the physiological conditions. Therefore, the heat transfer 

at the skin and in the lungs, as well as the water loss through evaporation, has to be 

considered and the heat loss caused by sweating has to be taken into account. The 

thermal model should further be modified to account for the blood temperature eleva-

tion caused by external heat loads. In addition, the local blood perfusion as well as 

the local metabolic rate has to be modified as a function of the local tissue tempera-

ture. The model must be implemented as flexibly as possible so that it can be used 

for different human models (children, adults, pregnant women) and it should also be 

possible to take implants into consideration. 

An accurate assessment of the RF-EMF energy induced temperature elevation 

should be possible on the basis of this model. The model and the results derived 

should be used to demonstrate the compliance with the RF-EMF exposure limits. 

 

The first chapter of this work describes the basic thermoregulatory mechanisms in 

humans and the interaction mechanisms of RF-EMF fields and the human body. In 

addition, the RF-EMF exposure limits are explained with a special focus on the rela-

tion between SAR and temperature elevation. In the second chapter, the simulation 

methods for both the thermal and the electromagnetic simulations are described in 

detail. The human models used and the basis for the electrical and thermal tissue 

properties are also described. The third chapter gives an overview of the uncertainty 

budgets associated with numerical simulations. The validation of the electromagnetic 

and thermal simulations is realized in the fourth chapter.  
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Finally, chapters five through nine present first meaningful results for various expo-

sure scenarios based on the developed thermal model. 

1.3. Thermoregulation in the Human Body 

Humans have the capability to keep their core temperature within a small margin of 

variation, close to 37°C, even under varying ambient conditions. The processes regu-

lating the heat dissipation to the environment have therefore to be controlled in order 

to adapt to the climatic environment [3].  

The dissipation of heat is the most important control mechanism regulating the ther-

mal control loop in humans [4]. The body can protect itself against hyperthermia or 

hypothermia by controlling the heat losses, these processes can be summarized as 

the so called physical control mechanisms. Additionally, heat can be produced by 

chemical control mechanisms if the temperature falls below a certain level [5]. 

1.3.1. Heat production 

Most of the heat in the human body is produced as a byproduct of metabolic pro-

cesses. The metabolic rate and, as a result the heat production, varies with the work 

load, the ambient temperature, the food uptake and the day time. In addition to this, 

each muscle motion contributes to the overall heat production by friction energy [6].  

The specific heat production of organs and tissues has been measured indirectly by 

their weight and oxygen uptake. It has been shown that 59% of the metabolism at 

rest occurs in the body core including the cranial, chest and abdominal cavities, alt-

hough they represent only 8% of the total body weight [6]. The coronal plane in Fig-

ure 1-1 highlights the core area with a pronounced higher heat production, clearly 

differentiated from the surrounding muscle and skin, which makes up of 52% of the 

body weight but contributes only 28% to the overall heat production [5]. The concen-

tration of the heat production in the body core helps to keep the core temperature 

constant during rest. These values change dramatically during work, resulting in a 

dominant, primarily superficial heat production in the muscles which facilitates the 

dissipation of heat to the environment [3]. 
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Portion of the heat production in % 

 rest work 

Brain 18 3 

Chest and ab-

dominal cavity 
41 22 

Muscle 26 72 (up to 90%) 

Skin 2 1 

Rest of the body 13 2 
 

 

 

metabolic heat pro-
duction in W/kg 

  23   5 

  17   2 

  10 
 

 

Figure 1-1: Topography of the heat production in the human body together 
with the relative and absolute heat production in different body regions [7].  

1.3.2. Skin temperature 

The skin temperature is strongly related to the ambient temperature, with low skin 

temperatures at low ambient temperatures. The skin temperature is lower than the 

core temperature and decreases in proportion to its distance from the heat producing 

body core [8]. The disparity in the ratio between surface and volume (see left side of 

Figure 1-1) of different body parts further amplifies this effect, leading to the lowest 

skin temperatures in body protrusions such as the fingers and toes. The temperature 

field for a naked human is shown in Figure 1-2. The figure shows that the isothermal 

37°C region is concentrated in the body core for low ambient temperatures and ex-

pands towards the extremities at higher temperatures. 
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Figure 1-2: Isothermal regions in a naked human for 
an ambient room temperature of 20°C and 35°C [3]. 

These effects do not only result in lower surface temperatures in the extremities but 

lead also to a faster fall in the temperature in these regions compared to the trunk 

and head if the ambient temperature declines [8]. 

The skin temperatures of the different body regions approach each other as the am-

bient temperature increases and exceed the core temperature in a naked man at rest 

at an ambient temperature of 40°C [3]. This inversion of the temperature gradient 

results in heat uptake by the body from the environment. The onset of sweating coun-

teracts this mechanism [9]. 
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1.3.3. Core temperature 

The core temperature is almost constant at the center of the body with some charac-

teristic deviations. The organs in the body core (e.g. liver, brain) are generally warm-

er than the arterial blood. Organs with a high metabolic rate are cooled down by the 

blood, leading to a warmer venous outflow compared to the arterial inflow [8]. In more 

superficial organs and tissue this effect is reversed, leading to a dissipation of heat 

from the warmer arterial blood to the environment. The most pronounced cooling of 

the blood is found in the extremities [5]. 

In general it is difficult to define a standardized place to measure the core tempera-

ture. The temperature in the rectum reacts slowly to external temperature changes, 

whereas the temperatures in the mouth and esophagus adapt faster to changing 

conditions although they may be affected by the breathing. It has been shown that 

the temperature of the eardrum can be used as an indirect measure of the brain tem-

perature [8]. 

The core temperature of the organism varies throughout the day even under constant 

ambient conditions. The temperature in the extremities falls slightly during the day 

and the heat dissipation is throttled back which leads, in conjunction with a slightly 

elevated metabolic rate, to an increase in the core temperature. This effect is re-

versed in the evening. The stored heat is dissipated by increasing the skin tempera-

ture and decreasing the core temperature [8]. The peak-to-valley temperature varia-

tion of the temperature may be as high as 1.5°C, with distinct inter-individual varia-

tions [5] [3]. The average body core temperature of women is 0.44°C higher than in 

men, due to the menstrual cycle [10]. 

1.3.4. Heat dissipation 

The heat produced in the human body is transferred by four physical processes [6]: 

 conduction: heat transfer caused by a temperature gradient 

 convection: heat transfer via a moving medium (e.g. gases or liquids) 

 radiation: infrared radiation 

 evaporation: heat loss through evaporation of water on the skin surface 
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The inner heat flow describes the heat transfer from its primary origin in the body 

core to the body surface and is mostly defined by conduction and convection. Con-

duction defines the heat flow in a medium in terms of the Brownian motion, trying to 

compensate for an existing temperature gradient. The heat conductivity coefficient 

(defined in W/(m°C)) of biological tissue is primarily defined by its water content [9]. 

The major heat transfer by conduction occurs in the capillary bed, at the blood-tissue 

interface [8]. The convection on the other side is the heat transfer caused by the flow 

of gases or liquids. This effect is dominated by the flowing blood, especially in the 

skin where the blood flow is controlled with a large range of variation and by that the 

outwards directed convective heat transfer [9].  

Of crucial importance is also the counter flow principle in the extremities, where heat 

is delivered from the warmer blood in the arteries to the blood in the parallel located 

veins [11]. 

The external heat flow describes the heat dissipation at the skin and in the respiratory 

tract. Therefore, not only convection and conduction but also radiation and evapora-

tion have to be considered [3]. Under normal conditions a resting air layer is created 

on the skin-air interface with good thermal isolation properties. The heat conduction 

is much lower than would be the case if the skin were to be in direct contact with sol-

ids or liquids. A swimmer, for example, has an approximately 200 times higher heat 

loss than if he were standing in the dry [9]. 

The temperature gradient at the skin-air interface leads to a slight air flow along the 

body axis, with the heated air ascending towards the head and being replaced by 

cooler air. The convection is dramatically increased with an impressed air flow, e.g. in 

wind or if the human runs [8]. The heat loss by radiation occurs in the form of elec-

tromagnetic waves in the infrared region and can be described by the Stefan- Boltz-

mann law [9]. 

The evaporation of water is the fourth mechanism by which heat is dissipated to the 

environment. The thermal energy is dissipated by the evaporation of water on the 

skin surface and the mucosa of the respiratory tract. 24 MJ are needed to evaporate 

1l of water [9]. The evaporation of 0.5l of water is equals to ca. 1/6 of the overall heat 

production at rest during the day. The amount of heat that can be dissipated to the 

ambient is a function of the water vapor pressure on the skin surface and in the air. 

The water vapor pressure itself is a function of the temperature. This means that 
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even with an air humidity of 100%, heat can be transferred to the environment as 

long as the skin temperature is lower than the ambient temperature [6]. 

The contribution of the described mechanism to the overall heat dissipation is quite 

different. In the thermo-neutral region (27-32°C for naked humans [3]), 26% of the 

heat is dissipated by evaporation, whereas 18% is lost at the skin and the remaining 

8% in the mucosa of the respiratory tract [12] [13]. Fifteen percent of the heat is lost 

through radiation, convection and conduction in the respiratory tract. The remaining 

59% is dissipated at the skin surface, with 35% being lost through radiation and the 

remaining 24% by convection and conduction [5] [3] [9]. 

These values change dramatically if the ambient temperature increases. The evapo-

ration of water remains the sole heat dissipating process if the ambient temperature 

exceeds 35°C [3]. In that case the direction of the heat transfer by conduction and 

convection is reversed, which means that the heat acquired through these processes 

has also to be dissipated by evaporation [3] [9]. 

1.3.5. Thermoregulation 

The aim of the thermal regulation system in the human body is to stabilize the core 

temperature within a narrow range (36-38°C). The core temperature of humans is 

normally considerably higher than the ambient temperature, due to the metabolic 

processes and their high production rate of heat [8]. This ability ensures a high level 

of independence of the ambient climatic conditions and extends the potential habitat 

of humans [3]. 

The heat production of the organism in changing ambient conditions or due to work 

performed can alter the core temperature. The regulatory mechanisms try to counter-

act this effect and to achieve a balanced thermal budget where the heat production 

equals the heat dissipation [10]. 

The thermoregulatory system of humans can be described as a control system with 

several thermal sensors, linked controller centers and effectors which tries to in-

crease or decrease the heat production and heat dissipation [9]. The effectors of the 

autonomic nervous system include the blood vessels in the skin and internal organs 

and their sympathetic, vasoconstrictive innervation, sweat glands with  sympathetic 

innervation and, finally, the sympathetic innervation of the liver, muscles, fat, and ad-

renal medulla which increases the metabolic rate of these organs [10]. Additional 
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somatosensory effectors including skeletal muscles, respiratory muscles and ther-

moregulatory behavior (e.g. clothes, posture) are used to adapt the thermoregulation 

system of humans [9].  

Thermal sensors are located in the skin and inside the body, controlling the ther-

moregulatory mechanisms [6]. The skin contains thermal sensors for cold and heat. 

The measured temperature is a function of their impulse frequency. The warm sen-

sors cover the range from 25- 50°C, with a maximum at 38°C. The cold sensors cov-

er the range from 15- 40°C [8]. The sum of all the signals from the cold and heat re-

ceptors defines the perceived temperature, which is a function of the included num-

ber of receptors and so that of the area covered [3]. The impulse frequency of cold 

sensors is three times higher compared to that of their heat counterparts and their 

local density is ten times higher, which leads to a dramatically higher perception of 

cold or decreasing temperatures [6]. This highlights the importance of the skin tem-

perature measurement with regard to trigger actions to prevent hyperthermia. In gen-

eral, cold stimuli lead to vasoconstriction and warm stimuli to a vasodilatation in the 

skin, the skin temperature also contributes to control of sweating [10]. 

The dominant internal thermoreceptors are located in the hypothalamus but their in-

ternal occurrence is not limited to this area [5]. Additional receptors are located in the 

spinal canal, in the vicinity of the esophagus, stomach, blood vessels and muscles 

[8]. The hypothalamus, however, dominates the internal temperature perception and 

the coordination of the thermoregulatory mechanisms. This not only includes the ac-

curate adjustment of heat production and dissipation mechanisms but also the steer-

ing of behavior with regard to food uptake or adapting the posture [5]. 

Figure 1-3 illustrates the thermoregulatory control system of humans, including the 

previously defined mechanisms. 
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Figure 1-3: Thermoregulatory control system of the human organism [10] [3]. 

 

The body controls core temperature with a combination of different vegetative and 

somatosensory innervation. The adjustment of these mechanisms is based on the 

central consideration of the peripheral and central thermosensibility in the hypothal-

amus. 

In the thermo-neutral region, at ambient temperatures of 27-32°C for naked and 18-

22°C for clothed humans, the balance between heat production and dissipation is 

solely controlled by the vasoconstriction and vasodilatation of the vessels with the 

variation of the blood perfusion of the skin being the dominant factor [14].  

The increase in the metabolic processes is initiated if the ambient temperature falls 

below the thermo-neutral region and this can be achieved by motor activity (e.g. 

muscle tension, shivering). Shivering increases the oxygen uptake and, by that, the 

heat production by a factor of up to five [8]. Moreover, heat dissipation is reduced by 

constriction of the skin blood vessels [5]. 

The thermoregulatory control system also reacts to an elevation of the ambient tem-

perature above the thermo-neutral region or if the heat production is altered by physi-
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cal activity [10]. The resultant temperature elevation leads to an increase in the activi-

ty level of the hypothalamus and activation of the heat dissipating mechanisms. This 

includes the vasodilatation of skin vessels, sensible water loss by sweating and be-

havioral adaptation (e.g. posture, changing clothes) [3]. Sweating stresses the salt 

and water balance of the organism. The water loss decreases the blood volume and, 

consequently, the internal heat transport capacity. The blood perfusion of the adrenal 

glands and urine production is reduced. This potential dehydration increases the core 

temperature: a loss of 1l of water equals a core temperature elevation of approxi-

mately 0.5°C [6]. The reduced physical and mental capacity is also attributed to the 

loss of water. The loss of electrolytes leads to muscle cramps, vomiting, dizziness 

and finally to collapse [5].  

Fever can also be described using the previously described mechanisms. Fever is 

characterized by a higher set point value for the core temperature forvarious reasons, 

e.g. a reaction to an infecting microorganism [10]. The patient is cold, the skin is pale 

and dry. The onset of shivering increases heat production and the core temperature 

[3]. In addition, heat dissipation is limited by vasoconstriction of the skin blood ves-

sels and the inhibition of sweating. The fever stops if the set point value for the core 

temperature is set lower, back to its normal value. The stored heat is dissipated by 

increasing the blood perfusion of the skin and extensive sweating [10]. Fever can 

also be triggered by pyrogenic drugs acting on the hypothalamus [3]. 

The thermoregulatory system is influenced by a number of factors including patholog-

ical, physiological and behavioral factors, leading to comparable reactions in different 

individuals [9]. Nevertheless, the energy expenditure and body temperature can vary 

considerably depending on the gender, age or body composition of the organism [3]. 
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1.4. Interaction of RF-EMF with the Human Body  

The interaction of RF-EMF with the human body is based on various processes. The 

electromagnetic waves can be scattered, transmitted, refracted or reflected. An accu-

rate theoretical description of these interaction mechanisms is possible using the 

well-known Maxwell equations [15]. The electromagnetic fields interact with the hu-

man tissue in different ways, leading to various effects (e.g. stimulation of nerves or 

muscles and tissue heating). Parameters such as the SAR and the current density (J) 

can be derived from the induced field quantities. 

Tissue heating is the dominant biophysical interaction mechanism of RF-EMF fields 

in humans [16]. Frictional energy is deposited inside the body by different processes, 

including the polarization of bound charges, displacement of free charges and rota-

tion of dipoles such as the water molecules [17]. Various other biophysical mecha-

nisms, such as the pearl chain effect [18] and the microwave auditory phenomenon 

[19], are of only secondary importance. Furthermore, it is generally accepted that the 

energy of RF-EMF fields is too low to trigger ionization or to damage DNA [15].  

Although much research has been performed in recent years, it is still possible that, 

due to the complexity of the topic and the lack of knowledge, some of the interaction 

mechanisms have yet to be discovered [17]. 

It is of great scientific interest to understand the known interaction mechanisms fully, 

especially the tissue heating, and to derive reliable models from these findings. The-

se models can be used for risk assessments and as a basis for limiting the RF-EMF 

exposure [20]. 

The RF-EMF energy absorbed is influenced by a variety of parameters. Field proper-

ties such as the wavelength, frequency and field orientation affect the energy ab-

sorbed [21]. Furthermore, the exposure is also a function of the human geometry 

(e.g. children/adult, slim/fat etc.) and the tissue parameters. 

Nielsen et al. [22] have shown that the tissue heating caused by RF-EMF fields is 

equivalent to the heating caused by any other source (e.g. physical activity). There-

fore, the same thermoregulatory mechanisms, such as an increased blood flow, 

sweating etc., can be applied in a mathematical model to compute the temperature 

elevation induced. However, there are also differences in the temperature perception 

and elevation process. Normally thermoregulation is controlled by the thermo recep-

tors in the skin [23]. As a result of the possible high penetration of RF-EMF fields, 
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energy might be deposited deep inside the human body, whereby no stimulation of 

these receptors occurs. This could lead to a delay in thermoperception, increasing 

the potential risk of RF-EMF energy absorption [20]. 

Biological effects are observed if the temperature increases by more than 1°C in tis-

sue [20]. A disruption of trained tasks in primates has been investigated for tempera-

ture elevations beyond this value [20]. Shellock et al. [24] have shown that a SAR of 

at least 4 W/kg is needed to induce such a temperature elevation. The current radio 

frequency exposure limits were derived on the basis of this relationship [20]. Their 

central goal is to protect humans from temperature-induced adverse health effects for 

the frequency range 100kHZ- 300GHz [20]. 

The current RF-EMF exposure guidelines [20] restrict only the SAR as an indirect 

measure of the induced temperature elevation because of the problems in measuring 

and/or computing the temperature elevation in the human body. Thereby many ef-

fects influencing tissue heating are neglected: for example, the diffusion of heat in 

adjacent but not directly exposed tissue or the heat exchange with the environment. 

However, the implementation of powerful thermal models, such as the one presented 

within this work, may help to strengthen the role of temperature modeling in future 

RF-EMF exposure guidelines. 
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1.5. Radio Frequency Exposure Limits 

In 1998 the International Commission of Non-Ionizing Radiation Protection (ICNIRP) 

published a guideline with the title “Guidelines for limiting exposure to time-varying 

electric, magnetic, and electromagnetic fields (up to 300 GHz)” [20]. The purpose of 

the guideline is to protect humans from known adverse health effects caused by elec-

tric, magnetic and electromagnetic fields. Since then many studies have investigated 

the potential health risk of these fields. However, no adverse health effects were ob-

served below the basic restrictions and consequently the ICNIRP reconfirmed their 

basic restrictions in 2009 for the frequency range 100 kHz – 300 GHz [17]. 

The overall strategy of the ICNIRP guidelines is to identify the biologically relevant 

mechanisms and to link them to easily measurable external quantities. Consequently, 

basic restrictions were defined to limit the biologically effective quantity and, further-

more, reference levels are used to limit the external field quantities. The correlation 

between these quantities was established with laboratory experiments and numerical 

simulations for worst case scenarios [17]. Through this approach, compliance with 

the reference levels ensures compliance with the far more difficult measurable or 

computable basic restrictions. Conversely, a violation of the reference levels does not 

necessarily lead to a violation of the basic restriction. However, the compliance with 

the basic restrictions has to be demonstrated for these cases. 

The dominant biological effect for electromagnetic fields above 100 kHz is the ab-

sorption of energy and the temperature elevation induced thereby. Several parame-

ters, such as the frequency, polarization and intensity of the field, strongly influence 

absorption. Furthermore, the distance between electromagnetic sources and hu-

mans, as well as the geometry of the exposed individual (child, pregnant, slim, fat, 

etc.), influences the energy absorbed. 

A temperature elevation in the range of 1-2 °C may lead to adverse health effects 

[25]. Due to the difficulties associated with temperature measurements in the human 

body, several studies were performed to link the temperature elevation to the SAR 

[24] [26]. The investigations revealed that a whole-body SAR (SARWB) of at least 4 

W/kg is needed to induce a body core temperature elevation of 1°C at room tempera-

ture. More recent studies have confirmed these findings [27] [14]. 

On the basis of these findings it is assumed that a SARWB of 0.4 W/kg is an adequate 

limit for occupational exposure. The pronounced safety margin takes into account 
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ambient parameters such as temperature, humidity etc. To avoid hazardous local 

hotspots the localized SAR averaged over 10 g contiguous tissues (SAR10g) is also 

limited (10 W/kg in the head and trunk, 20 W/kg in the limbs). Compared to small an-

atomical structures this mass might seem rather big. However, from a thermo-

physiological point of view, arbitrary temperature gradients within the human body 

are not possible. A local hotspot would lead to immediate heat exchange, for exam-

ple by an increased blood flow. Moreover, the exposure time is of crucial importance 

and, therefore all SAR are to be averaged over any 6 minute period. 

An additional safety margin of 5 is used to restrict the exposure of the general public 

so that the SARWB is 0.08 W/kg and the SAR10g in the head/trunk 2 W/kg and 4 W/kg 

in the limbs. This should take into account a possible lower tolerance of the ther-

moregulatory system in children, the elderly or people under the influence of drugs. In 

an additional statement, the ICNIRP clarified that the safety factor should not be mis-

interpreted in a way that might compromise the safety of the exposed people [17]. Its 

purpose is to compensate for the lack of knowledge and uncertainties. Consequently, 

the ICNIRP changed the term safety factor to reduction factor [17]. Furthermore, it 

was clarified that the magnitude of the reduction factor is basically derived from the 

scientific evidence. In the case of a good understanding of the correlation between 

exposure and adverse outcome, a small reduction factor might be applicable. 

The reference values for the electric and magnetic field values were derived from 

measurements and simulations. It is well known that the coupling of electromagnetic 

fields and the human body is best between 10 MHz and a few hundred MHz and 

consequently the reference values are lowest in this region. The reference values for 

the electric field strength (E) and the magnetic field strength (H) are linked by the im-

pedance of free space E/H=377 OHM. A reduction factor of √  is applied to derive 

the reference levels for the general public. 

The ICNIRP points out that compliance with its guidelines does not exclude a poten-

tial malfunction or hazardous heating of implants (e.g. pacemakers, metallic prosthe-

ses). Furthermore, it might be necessary to violate the guidelines for diagnostic or 

therapeutic reasons (e.g. medical diathermy, magnetic resonance imaging). Never-

theless, the health of the patient and medical staff has to be ensured and therefore a 

variety of additional standards have been defined at the European level (see for ex-

ample [28] [29] [30] [31]). 
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2. Methods 

2.1. Thermal Modeling 

Pennes [32] developed the first thermal model describing the thermal energy balance 

for blood perfused tissue. The model was originally developed to compute the heat 

transfer in the human forearm based on local thermal energy production through 

metabolic processes and heat transfer by the volume flow of blood [33].  

All thermal tissue parameters, including the blood perfusion rate, the metabolic rate 

and the conductivity, are assumed to be time and temperature independent. These 

simplifications led to a widespread use of the equation (e.g. [34] [35]). 

The original model has been modified and extended in the past by several authors, 

which led to a more general form, not restricted to the human forearm but applicable 

to the whole human body [36] [37]. The model is applicable for tissue temperatures in 

the physiological range, including temperature elevations of up to 50°C for example 

during thermal therapies such as medical diathermy [37]. 

Although modified, the equation is still commonly known as the Pennes equation or, 

alternatively, the bio-heat transfer (BHT) equation. 

The generalized model is defined by the following equation: 

 ( ) ( )
  (   )

  
  ( ( )  (   ))   ( )   ( )( (   )    )                      

The mass density is defined by (kg/m³), C (kJ/(kg°C)) describes the specific heat 

capacity, K ((W/(m°C)) the thermal conductivity, T (°C) the temperature of tissue, A 

(W/m³) the metabolic rate, B (W/(m³°C)) the blood flow coefficient, TB (°C) the blood 

temperature and finally QEXT (W) represents a potential external heat source. 

The equation describes the variation of the temperature at a specific point per unit 

time multiplied by the mass density and specific heat capacity at this point (left hand 

side) to the thermal energy accumulated or lost at this point, expressed by the four 

terms on the right hand side. The first term describes the heat transfer through ther-
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mal conduction of the biological tissue. The second term takes into account the heat 

produced by metabolic processes and the third term accounts for the contribution of 

the blood flow to the BHT equation. This latter term defines the heat transfer between 

blood and tissue as the product of the blood perfusion coefficient and the difference 

between the temperature of arterial blood, TB, entering and the temperature of ve-

nous blood, TV, leaving the capillary bed [32]. Therefore, the heat transfer from blood 

to tissue QBT (W) should be written as: 

      (   )(  (   )    (   ))                                                       

The Pennes model assumes a thermal equilibrium between venous blood and tissue 

temperature [37]. Furthermore, it is assumed that the arterial blood temperature is 

constant in each capillary throughout the body, fixed at a temperature equivalent to 

the core temperature of 37°C. Similarly, the blood perfusion term is kept constant. 

With these assumptions, equation 2.2 simplifies to the form presented in equation 

2.1. A major advantage of this approach is that no or only little information on the ac-

tual vascular architecture of the human model is needed [37]. The blood flow is mod-

eled with one parameter only, namely the blood flow coefficient. 

The fourth term takes into account the thermal energy deposited by an external 

source, for example by an RF-EMF energy deposition expressed by QEXT= 

(r)SAR(r). 

In addition to the BHT equation, an appropriate boundary equation on the tissue-air 

interface has to be defined [27] [14]. This equation is applied both at the skin-air 

boundary and the respiratory tract-internal air boundary (in the latter case without the 

heat loss through sweating, SW): 

  ( )
   (   )

  
  ( )(  (   )    )      ( )     (    (   ))               

H (W/(m²°C)) describes the heat transfer coefficient, Ta the ambient temperature, Pins 

(W) the heat loss through evaporation, S is the area of the boundary surface (m²) and 

SW (W/m²) the heat loss due to sweating. Pennes [32] considered only the heat loss 

through convection, radiation and conduction summarized by the heat transfer coeffi-
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cient. The second and third terms of the boundary equation are not considered in the 

original form of the BHT equation and were added in this work. 

The Pennes equation neglects thermoregulatory mechanisms, such as vasodilatation 

and sweating, which try to keep the core temperature close to 37°C. Normally these 

mechanisms are activated if the temperatures in tissues containing thermal sensors, 

such as the skin and the hypothalamus, are elevated above known set point values 

[37]. 

To overcome this limitation, mathematical models were introduced for some of the 

terms in equation 2.2 and 2.3 for the thermoregulatory model developed in this work. 

A mathematical description of the additional thermal models is added to the following 

subchapters. 

2.1.1. Mathematical representation of thermoregulatory 

mechanisms 

2.1.1.1. Variation of the blood flow coefficient as a function of the 

temperature elevation 

The elevation of the blood flow perfusion by vasodilatation is one of the dominant 

thermoregulatory reactions of the human body [38]. Stolwijk [11] first introduced an 

empirical mathematical model describing the local blood flow coefficient in the skin, 

based on measurements of the peripheral vasodilatation. This model was further im-

proved by Spiegel [38] and Lee [39] and is defined by the following equation: 

 (   (   ))  ( (   (   ))        ( )        ( )) 
 (   )   (   )

                  

The elevation of the blood flow coefficient in the skin is controlled by several feed-

back mechanisms. One of them is the local skin temperature elevation, accounted for 

by the exponential term. The local blood flow coefficient doubles for every a= 6°C 

increase of the local skin temperature.  

This is not the only feedback mechanism controlling the local blood flow coefficient in 

the skin. It is well known that humans possess thermo sensors in the skin as well as 

in the hypothalamic area [5] [3]. These sensors steer the dissipation of heat by the 
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dilation of the blood vessels in the skin. The blood flow coefficient is altered if the 

body core temperature increases (controlled by the thermo sensors in the hypothal-

amus). Furthermore, the peripheral blood flow coefficient is also controlled by the 

average skin temperature. This latter mechanism ensures that the body can react 

fast enough to temperature changes in the environment, e.g. entering a warm room, 

long before the body core temperature elevates substantially.  

The contribution of these mechanisms is proportional to the average temperature in 

the hypothalamus (TH(t)=TH(t) - TH(0)) and the skin (TS(t)), defined by the following 

equation: 

   ( )  
∫ ( (   )   (   ))  
 

 
                                                      

with S (m²) being the body skin surface. 

The constants FHB (17.5 kW/(m³°C)) and FSB ( 1.1 kW/(m³°C)) are empirical values 

[27] [14], giving different weights to both feedback mechanisms, leading to an almost 

16 times higher importance of the hypothalamic temperature elevation over the aver-

age temperature elevation in the skin [27].  

It has been shown with measurements that the elevation of the blood flow coefficient 

in the skin was not enough to accurately compute the temperature elevation in the 

body with a theoretical thermal model [40] [41]. Ghatterjee et al. [42] introduced an 

additional empirical model for the blood flow coefficient of the internal tissues. The 

blood flow coefficient for all internal tissues is solely controlled by the local tissue 

temperature. For local tissue temperatures less than 39°C, the blood flow coefficient 

remains equal to the basal value. After increasing linearly with the temperature, the 

blood flow coefficient reaches a plateau at 44°C and saturates at five times the basal 

value for even higher local temperatures [43]. The following set of equations is used 

for the implementation of this thermal mechanism: 

 (   (   ))   (   (   ))                                                                       (   ) 3                

 (   (   ))   (   (   ))  (     ( (   )    ))          (   )                  

 (   (   ))     (   (   ))                                                                (   )                

The validity of this approach has been shown by various studies (e.g. [27] [14] [43]). 
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2.1.1.2. Variation of the metabolic rate as a function of the tempera-

ture elevation 

The thermal energy produced by metabolic processes increases with the local  tem-

perature [3]. Hoque et al. [44] introduced the following mathematical equation de-

scribing this process: 

 (   (   ))   (   (   ))   
( (   )  (   ))

                                            

A(r,T(r,0)) (W/m³) is the basal metabolic rate at rest and a=1°C the empirical normali-

zation factor for the local temperature elevation. The metabolic rate increases expo-

nentially with regard to the local temperature elevation. Figure 2-1 demonstrates that 

even a pronounced local temperature elevation leads to a small increase of the met-

abolic rate, in the range of 1.5 % or less. 

 

Figure 2-1: Relative increase of the local metabolic rate (A) in 
percent of the basal metabolic rate and as function of the local 

tissue temperature elevation (TLocal). 

The validity of this mathematical model has been shown by Bernardi et al. [27]. 
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2.1.1.3. Blood temperature variation as a function of the acquired 

thermal energy 

From the definition of the BHT equation it is obvious that blood acts as a heat carrier, 

by taking the heat from body parts with a higher temperature in the body core to the 

surface of the body, where the heat is delivered to the skin layer due to its lower tem-

perature. There the heat is dissipated by the heat loss through passive mechanisms 

like radiation, conduction and convection and active mechanisms like evaporation 

and sweating [5] [27]. The latter thermoregulatory mechanism is further amplified by 

the previously described adaption of the blood flow coefficient. 

This process helps to maintain the body core temperature close to 37°C, even for 

changing environmental conditions. 

A simplification of the BHT equation is the assumption that the net heat exchange 

between tissue and blood is zero, which results in a constant blood temperature, 

even if a severe external heat load is applied [45]. 

Bernardi et al. [27] first introduced a mathematical model to overcome this limitation. 

The model was further improved by Fujiwara et al. [46] and is defined by the following 

equation: 

  ( )      ∫
   ( )

       

                                                                 

TB0 (°C) is the blood temperature at the steady state, QBN(t) (W) is the net thermal 

energy acquisition of blood from body tissues, CB (3.9 kJ/(kg°C)) the specific heat 

capacity of blood, B (1060 kg/m³) the density of blood and VB (m³) the blood volume 

which changes for each human model as a function of age and size (see Table 

5-1,Table 6-1,Table 7-1 and Table 8-2) [47]. 

The net thermal energy acquisition of blood can further be written as [46] [14]: 

  ( )  ∫  (   )( (   )    ( ))
 

                                           

   ( )    ( )    ( )                                                                  
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The latter equation was introduced to compensate for the energy acquisition of blood 

at steady state [14]. It could be shown that equation 2.11 is not zero even at steady 

state and this is mainly attributed to numerical inaccuracies [45]. A non-physiological 

blood temperature elevation would occur if this effect were not compensated for. 

Equation 2.10 can be rewritten as a first-order ordinary differential equation, which 

leads to the following form: 

   

  
 

  ( )

      
 

  ( )

      
                                                         

The time derivative on the left side of the equation can be discretized by using finite 

differences. After some rearrangements the following equation is obtained for the 

computation of the blood temperature: 

  
    

  
 

   
   ( )      

      
 

  ( )
      

 
   

       

      

                                              

VBody (m³) is the volume of the human model used and t the time interval used for 

solving the equation. The basal values of the parameters (linked to time step P) are 

used to compute the values for the next time step (P+1). The newly computed blood 

temperature (TB
P+1) is used as an input for the BHT equation. These steps are re-

peated for the duration of the whole simulation process so that the continuous adap-

tation of the blood temperature is assured. 

Either an implicit or explicit scheme of the equation can be used [37]. In this work 

only the presented explicit, although more time consuming, form was used since the 

implicit form might lead to a non-physiological oscillation of the blood temperature if 

too big a time step (t) were to be used [37]. 
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2.1.1.4. Heat balance at steady state 

As with any other thermal system, heat transfer will occur within the human body and 

to its environment until a steady state temperature is established [37]. 

To obtain a stable equilibrium, the thermal energy produced in one system, in this 

case by metabolic processes in the human body, has to be in balance with the heat 

taken up or given to another system, in this case the environment. Therefore, passive 

mechanisms such as the convection, conduction and radiation of heat as well as the 

heat dissipation by the active evaporation of water have to be considered at the tis-

sue-air interface. This includes the skin surface as well as the surface of the respira-

tory tract. 

These assumptions lead to the following equation if no external heat stress is ap-

plied: 

∫  ( )   ∫        ∫ (     ( )      ( )       ( ))( (   )    )  
   

              

The equation equates the whole body metabolic rate, described by the integral on the 

right hand side, to the heat lost by the active evaporation of water described by the 

rate of evaporation (pins in W/m²) integrated over the related surface and the heat 

dissipated by the passive mechanisms including the convection (hconv in W/(m²°C)), 

the radiation (hrad in W/(m²°C)) and conduction (hcond in W/(m²°C)). The contribution 

of the latter mechanisms can be expressed by the product of their sum multiplied by 

the temperature gradient at the tissue-air interface (T(r,t) is the tissue temperature in 

°C, Ta is the ambient air temperature in °C), integrated over the related surface. 

The model-specific values can be derived on the basis of this relationship. Values for 

the whole body metabolic rate, which varies with age and gender, were taken from 

the ICRP [48]. The heat loss due to the evaporation of water, also known as insensi-

ble loss of water, in the whole body is defined by the following equation: 

     ∫       
 

                                                                               

The values used for all models, related to their age, size and gender, were taken 

from an experimental study performed by Margaret et. al [49]. Seventy percent of the 
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whole body insensible water loss occurs at the skin (Pext), while the remaining thirty 

percent is lost from the respiratory tract due to breathing (Pint) [13].  

The passive mechanisms can be summarized to a generalized heat transfer coeffi-

cient H (W/(m²°C)): 

 ( )  ∫ (     ( )      ( )       ( ))( (   )    )  
 

                                 

Eighty percent of the heat loss by these passive mechanisms occurs at the skin sur-

face (Hext) while the remaining twenty percent is lost through the respiratory tract 

(Hint) [50]. 

The values derived for all the human models and ambient temperatures used are 

listed in Table 4-2, Table 5-1,Table 6-1,Table 7-1 and Table 8-2. 

2.1.1.5. Sweating as a function of the temperature elevation 

The mathematical consideration of the heat lost through sweating is of essential im-

portance to the suitability of the thermoregulatory model [37]. The mechanisms de-

scribed in the last subchapter are not able to dissipate the heat sufficiently if an ex-

ternal heat stress, e.g. RF-EMF energy, is applied [43]. 

In this work an empirical mathematical model first introduced by Stolwwijk [11] and 

further improved by Bernardi et al. [27] is used to account for this physiological 

mechanism. The model used tries to make a best-fit to experimental data and various 

environmental conditions [38] and is defined by the following equation: 

  (    (   ))  (      ( )        ( )) 
 (   )   (   )

                                                

This model is very similar to the equation describing the blood flow coefficient in the 

skin. The same three feedback mechanisms are used to account for the heat loss 

due to sweating. The local heat loss due to sweating doubles if the local temperature 

increases by a=10°C. Once again, the average hypothalamic temperature elevation 

(TH(t)) and the average skin temperature elevation (TS(t)) form the other feedback 

signals. The constants FHS (140 W/(m³°C)) and FSS ( 13 W/(m³°C)) are empirical val-

ues [27] [14] which give different weights to the two feedback mechanisms, leading to 
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an almost 11 times higher importance to the average hypothalamic temperature ele-

vation compared to the average skin temperature. 

2.2. Thermal Field Computation 

The computation of the temperature elevation caused by RF-EMF energy absorption 

is a two-step process. First, the SAR in the human body is computed (see chapter 

2.3) and then the SAR is used in the BHT equation as an additional heat source. Ad-

ditional software had to be implemented to compute the temperature elevation since 

the simulation software used (CST Studio Suite 2011®) does not support any of the 

previously described thermoregulatory mechanisms nor the improved heat exchange 

at the tissue/air interface. 

However, a Dynamic Link Library (DLL) is provided which allows access to and ma-

nipulation of CST directly from Matlab®. Several routines were implemented in 

Matlab® including a graphical user interface. A detailed overview, including the past 

and returned values, is included in the Appendix (see A.1). 

Figure 2-2 shows a flowchart of the whole process. At the beginning the electromag-

netic field distribution is computed within CST. Then the actual Matlab® software can 

be started with these results as input. Next, a graphical user interface (GUI) opens 

where input parameters such as the human model used, blood temperature, simula-

tion time and others can be defined. The chosen project is then initialized in CST 

through Matlab® and all the simulation parameters are set. Information regarding the 

discretization of the simulation domain is now gathered, including the dimensions of 

all mesh cells, and the coordinates of each voxel are loaded. This information was 

previously stored to tissue specific files generated in a pre-processing step. Finally, 

the boundary voxels on the tissue/air interface are determined. As a result of the 

coarse surface of the voxel model, not only the skin adjoins air (see Figure 2-3) and 

so the heat loss through sweating, convection, radiation, conduction and insensible 

water loss has also to be considered in these voxels in order to get reliable results. 
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Figure 2-2: Flowchart describing the process-chain for the electromagnetic and thermoregu-
latory simulations. 
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Figure 2-3: Small detail of a voxel model show-
ing different tissues at the tissue/air boundary. 

The actual thermal modeling starts after these pre-processing steps. In the first run 

the start temperature distribution at steady state with no RF-EMF exposure has to be 

computed. Next, the temperature elevation caused by the simulated RF-EMF energy 

absorption is computed for the chosen simulation time step. Then a VB macro ex-

ports the temperature of each voxel and the coordinates of the voxel center to tissue 

specific files. On the basis of the increased temperature and the thermoregulatory 

mechanisms (see chapter 2.1), parameters including the flow coefficient, metabolic 

rate, blood temperature and sweating are recomputed for each voxel. The newly 

computed blood temperature is a single value that can simply be passed to CST. The 

blood flow coefficient and the metabolic rate must be stored to their corresponding 

three dimensional material matrix files. The voxel values therefore have to be 

mapped to the underlying mesh (see Figure 2-4). 
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Figure 2-4: Small detail of a voxel model show-
ing different tissues and the underlying mesh 
(black lines). 

The red highlighted areas show that some mesh cells consist only of one tissue type, 

whereas others contain two or more tissue types. For these cells an averaged value, 

proportional to the volume fraction of each tissue, is stored to the material file. 

The heat loss due to sweating at the surface of the model is converted to a volumet-

ric heat loss and subtracted from the metabolic heat production in these voxels and 

saved to the material file. 

These steps are carried out continuously until the predefined simulation time is 

reached. 

In a post processing step all simulation results, including a temperature distribution 

for each time-step and the blood temperature elevation as a function of time, is saved 

to the project folder. 
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2.3. Electromagnetic Field Computation [51] 

Numerical methods are a reliable and essential tool in the field of electromagnetic 

dosimetry. Normally it is not possible to measure electromagnetic fields in a living 

biological organism. This makes numerical simulation the sole noninvasive method to 

get a reliable field distribution within a human body. Electromagnetic exposure sce-

narios including numerical human models cannot be solved with known analytical 

methods. Therefore, over the last decades a variety of different numerical approach-

es have been implemented to solve Maxwell's equations for arbitrary configurations. 

Commonly used methods include the Finite Difference Method (FD), the Finite Ele-

ment Method (FEM), the Boundary Element Method (BEM) and the Finite Integration 

Technique (FIT) [2]. 

In this work the commercial software package CST Studio Suite 2011® (CST) [1] has 

been used for the electromagnetic field computations. The program and the solvers 

are based on the FIT. 

2.3.1. Finite Integration Technique FIT 

The FIT was first introduced by T. Weiland [52] [53] and has since been an important 

basis for a variety of numerical algorithms to solve Maxwell's equations. A major ad-

vantage of this method is its universal discretization scheme, allowing the investiga-

tion of electromagnetic exposure scenarios ranging from static field problems to high 

frequency problems both in time and frequency domains. In contrast to the vast ma-

jority of numerical methods, FIT discretizes the integral form of Maxwell’s equations 

and not their differential form (see equations 2.19 through 2.22). 
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To be able to solve these equations in combination with an arbitrary exposure sce-

nario, it is necessary to define a finite calculation domain. This domain is split up into 

a, preferably, high number of small elements called grid cells as shown in Figure 2-5. 

The software offers the possibility to use orthogonal hexahedral grids, as well as top-

ologically irregular grids (subgrids) and tetrahedral grids. The following explanation of 

the FIT method is based on an orthogonal hexahedral grid. 

The spatial discretization of Maxwell’s equation is applied to two orthogonally aligned 

mesh grids. Figure 2-5 shows that the electric grid voltage e is allocated on the edges 

of the primary grid G and the magnetic flux b on the corresponding faces. The mag-

netic voltages, h, and the dielectric flux d through the corresponding face are defined 

on the edges of the second grid   ̃ [54]. 

 

 
Figure 2-5: Connection between the calculation domain, the grid and a single grid cell. 
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Maxwell’s equations are defined either on each edge or face of both grids. The inte-

gral on the left side of Faraday’s law can be written as the sum of the four voltages 

on the edges of the grid cell (see Figure 2-6). This operation introduces no numerical 

uncertainty. The right hand side of the equation is defined by the time derivative of 

the enclosed magnetic flux. Next, this procedure is applied to each grid cell, which 

defines the matrix formulation for the whole calculation domain. 

 

 

Figure 2-6: Relation between Faraday's law and the corresponding Maxwell Grid Equation. 

 

Figure 2-6 shows that the matrix C is the discrete counterpart of the analytical curl 

operator in Faraday’s law. With the same assumptions, a matrix  ̃ for Ampere’s law is 

defined on the secondary grid. For the divergence equations the same discretization 

scheme is used, leading to the divergence operator S for the primary and  ̃ for the 

secondary grid. These assumptions lead to the discretized form of Maxwell’s Grid 

Equations (MGE). 
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The matrix operators contain only the elements ‘0’, ‘1’ and ‘-1’ and, therefore, solely 

topological information. None of the mathematical transformations presented, from 

the analytical to the discretized form, introduces a numerical error. 

To solve an electromagnetic field problem for the calculation domain the material 

equations have to be defined as well. These equations define the required relation 

between voltage and flux. The material matrix M introduces a numerical inaccuracy 

which is a function of the averaged material parameters or the resolution of the grid. 

Again, the analytical equations can easily be transformed to their numerical counter-

part, leading to the conductivity M, permeability M and permittivity M matrices [55]. 

 ⃗⃗     ⃗                                                   

 ⃗     ⃗⃗                                                  

      ⃗                                          

Once all equations are defined the electromagnetic problem can be solved with a 

suitable solver, covering the range from DC to high frequencies. 

2.3.2. Transient Solver 

The transient solver is able to compute the electromagnetic behavior of a problem 

setup over a broad frequency range in one simulation run. Furthermore, the solver is 
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the method of choice for exposure scenarios with large dimensions and/or open 

boundaries. The energy and field values are computed for the simulation duration at 

discrete locations and at discrete time samples. Therefore, the previously defined 

MGE equations, in combination with a discretized time grid, are used. The substitu-

tion of the time derivate by central differences and their combination with the material 

equations leads to the following set of equations. 

   
 
     

 
      

  [ ̃  
       

 ]                                                

              
 
                                                                               

These equations show that the unknowns, namely the electric voltage e as well as 

the magnetic flux b, are located alternatively in time. It is exactly this attribute which 

used in the well-known leap-frog scheme as shown in Figure 2-7. 

 

 

Figure 2-7: Iterative process to compute the 
electrical voltage and the magnetic flux with 
the leap frog scheme. 

The scheme reveals that the actual field component is a function of the field values of 

the previous time step t. The stability limit for this method and, thereby, for the t is 

defined by the Courant-Friedrichs-Levy (CFL) criterion. 
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This equation shows that the smallest grid cell defines the upper limit of the time 

step. As a consequence, a high mesh resolution, even in a small subdomain of a 

large problem, leads to a long simulation time. 
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2.3.3. Generation of the Mesh 

The mesh is used to transform the exposure scenario into a computer readable for-

mat. All components of the problem, including electromagnetic sources, boundary 

conditions and models have to be transformed. The calculation domain is therefore 

divided in small grid cells as shown in Figure 2-5. CST only supports the hexahedral 

mesh for problems including human voxel models. The software provides an expert 

system which automatically generates a mesh. The automatic mesh generation takes 

into consideration the frequency range, the dielectrically material properties and other 

parameters. In addition, the mesh can also be refined manually for all components in 

the simulation domain. 

Round structures, very small structures or not orthogonally aligned structures may 

lose their original form when transformed to a numerical grid. Nevertheless, the body 

structure can be maintained with a dense mesh. The available random access 

memory and the need to restrict the simulation duration to a reasonable value (see 

2.3.2) puts a practical limit on the density of the mesh. 

Depending on the human model used, at least 21 and not more than 39 million mesh 

cells have been used for the simulations presented. 
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2.4. SAR Computation 

The SAR can be computed within CST in a post processing step from the power loss 

distribution (PLD) and the tissue density (). 
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The software offers the possibility of computing the whole body SAR (SARWB) as well 

as the localized SAR (SAR10g) averaged over a quadratic cube of 10g as defined by 

the IEEE [56]. Limiting the SAR over a mass of 10g should keep the temperature rise 

in the eye below 1°C. 

The ICNIRP guidelines, however, require the SAR10g to be averaged over any 10g of 

contiguous tissue [20]. It has been shown that the ICNIRP method is more conserva-

tive by a factor of up to 2.5 than the suggested IEEE approach [57]. The localized 

SAR values presented here are computed according to the ICNIRP guidelines and 

therefore a couple of self-written routines have been used. First, the point wise SAR 

is computed in CST and then a Visual Basic (VBA) macro is used to export the SAR 

of each voxel as well as the related coordinates and tissue density. Finally, a 

Matlab® routine picks the absolute maximum of each tissue. In an incremental pro-

cess, the nearby voxel with the highest SAR value is added to the averaged, irregular 

volume. The algorithm stops when an averaging mass of 10g contiguous tissue is 

reached. Figure 2-8 shows an example output of the algorithm. 
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Figure 2-8: Example of a localized SAR averaged 
over 10g of contiguous tissue. The maximum occurs 
in the muscle near the left knee in a child model ex-
posed to a plane wave at the ICNIRP reference level. 

All tissues and organs are considered for the averaging process and evaluated sepa-

rately. Together with the SAR10g value, the position of the local maximum is provided 

by the algorithm. This information is required since the RF-EMF exposure regulations 

put different restrictions on the limits in the head/trunk and the limbs. 
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2.5. Human Models 

The availability of high resolution and detailed numerical human models is of crucial 

importance for the success of numerical dosimetry. Modern models are created with 

medical diagnostic tools such as Magnetic Resonance Imaging (MRI) or Computer 

Tomography (CT) and are generally voxel based. A voxel (‘volumetric pixel’) is a cu-

be of the size of a few mm3. Each voxel is defined by its tissue type and the dielectric 

and thermal properties. Human models are defined by a spatial dataset in Cartesian 

coordinates and consist of a couple of million voxels. 

Over the last decade numerous models have been developed covering different siz-

es, gender and ages of humans. In this work 20 of them, including pregnant and child 

models, have been used. A detailed overview of the model characteristics is included 

in the Appendix (see A.2). [58] 

2.5.1. NORMAN 

The model is based on a series of MRI scans covering different body parts of the 

same individual. The raw data was scaled, translated and rotated in a first post pro-

cessing step to form one, homogenous body. In a semi-automated process the gray 

scaled pictures were differentiated in 37 tissues (see Figure 2-9). In some cases the 

differentiation was not possible due to the poor quality of the MRI scans. These areas 

were modeled according anatomical textbooks, e.g. the internal structure of the heart 

[21]. The original model does not include the hypothalamus, which is crucial for the 

thermal modeling (see chapter 2.1) so it was included on the basis of information 

from anatomical textbooks. 

The standing male was normalized to a weight of 73 kg and a height of 176 cm, 

which corresponds to the dimensions of the ‘reference man’ defined by the ICRP 

[59]. This is where the model got its name ‘normalized man’ = NORMAN.  

The model was segmented with a resolution of 2 mm. 
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Figure 2-9: The model NORMAN with 
a resolution of 2x2x2 mm. 

2.5.2. FEMONUM 

Lazar et al. have implemented a method to generate pregnant models at different 

stages of pregnancy (from the 9th. to the 35th. week of gestation) and with the fetus in 

varying positions. The models are based on ultrasound images (US) for the first tri-

mester and on MRI for the second and third trimesters [58]. Only the uterofetal unit 

(UFU) is differentiated, whereas the rest of the model is homogeneous. Up to 11 tis-

sues were differentiated in the UFU, including lung, heart, brain, stomach, CSF and 

the eyes amongst others (see Table 2-3). The hypothalamus, which is crucial for the 

thermal modeling (see chapter 2.1), was inserted on the basis of anatomical text-

books. 
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US2 US4 MRI1 MRI2 MRI3 

     

 

MRI4 MRI5 MRI6 MRI7 MRI8 

     

 

MRI9 MRI10 MRI11 MRI12  

    

 

Figure 2-10: The pregnant human model FEMONUM in different stages of pregnancy and different 
positions of the UFU. 

The two US models were the first pregnant models in the first trimester [58]. The 

twelve MRI models cover the most likely positions of the fetus [60] and the position of 

the placenta was also adjusted [61]. One of the models features a UFU with twins. 

The models were validated by clinical experts. Each model was segmented with a 

resolution of 2 mm. The format of the models provided was incompatible with the 

software used and had to be adapted with self-written Matlab® routines. 
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Table 2-1 shows the main characteristics of the pregnant models, a more detailed 

overview is included in the Appendix (see A.2). 

 

Model 
Stage of Pregnancy 

(week) 

Weight  of Mother 

(kg) 

Weight of Fetus 

(g) 
No. of tissues 

US2 9 52.88 3 6 

US4 13 52.91 38 6 

MRI1 26 54.80 1036 13 

MRI2 30 54.93 1879 13 

MRI3 30 54.67 1849 13 

MRI4 30 53.64 926 13 

MRI5 32 59.37 2032 13 

MRI6 32 54.99 1873 13 

MRI7 32 55.01 1188 11 

MRI8 32 54.72 1509 13 

MRI9 33 54.43 1144 13 

MRI10 33 55.59 2234 13 

MRI11 34.5 55.68 2746 13 

MRI12 

 

34.5 

 

58.79 

 

1540
Twin1

 

1899
Twin2

 

22 

 

Table 2-1: Characteristics of the 14 FEMONUM models sorted according the stage of pregnancy. 
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2.5.3. Child Models 

The child models are provided by the IT’IS Foundation (Switzerland) [62]. The mod-

els are part of the ‘Virtual Population’ and are differentiated into up to 76 tissues. 

Three female and three male models were used for the simulations (see Figure 

2-11). 

Roberta

 

Thelonious

 

Eartha

 

Dizzie

 

Bilie

 

Louis

 

Figure 2-11: Children models featuring three female and three male models 

The size and weight of the anatomically correct models is based on German aver-

aged values and gathered from high resolution MRI scans. The tissues were differen-

tiated semi-automatically, with the help of biologists and physicians [62]. The original 

data were provided in unstructured triangulated surfaces and were transformed with 

self-written Matlab® routines to the corresponding voxel model with a resolution of 2 

mm. The main characteristics of the models are listed in Table 2-1. A more detailed 

overview is included in the Appendix (see A.2). 
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Name Sex 
Age 

(years) 

Height 

(cm) 

Weight 

(kg) 

BMI 

(kg/m²) 

No. of tis-

sues 

Louis male 14 165 49,9 18,3 69 

Billie female 11 146 35,6 16,7 75 

Dizzie male 8 140 26,2 13,4 66 

Eartha female 8 135 30,3 16,6 75 

Thelonious male 6 117 19,5 14,2 76 

Roberta female 5 109 16 13,5 66 

Table 2-2: Main characteristics of the child models, sorted according to their age. 

2.6. Physical Properties of Human Tissue 

2.6.1. Electrical Properties 

The electrical properties of biological tissues have been measured in a number of 

studies over the last decades [63] [64]. This has led to a number of varying values, 

which, consequently, has added a large degree of uncertainty to the field of numeri-

cal dosimetry. The main reason for the differences between the studies could be the 

non-standardized measurement setup. Sometimes neither the origin (living or dead 

organisms) nor the preparation of the specimen is reported in the literature.  

Gabriel et al. tried to overcome this problem in a series of publications. First they 

published a review of the existing literature [65] and followed this with their own 

measurements, with a clearly defined setup, for the missing tissues [66]. A paramet-

ric model was derived on the basis of this data to compute the electrical properties of 

human tissues for frequencies from 10 MHz to 100 GHz [67]. Nevertheless, the un-

certainty remains quite high, ranging from ±5% up to ±15% [65]. The Institute of Ap-

plied Science of the University of Florence operates a homepage where the values 

for the electrical conductivity as well as for the permittivity can be downloaded, based 

on the parametric model1. 

To reduce the number of error sources a spreadsheet (Microsoft Excel 2010®) in-

cluding some VBA macros was implemented. The spreadsheet loads the data for a 

specific frequency from the homepage. After linking the tissue values to the various 

models a simple, CST compatible, frequency and model specific tissue file is saved. 

                                            
1
 http://niremf.ifac.cnr.it/tissprop/ 

http://niremf.ifac.cnr.it/tissprop/
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The dielectric properties of the tissues change with age. This fact is mainly attributed 

to the declining water content, which primarily defines the dielectric properties, with 

age [66]. Measurements and simulations have been performed that account for this 

age dependency. These studies show that the SAR does not change systematically 

in children at different ages [68] [69]. Wang et al. [70] argue that the effect of the 

higher conductivity might be compensated by the decreased penetration depth of the 

electrical field due to the increased permittivity and therefore it seems justified to ig-

nore age dependency in the children older than five years. 

 

However, the values for the fetal tissue were adjusted for their significantly higher 

water content. Foster et al. introduced a model describing the electrical properties 

based on the water content of the tissue from 10 MHz to 100GHz [71]. 
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The units of the values have to be considered to obtain correct results. ’ is the rela-

tive permittivity,  the conductivity in mS/cm and f the frequency in GHz. The extrap-

olated microwave permittivity m and the conductivity at 100 MHz 0.1 are a function 

of the water content of the tissue and were gathered from the literature [71]. The wa-

ter content of the fetus changes considerably during pregnancy and therefore the 

previously defined equations and parameters had to be adapted for each pregnant 

model. The water content of the fetal brain has to be further adjusted, since up to 15 

% of it is in a bound state [71] [34]. The model described was applied to the fetus, 

based on data from [48] and to the fetal brain based on data from [71]. 

Table 2-3 gives an overview of the fetal tissues and the sources used for the electri-

cal properties. 
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Tissue Source 

Amniotic Fluid CSF, Gabriel et al. [66] [67], Hand et al. [34] 
Bladder Body fluid, Gabriel et al. [66] [67] 
Brain see text 
CSF CSF, Gabriel et al. [66] [67] 
Eyes Eyes, Gabriel et al. [66] [67] 
Fetus see text 
Heart Heart, Gabriel et al. [66] [67] 
Lungs Lungs deflated, Gabriel et al. [66] [67], Hand et al. [34] 
Placenta Muscle, Gabriel et al. [66] [67], Hand et al. [34] 
Stomach Body fluid, Gabriel et al. [66] [67] 
Umbilical Cord Muscle, Gabriel et al. [66] [67], Hand et al. [34] 
Uterus/ Placenta Uterus and Muscle, Gabriel et al. [66] [67], Hand et al. [34] 

Table 2-3: Differentiated fetal tissues linked to the sources of the used electrical 
properties. 

2.6.2. Thermal Properties 

In order to compute the temperature inside the human models with the developed 

thermal model the following parameters have to be known: 

 the metabolic rate A (W/m3) 

 the blood flow coefficient B (W/Km3) 

 the heat capacity C (kJ/(kgK)) and 

 the heat conductivity K (W/(mK)) 

Unlike for the electrical properties, where Gabriel et al. [72] basically defined a stand-

ard, no such standard is available or accepted for the thermal parameters. Therefore, 

a number of sources from the literature had to be used to gather data for all tissues, 

including the fetal tissue. A detailed overview for all models used including the tis-

sues, values for all four thermal parameters and the literature source used is included 

in the Appendix (see A.3). 

No values could be found in the literature for some of the fetal tissues (heart, lungs, 

stomach and CSF) and so the same values as for the adults were taken. The basal 

metabolic rate can be computed on the basis of the defined values for all fetal tissues 

and the mother (see Table 6-1). A good agreement with measurements could be 

demonstrated for all models at different gestational stages [73]. 

The thermal properties for the child models were derived from the adult values.  

The values for the tissue-specific metabolic rates were scaled such as to fit with the 

basal metabolic rate (see A.3). The same scaling factor was used for the blood flow 

coefficient [74]. The specific heat capacity and heat conductivity is assumed to be the 

same as in adults [75]. 
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3. Uncertainty Budgets of Numerical 
Dosimetry 

The numerical dosimetry is affected by a number of uncertainties, caused by the dis-

cretization of a real world problem and the numerical simulation itself. It is important 

to be aware of these uncertainties to avoid common pitfalls (e.g. too coarse mesh, 

inadequate boundary conditions) and to get reliable results. 

3.1. Disagreement between Simulation Model and 

Reality 

Resolution and degree of detail of the human models 

The resolution of the human voxel dataset should be as high as possible to repro-

duce the anatomical structure and envelope of the organs with a high degree of de-

tail. In this work all models have been discretized with a resolution of 2mm. A detailed 

voxel model also reduces the well-known staircase effect, caused by the coarse sur-

face of voxel models [78]. Samaras et al. [79] pointed out that this effect may com-

promise the thermal results.  

The heat exchange between the human body and the ambient is a function of the 

outer surface (see chapter 2.1) but the surface of a voxel model is larger than the 

surface of the actual human. 
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Figure 3-1: Small detail of a voxel model, 
showing the difference between the discre-
tized surface and the actual body surface 

Consequently, the energy outflow from a warm body would be overestimated and this 

would result in an underestimation of the temperature elevation caused by RF-EMF 

energy absorption. 

Furthermore, it has to be considered that the large anatomical variability of humans 

may restrict the results gathered with a single model. Nevertheless, the use of a 

number of models, varying in age, size and height, allows for a minimizing of this un-

certainty [78]. 

Electromagnetic source 

In most cases an exact reproduction of the electromagnetic source is impossible. 

Such an accurate copy of the real world source would add too much detail and lead 

to a disproportionally long simulation time so reasonable simplifications might be in-

evitable [76]. The power generator feeding the medical diathermy applicator, for ex-

ample, can be replaced with a simple numerical electric source, provided that the 

exposure itself is not compromised. Nevertheless, the validity of these simplifications 

must be demonstrated. This can be achieved by comparing the electromagnetic 

fields to the theoretically expected fields and, preferably, to real world measurements. 

A sufficient conformity could be demonstrated for all electromagnetic sources used in 

this work. The deviation from homogeneous electromagnetic fields was less than 

0.5% for the plane wave exposure [77]. 

Similarly, a good adaptation of the MRI coil could be demonstrated (see chapter 0). 

The magnetic field inside the coils is homogeneous. Furthermore, the deviation from 
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the resonance frequency for none of the used coils is larger than 1%, which is in 

good agreement with the results of a previous study [76]. 

The agreement for the simulated medical diathermy applicator and real world field 

measurements achieved was better than 5% [77]. 

Physical properties of tissue 

The uncertainty regarding the electrical properties is in the range of 10-15% [66] and 

up to 10% for the thermal properties [64]. The uncertainty is mainly caused by the 

measurement itself [66], the transferability of values based on animal tissue and ex 

vivo measurements. 

Some recent models (e.g. the child models) are differentiated in up to 80 different 

tissues. Physical properties are not available for all of these tissues and therefore the 

same values may be assigned, based on reasonable assumptions, to different tis-

sues (e.g. brain white matter = commissura anterior/ posterior). 

3.2. Inaccuracy of the Numerical Simulation 

Boundary conditions  

The truncation of the computation domain is inevitable so suitable boundary condi-

tions have to be chosen. Throughout this work open boundaries, producing no reflec-

tions, are used for the electromagnetic simulations. For the thermal simulations iso-

thermal boundaries were chosen. 

Several studies have investigated this uncertainty in the past. Finlay et al. [80] re-

ported a variation of 1% of the SARWB based on the chosen boundary conditions. 

Discretization error  

The sampling of the electromagnetic field has to be sufficient in order to get reliable 

results so it is preferable that a high mesh is used. As a consequence the staircase 

effect, caused by the mesh adaptation of curved elements, is also reduced. 
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With regard to the voxel models, a mesh resolution of at least 2 mm, matching the 

voxel size, was used whenever possible. 

Computation method  

The dominant factors defining the uncertainty of the FIT are the accuracy settings for 

the solvers and they therefore have to be chosen carefully to ensure an uncertainty 

of a maximum of 5 % [51]. Hence, the remaining energy in the system had to decline 

fall below -30dB for the electromagnetic simulations. An accuracy of 10-12 has been 

chosen for the thermal steady state simulations. The transient thermal solver is 

based on an adaptive time integration method whose accuracy was set to 10-9. 
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4. Validation of the Numerical Methods 

In order to ensure the reliability of the numerical simulations, an extensive validation 

of the models used, discretization methods and solvers is needed. This includes a 

validation of the electromagnetic simulations, the thermal simulations carried out with 

the ordinary BHT-equation and a validation of the additionally implemented ther-

moregulatory mechanism. 

4.1. Validation of the Finite Integration Technique 

The standard EN 62311:2007, “Assessment of electronic and electrical equipment 

related to human exposure restrictions for electromagnetic fields (0 Hz - 300GHz)”, 

defines a method to validate the computed electromagnetic field distribution. An ex-

tremely simplified homogenous human model is used for this purpose. 

The model is a cube with an edge length of 0.4 x 0.4 x 1.8 m and an electrical con-

ductivity of 0.1 S/m. The magnetic field source is a quadratic current path (50 mm 

edge length), driven by 1 A at 50 Hz. The distance between coil and cube has to be 

10 mm. 
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Figure 4-1: Extremely simplified human model for 
the validation of the FIT. All dimensions are given in 
millimeters. The cross section in the middle of the 
model shows the induced current density distribution 
at the height of the maximum. 

The induced current density must be in the range of 6.28 A/m² ±10 % [81]. 

The maximal current density obtained of 6.1 A/m², is well within the allowed range 

and deviates only by 2.8%, demonstrating the validity of the FIT with regard to this 

standard. 

4.2. Validation of the Bioheat Transfer Equation 

The validation of the BHT equation is based on a simplified model first used by Christ 

et al. [82]. They used a one-dimensional model of the rear abdominal region to inves-

tigate the impact of layered tissues exposed to plane waves. This model was further 
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used by Samaras et al. [79] to compute the temperature elevation caused by RF-

EMF energy. Both studies were performed with the FDTD method. 

To minimize the impact of the model parameters, special care was taken to repro-

duce the described exposure scenario. The one-dimensionality of the model was tak-

en into account by an adequate selection of the thermal and electromagnetic bound-

ary conditions (see Figure 4-2). The adiabatic boundaries prevent a heat loss through 

this face. Furthermore, the truncation of the kidney was implemented by assuming a 

constant temperature of 37°C at this boundary. 

 

 

 
 boundary conditions 

 electromagnetic thermal 

xmin open open 

xmax Ht = 0 Tconst = 37°C 

ymin Ht = 0 adiabatic 

ymax Ht = 0 adiabatic 

zmin Ht = 0 adiabatic 

zmax Ht = 0 adiabatic 
 

Figure 4-2: Simplified model of the rear abdominal region and boundary conditions used to reproduce 
the original model. 

Table 4-1 summarizes the electrical [82] and thermal properties used [79]. A vertically 

polarized electromagnetic plane wave at 2450 MHz was used. The background tem-

perature was set at 22°C in combination with a heat transfer coefficient on the skin/ 

air interface of 7 W/(m2°C). The blood temperature was set at 37°C. 

 
thickness 

(mm) 
r 


(S/m) 


(kg/m3) 

c 
(W/(Km)) 

K 
(kJ/(Kkg)) 

B 
(W/(Km

3
)) 

A 
(W/m

3
) 

Skin 0.4 38 1.46 1100 0.35 3.437 7170 1620 

Fat 7.8 10.8 0.27 916 0.25 2.524 1671 300 

Muscle 13.4 52.7 1.74 1041 0.53 3.546 1969 480 

Bone 4.8 11.4 0.39 1990 0.4 1.289 2936 610 

Kidney 30.6 52.7 2.43 1042 0.52 3.745 270000 48000 

Table 4-1: Thickness of the tissue layer together with the electrical and thermal tissue properties. 
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First, the absorbed energy in the model was computed. The results were scaled to a 

SAR10g of 2W/kg. The results agree very well (see Figure 4-3 upper part), although 

they were carried out with different computational methods. The overall divergence is 

about 4% percent. 

 

The same compliance could be shown for the steady state temperature (see Figure 

4-3 lower part) with no RF-EMF energy applied. Finally, the temperature elevation 

caused by the RF-EMF energy was computed. Again, an almost perfect match be-

tween the results is demonstrated. 

These results demonstrate the validity of the BHT equation. 

 

Figure 4-3: Specific absorption rate in the simplified rear abdominal area (upper 
chart) and the steady state temperature together with the RF-EMF energy induced 
temperature elevation (lower chart). 
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4.3. Validation of the Thermoregulation Model  

The validity of the thermoregulatory model developed is demonstrated by comparing 

the simulation data with experimental data. Only a few studies have been conducted 

where humans have been exposed to RF-EMF fields and the resulting temperature 

elevation monitored.  

Adair et al. [83] investigated the thermo-physiological response on seven volunteers 

during a controlled whole-body exposure at 450 MHz. The sitting subjects were 

placed in the far field of a dipole antenna. The vertically polarized electromagnetic 

field propagates from anterior to posterior with an electrical field strength of 300 V/m. 

The temperature in the test chamber was kept constant at 31°C. The test person was 

first acclimatized for 30 minutes with the antenna switched off and then the subject 

was exposed for 45 min. During the exposure the temperature was measured contin-

uously in six places. The temperature probes were placed on the anterior right thigh, 

left upper chest, left forearm, left upper back, central lower back and central fore-

head, However, only four of them were reported in the study results, the values for 

the anterior right thigh and the left forearm being excluded [85]. A mean skin temper-

ature was derived from these temperature measurements. The body core tempera-

ture was recorded with a probe in the esophagus, at the level of the left atrium. 

The NORMAN model was chosen for the simulations. Its height of 176 cm and weight 

of 73 kg are in good agreement with the average height (177 cm) and the average 

weight (76.3 kg) of the male subjects examined. It is well known that the posture of 

the model strongly affects the energy absorption [84] and, consequently, the temper-

ature elevation in the body. The NORMAN model therefore had to be manipulated in 

Matlab© (see Figure 4-4) to reproduce the posture used in the study. 
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Figure 4-4: Various views of the NORMAN model in a sitting posture. The red dots highlight the posi-
tions of the temperature probes. 

First, the energy absorption based on the described exposure setup was computed. 

The computed SARWB is 1.29 W/kg, exceeding the basic restrictions for occupational 

exposure by more than a factor of three. 

 

Figure 4-5: SAR on the surface of the sitting model, 
exposed to a vertical polarized plane wave.  
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Local maxima are located at the ankle, elbow joint, lower back and neck (see Figure 

4-5). 

Table 4-2 lists the thermal parameters used to establish a steady state temperature 

distribution at an ambient temperature of 31°C. The values for the internal and exter-

nal insensible water loss and the heat transfer coefficient were derived based on the 

defined ambient temperature and the underlying assumptions of the thermal model 

(see chapter 2.1).  

 

 

 

This set of parameters ensures that the heat produced by the metabolic rate and the 

heat lost through convection, radiation and insensible water loss is in equilibrium. 

Figure 4-6 shows the temperature distribution on the model surface at rest. 

 

 
Figure 4-6: Steady state temperature distribution 
on the body surface of the sitting model NOR-
MAN. 

 
Figure 4-7: Temperature elevation on the body 
surface of the sitting model Norman, after an RF-
EMF exposure of 45 min. 

Thermal simulation parameters 

MR (W) 114.6 

Pint (W) 9.05 

Pext (W) 21.11 

Hint (W/(m²K)) 10.29 

Hext (W/(m²K)) 77.03 

BV (ml) 5253 

Table 4-2: Thermal parameters used to establish a steady state temperature distribution in the sitting 

NORMAN model for an ambient temperature of 31°C. The basal metabolic rate (MR), the insensible 

water loss in the lungs (Pint) and on the skin (Pext), the heat transfer coefficient in the lungs (Hint) and 

on the skin (Hext) and the blood volume (BV) needed for the computation of the blood temperature. 
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The temperature is highest in the thorax and in the head. The higher temperature in 

the head is attributed to the higher metabolic rate of the brain. In the extremities the 

temperature is lower, in particular in the body protrusions such as fingers and toes, 

including the nose, ears and chin. Adair et al. [83] reported an average skin tempera-

ture of 34.65°C (±0.65°C) and the developed thermal model calculates an average 

skin temperature of 34.63°C for the described exposure scenario after 45 min. Figure 

4-7 illustrates the temperature distribution on the model surface after an RF-EMF ex-

posure of 45 min. 

A direct validation of the SAR computation results is not possible because Adair et al. 

[83] did not report any SAR measurement values. Figure 4-5 and Figure 4-7, howev-

er show a good agreement of the SAR distribution and the temperature elevation on 

the body surface. 

 

 

Figure 4-8: Temperature elevation in the esophagus at the level 
of the left atrium. 

Adair et al [83] reported a mean steady state temperature of 36.85°C for the tem-

perature measurement in the esophagus and a temperature elevation of 0.1°C during 

the exposure. 

The model computes a steady state temperature in the esophagus of 36.84 °C (see 

Figure 4-8 for t=0) and an elevation of 0.12°C after 45 min. The thermoregulatory 

mechanisms try to keep the esophageal temperature, which is known to be a good 

estimation of the body core temperature, within a narrow range even in the presence 

of local hot spots, as revealed by the RF-EMF exposure. 
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Finally, Table 4-3 compares the measured group mean changes reported by Adair 

[83] with the simulation results obtained with the thermoregulation model implement-

ed. 

 

Positions 
measured value 

T(°C) 

simulated results 

T(°C) 

deviation  

(%) 

forehead 0.11 0.09 -18.2 

left upper chest -0.15 -0.12 -20.0 

left upper back 0.62 (±0.25) 0.65 +4.8 

central lower back 0.73 (±0.21) 0.59 -19.2 

mean skin  0.23((±0.08) 0.25 +6.4 

Table 4-3: Comparison of the measured group mean temperature elevation and the temperature ele-
vation in the sitting model NORMAN. 

A reduction in temperature for the left upper chest was noticed in the study. A similar 

pattern was found with the thermoregulation model. This fall in temperature is caused 

by sweating appearing all over the body and cooling down the skin, even in regions 

not directly exposed to the electromagnetic field (see Figure 4-5). 

The simulation results for the left upper back, the central lower back and the mean 

skin temperature are within the reported standard deviations for the measured val-

ues. No standard deviation was reported for the forehead and the left upper chest. 

However, the deviation is at most 20%, due to the factors described in the previous 

chapter.  

The simulation results discussed previously demonstrate the usefulness of the devel-

oped thermal model. The thermoregulatory model is able to accurately simulate the 

temperature elevation in high resolution anatomical models when exposed to RF- 

EMF. 
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5. RF-EMF induced Temperature Ele-
vation in Children 

5.1. Exposure Scenario 

Recent publications using improved numerical anatomical models showed that the 

ICNIRP reference levels may not be conservative enough to adequately protect chil-

dren [85] [86] [87] [88]. Only a few studies have been performed which computed 

EMF-induced temperature elevations in children [75] [89]. However, they suffered 

from using less realistic (downscaled adult) models [75] and/or simplified thermal al-

gorithms which did not account for the effects of thermoregulatory mechanisms [89]. 

In this work, six high resolution real anatomical child models (see chapter  2.5.3) [62] 

have been used to compute the SAR induced by EMF exposure at reference levels to 

linearly polarized plane waves with the electric field vector aligned along the human 

body axis and propagating from anterior to posterior (Figure 5-1). The child models 

were isolated from the ground as this scenario was expected to lead to the highest 

SARWB values [20]. The investigated frequency range is from 10-1000 MHz. 

 

Figure 5-1: Linearly polarized plane wave with the electric field 
vector aligned along the human body axis, propagating from an-
terior to posterior. 
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The thermal parameters in Table 5-1 have been derived on the basis of the underly-

ing assumptions of the thermal model (see chapter 2.1) and an ambient temperature 

of 28°C. 

 

Name MR (W) Pint (W) Pext (W) 
Hext 

(W/(m²°C)) 

Hint 
(W/(m²°C)) S  (m²) BV (ml) 

Louis 111.45 8.80 20.52 5.32 45.87 2.13 3583 

Billie 83.35 6.58 15.35 5.41 38.92 1.65 2639 

Dizzie 86.26 6.81 15.89 7.37 52.94 1.38 2029 

Eartha 76.56 6.04 14.10 5.56 41.47 1.45 2341 

Thelonius 80.44 6.35 14.82 8.69 56.66 1.09 1556 

Roberta 67.84 5.36 12.50 7.99 47.93 1.00 1411 

Table 5-1: Thermal properties of the child models, including the basal metabolic rate (MR), 
the insensible water loss in the lungs (Pint) and on the skin (Pext), the heat transfer coefficient 
in the lungs (Hint) and on the skin (Hext), the body surface (S) and the blood volume (BV). 

5.2. Results 

In the investigated frequency range of 10-1000 MHz the SARWB exhibits different 

peaks for each model. These peak values are due to the whole body resonance 

which, amongst others, is a function of the size and orientation of the model relative 

to the field vector [20]. Figure 5-2 shows the SARWB as a function of frequency. The 

corresponding maximum SARWB and resonance frequencies are listed in Table 5-2. 

Beyond the resonance frequency the SARWB declines and then increases again as a 

result of higher exposure due to increasing reference levels above 400MHz. 
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Figure 5-2: Whole body SAR of different child models in the frequency range 10-
1000 MHz exposed at the ICNIRP reference levels. 

The intracorporeal SAR distribution exhibits local maxima in the neck, knee and ankle 

(Figure 5-3). 

      

 

Louis Billie 
 

Dizzie 
 

Eartha 
 

Thelonious 
 

Roberta  

Figure 5-3: SAR distribution at the body surface due to RF-EMF exposure at ICNIRP reference levels 
at the model-specific resonance frequencies. 
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In contrast to ICNIRP’s initial assumption, exposure at the reference levels resulted in 

an excess of ICNIRP basic restrictions in children smaller than 1.65 m. The over-

exposure ranges from 4.3% (Eartha) to 22.7% (Dizzie). At the resonance frequencies 

the ratio between body height and the wavelength in air was 0.41±0.01. This is in 

good agreement with the findings of previous studies [85] [88] [90]. 

In contrast to SARWB, the local SAR averaged over 10g contiguous tissue did not ex-

ceed related basic restrictions in any of the child models. The maximum SAR10g of all 

models occurs either in the left or the right knee except for the Dizzie model (left an-

kle) (Table 5-2). 

 

Name 
SARWB,max 

(W/kg) 
fres 

(MHz) 
SAR10g,max 

(W/kg) 
TB  
(°C) 

TLOC  
(°C) 

Louis 0.080 70 2.19 1.32E-02 3.99E-01 

Billie 0.085 85 1.44 1.38E-02 2.02E-01 

Dizzie 0.098 90 1.96 1.37E-02 2.32E-01 

Eartha 0.083 90 1.55 1.38E-02 2.71E-01 

Thelonius 0.093 110 1.08 1.24E-02 1.46E-01 

Roberta 0.093 110 1.66 1.28E-02 2.17E-01 

Table 5-2 Calculated values at the ICNIRP reference levels for all models. Maxi-
mal whole body SAR (SARWB,max) at the resonance frequency , maximal local 
SAR averaged over 10g contiguous tissue (SAR10g,max), blood temperature eleva-

tion (TB) and maximal local temp (TLOC). 

Figure 5-4 shows the temperature distribution at the body surface at the thermal 

steady state for the model Roberta. The temperature is highest at the thorax and in 

the head. The higher temperature in the head is attributed to the higher metabolic 

rate of the brain. The temperature is lower in the extremities, in particular in the body 

protrusions such as fingers and toes, including the nose, ears and chin. This is in 

good agreement with measurements [3]. 
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Figure 5-4: Steady state temperature 
distribution at the body surface of the 
model Roberta. 

 

The temperature increase in child models exposed to RF-EMF at ICNIRP reference 

levels were computed for an exposure time of 30 min. During exposure the blood 

temperature elevation (which is equivalent to the core temperature elevation [27] 

[14]) is small (Table 5-2). The maximum temperature elevation is much higher and 

similar to the SAR10g located in the left or right knee on the surface of the models. 

The average distance between the maximum SAR10g and maximum temperature ele-

vation was found to be 19 mm. Figure 5-5 shows the temperature elevation at the 

body surface after 30 min exposure at ICNIRP reference levels. Comparison of Fig-

ure 5-3 and Figure 5-5 demonstrates that SAR and temperature distributions are 

similar. Differences at body parts such as the head and chest can be explained by 

cooling due to sweating [27] [83]. A good agreement between SAR and temperature 

increase can be observed at layer-averaged values along the body axis as demon-

strated at the model Dizzie (see Figure 5-6). The appreciable temperature elevation 

in body parts with low SAR, such as the head, is caused by heated blood. 
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°C 
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Figure 5-5: Temperature increase at the body surface after 30 min exposure at ICNIRP EMF refer-
ence levels at model-specific resonance frequencies. 

The results of thermal modeling allowed the determination of RF-EMF exposures as-

sociated with a local or a whole body temperature increase of 1°C. The results show 

that this would require a SARWB of at least 5.78 W/kg (Louis) related to body core 

temperature and a SAR10g of at least 5.5 W/kg (Louis) related to local temperature, 

respectively. 

 

Figure 5-6: Average SAR, and temperature elevation along the body axis in the model Dizzie after 30 
min exposure at ICNIRP reference levels. Moreover, the SAR and the temperature elevation inside the 
body are shown on a sagittal cross section. 
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5.3. Discussion 

The numerical child models used are well accepted in the scientific community and 

are already used for health risk assessment of EMF exposures [87] [90] [89]. Recent 

publications including measurements and numerical simulations have investigated 

the age dependency of dielectric properties [87] [69]. These studies show that the 

SAR does no change systematically and only a small influence has been observed 

for children at different ages. Wang et al. [70] argue that the effect of the higher tis-

sue conductivity might be compensated by the decreased EMF penetration depth 

due to the increased permittivity. It therefore seems justifiable to ignore age depend-

ency, in children older than five years. 

It could be shown that the SARWB basic restrictions may be exceeded in true anatom-

ical child models exposed at ICNIRP reference levels. The basic restrictions were 

exceeded by up to 22.7%. The obtained values for the SARWB are in good agreement 

with previously published data, including scaled adult and anatomically correct child 

models [91] [85].  

In contrast to this, no excess of the SAR10g basic restrictions could be found. The 

maximum value of 2.2 W/kg was found in the leg of the Louis model and is well below 

the basic restriction (4 W/kg) for the extremities. The values are considerably higher 

than those reported by Bakker et al. [90]. However, they averaged SAR10g over a cu-

be as required by IEEE [56] which is up to 2.5fold less conservative than the contigu-

ous tissue averaging [57] and explains the difference from published values. 

Even when basic restrictions were exceeded, only marginal body core temperature 

variations were found. This is attributed to the consideration of thermoregulation 

which keeps the body core temperature close to 37°C. The factor to adverse body 

core temperature elevation (above 1°C) was 72.3 (Billie, Eartha). This finding was 

confirmed by thermal simulations at higher SARWB. In the child models the  SARWB 

required to induce body core temperature elevations of 1°C is at least 44.5% higher 

than the initially assumed 4 W/kg [92] [26]. 

At reference level exposures, the temperature elevations at local hot spots are con-

siderable higher. Depending on the model they vary between 0.15 and 0.4 °C This 

fits very well with the range of 0.2-0.7 °C reported in the literature [27] [14] [75]. How-

ever, this is considerably smaller than values reported elsewhere [89] where temper-
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ature increases as high as 1°C were reported without, however, accounting for ther-

moregulatory mechanisms. 

The factor of 73.2 related to a core temperature increase of 1°C is reduced to 2.5 

(Louis) when related to a local temperature elevation of 1°C. This finding was also 

verified by thermal simulation at higher absorption rates. It could be shown that the 

basic restriction for the localized SAR is conservative enough to prevent thermal hot 

spots exceeding 1°C. A violation of the limit for the SAR10g of at least 37.5% is need-

ed to produce such a hot spot. 

5.4. Conclusion 

It could be confirmed that ICNIRP’s basic restrictions regarding SARWB may be ex-

ceeded if children are exposed to RF-EMF at reference levels while SAR10g basic 

restrictions are met. However, it could also be demonstrated that neglecting ther-

moregulation was conservative enough to prevent dangerous tissue heating. By im-

proved thermal modeling and studying children of different ages and sizes it could be 

demonstrated that, even in cases were basic restrictions were exceeded, tempera-

ture elevations remained below adverse levels. 

Nevertheless, there is still a lack of information regarding thermoregulation in chil-

dren. Further research, including measurements, is needed to improve thermoregula-

tory modeling further.  
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6. RF-EMF induced Temperature Ele-
vation in Fetuses  

6.1. Exposure Scenario 

The World Health Organization (WHO) highlighted the importance of EMF dosimetry 

in embryos in 2006 [93] and reinforced the scientific importance of such studies in 

2010 [94]. In its latest review, the ICNIRP concluded that there is a great need for 

temperature simulations for pregnant women to further asses the risk of RF-EMF ex-

posure of the fetus [15]. 

To date, the ICNIRP has not regulated the exposure of the fetus, mainly because the 

RF-EMF energy induced temperature elevation could not be linked to a specific ab-

sorption rate in the fetus [95]. 

In 2004, the ICNIRP published a statement with regard to MRI [96]. According to this 

publication no adverse health effects occur in the fetus for temperature elevations 

that do not exceed 0.5°C and if the core temperature of the fetus is kept below 38°C. 

In general, the body core temperature of the fetus is about 0.5°C higher than the core 

temperature of the mother because of the high level of metabolism in the fetus. Fur-

thermore, the heat exchange from the fetus is limited by the placental barrier and this 

may further increase the health risk for the fetus [96].  

In the past, several studies have been performed to estimate the risk during MRI. Wu 

et al. [97] used nine pregnant models, one for each month of pregnancy, to compute 

the temperature elevation at 64 and 128 MHz. Only the ordinary BHT equation was 

used for the thermal simulations. They concluded that the temperature elevation is 

generally higher during the later stages of pregnancy. Hand et al. [34] performed a 

similar study, using one pregnant model in the 26th.-week of gestation and the ordi-

nary BHT equation. 

Kikuchi et al. [98] pointed out that the variation of the blood temperature is of crucial 

importance, since the fetus is located deep inside the body and strongly affected by 

this effect. Consequently, they considered thermoregulatory mechanisms in their 
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temperature simulations but only one pregnant model in the 26th week of gestation 

was used for the simulations. 

Several other studies have investigated the SAR over a large frequency range. Kawai 

et al. [95] found no violation of the ICNIRP basic restrictions in two embryos exposed 

at the ICNIRP reference level. In another study Dimbylow et al. [99] used three preg-

nant models (13th-38th weeks gestation). They showed that the ICNIRP basic re-

striction of 2W/kg for the SAR10g is very conservative with regard to the protection of 

the fetus. Nagaoka et al. [100] showed that the SARWB in a pregnant woman in the 

26th week of gestation is almost the same as in a non-pregnant woman. Moreover, 

they were able to demonstrate that the SARWB in the fetus is generally much lower 

than the SARWB of the mother. 

However, none of these studies has computed the RF-EMF energy induced tempera-

ture elevation. In general, there a fewer studies investigating the exposure in the ear-

ly stages of pregnancy than in the second and/or third trimester of pregnancy. 

In this work, 14 pregnant models covering the 9th-34.5th weeks of pregnancy (see 

chapter 2.5.2) were exposed to a linearly polarized plane wave at the ICNIRP refer-

ence level, propagating from anterior to posterior under isolated conditions. 

 

Figure 6-1: Linearly polarized plane wave with the electric field vector aligned along 
the human body axis, propagating from anterior to posterior. 
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The frequency range of 10-1000 MHz was chosen to cover the whole-body reso-

nance where the SARWB is known to be at its maximum. Furthermore, the SAR10g,max 

was computed for each fetus and for the whole frequency range. 

Thermal simulations were performed for each model at the resonance frequency. The 

thermal parameters in Table 6-1 have been derived on the basis of the underlying 

assumptions of the thermal model (see chapter 2.1) and an ambient temperature of 

28 °C. 

 

 
MR (W) P (W) H (W/m²°C) S (m²) BV (ml) 

US 2 80.34 31.40 2.88 2.13 3702 

US4 84.14 32.88 3.01 2.13 3703 

MRI 1 97.40 38.07 3.43 2.16 3836 

MRI 2 97.86 38.25 3.44 2.17 3845 

MRI 3 96.32 37.65 3.38 2.17 3827 

MRI 4 88.40 34.55 3.13 2.15 3755 

MRI 5 110.00 42.99 3.72 2.25 4155. 

MRI 6 95.35 37.26 3.35 2.17 3849 

MRI 7 93.51 36.55 3.28 2.17 3850 

MRI 8 100.31 39.20 3.53 2.17 3830.48 

MRI 9 96.53 37.73 3.40 2.16 3810.26 

MRI 10 105.08 41.07 3.68 2.18 3891.56 

MRI 11 109.44 42.77 3.82 2.18 3897.60 

MRI 12 114.42 44.72 3.92 2.23 4115.75 

Table 6-1: Thermal properties of the FEMONUM models, including the basal 
metabolic rate (MR), the insensible water loss (P), the heat transfer coeffi-
cient (H), the body surface (S) and the blood volume (BV). 
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6.2. Results 

Figure 6-2 illustrates the SARWB of the mother for all 14 pregnant models as a func-

tion of the frequency. The maximum SARWB occurs in all models at 75 MHz and the 

corresponding values are listed in Table 6-2. 

 

Figure 6-2: Whole body SAR in the mother for pregnant models in the frequency range 
10-1000 MHz exposed at the ICNIRP reference levels. 

  

The difference of the SARWB in the mother between all models is at most 15%, with 

an average of 10.8%. The SARWB in the fetus varies quite remarkably between the 

different models (see Figure 6-3). The frequency leading to the highest SARWB in the 

fetus is the same as in the mother, except for the model US 2. An increase of the 

SARWB in the corresponding fetus was observed as the frequency increased. This is 

caused by the lower penetration depth of the EMF in this frequency range and the 

fact that the fetus is located closer to the surface in early pregnancy. Consequently, 

the frequency range was increased to 3GHz, revealing a maximum at 1.2GHz. The 

values for all maxima are listed in Table 6-2. 
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Figure 6-3: Whole body SAR in the fetus for pregnant models in the frequency 
range 10-1000 MHz exposed at the ICNIRP reference levels. 

A similar diversity was revealed for the SAR10g. Figure 6-4 shows the SAR10g for the 

whole frequency range and all models. 

 

 

Figure 6-4: Localized SAR averaged over 10 g contiguous tissue in the fetus 
for all pregnant models in the frequency range 10-1000 MHz exposed at the 
ICNIRP reference levels. 

 

ICNIRP basic restrictions 
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The SAR10g peaks in the frequency range of 70-80 MHz for all models except the US 

2 model. The masses of the US 2 fetus (2.8 g) and the US 4 fetus (3.8 g) are less 

than 10g, therefore the SARWB equals the SAR10g. Table 6-2 lists the maximal SAR10g 

and the frequency where the maximum occurs. The maximum SAR10g is located in 

the CSF for all models, except the US 2 and US 4 model with no differentiation of the 

fetus. 

The penetration depth of the EMF is inversely proportional to the frequency. There-

fore the location of SAR10g might change with frequency. An example of this effect is 

shown for the model MRI 4 (see Figure 6-5). The maximum is located in the CSF for 

frequencies up to 200 MHz, then in the fetal body up to 600 MHz and finally in the 

brain at even higher frequencies. 

 

Figure 6-5: Localized SAR averaged over 10 g contiguous tissue in the fetus for the model MRI 4 and 
the associated tissue where the maximum occurs. 

  

  

ICNIRP basic restrictions 
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fres,WB Mother 

(MHz) 
SARWB Mother,max 

(W/kg) 
fres,WB Fetus 

(MHz) 
SARWB Fetus,max 

(W/kg) 
fres,10g 

(MHz) 

SAR10g,max 
(W/kg) 

US2 75 0.073 1200 0.095 1200 0.095 

US4 75 0.073 75 0.063 75 0.063 

MRI1 75 0.072 75 0.053 75 0.111 

MRI2 75 0.072 75 0.053 80 0.150 

MRI3 75 0.072 75 0.056 75 0.109 

MRI4 75 0.074 75 0.071 80 0.147 

MRI5 75 0.067 75 0.031 75 0.082 

MRI6 75 0.072 75 0.053 75 0.123 

MRI7 75 0.072 75 0.045 80 0.106 

MRI8 75 0.072 75 0.057 70 0.113 

MRI9 75 0.073 75 0.057 75 0.140 

MRI10 75 0.071 75 0.045 75 0.108 

MRI11 75 0.071 75 0.047 75 0.134 

MRI12 75 0.068 75 0.027
TWIN1

 
0.029

TWIN2
 

75 0.067
TWIN1

 
0.0814

TWIN2
 

Table 6-2: Calculated SAR values at the ICNIRP reference levels for all pregnant models.  

On the basis of these results, it was possible to compute the electric field values re-

quired to exceed the ICNIRP basic restrictions in the fetus. As has been mentioned 

before, the ICNIRP does not provide regulations for the absorption in the fetus specif-

ically and, therefore the limits for the general public have been used. Figure 6-6 illus-

trates the electric field strength needed to produce a SARWB,Fetus of 0.08 W/kg and 

Figure 6-7 the electric field strength needed to produce a SAR10g,Fetus of 2 W/kg. 

 

Figure 6-6: The minimal electric field strength 
needed to produce the ICNIRP basic restriction of 
0.08 W/kg for the SARWB in the fetus. The ICNIRP 
reference levels are shown. 

 

Figure 6-7: The minimal electric field strength 
needed to produce the ICNIRP basic restriction of 
2 W/kg for the SAR10g in the fetus. The ICNIRP 
reference levels are also shown. 

Before the actual thermal simulations were performed the usefulness of the thermal 

parameters in Table 6-1 had to be proven. It could be shown that the parameters are 

suitable for the establishment of a steady thermal state in all models. Another finding 

in these simulations was that the computed core temperature in all fetuses is, on av-
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erage, 0.4°C higher than the core temperature of the mother. This is in good agree-

ment with the literature which reports a difference of up to 0.5°C [96]. 

The temperature elevation in the pregnant models exposed at the ICNIRP reference 

level were computed for 30 min, at all resonance frequencies of SARWB,Fetus . During 

the exposure the blood temperature elevation in the mother, which equals the body 

core temperature, was quite small (see Table 6-3) with an average temperature ele-

vation of 0.016 °C. Only the body core temperature elevation in the US 2 model was 

considerably smaller (0.008°C) due to the limited penetration depth of RF-EMF ener-

gy at 1.2GHz. 

Model 
TB,Mother 

(°C)
TAVG,Fetus 

(°C)
TMAX,Fetus 

(°C)

US2 0.008 0.012 0.014 

US4 0.017 0.022 0.028 

MRI1 0.017 0.021 0.030 

MRI2 0.017 0.021 0.028 

MRI3 0.017 0.021 0.028 

MRI4 0.017 0.023 0.038 

MRI5 0.016 0.017 0.023 

MRI6 0.017 0.021 0.028 

MRI7 0.016 0.020 0.024 

MRI8 0.017 0.021 0.027 

MRI9 0.017 0.021 0.028 

MRI10 0.017 0.019 0.023 

MRI11 0.016 0.019 0.026 

MRI12
Twin1

 0.016 0.017 0.022 

MRI12
Twin2

 
 

0.017 0.023 
 

Table 6-3: Temperature elevation in all pregnant 
models after an exposure of 30 min. at the ICNIRP 
reference level. Blood temperature of the mother 

(TB,Mother), average temperature elevation in the 

fetus (TAVG,Fetus) and maximal temperature elevation 

in the fetus (TMAX,Fetus). 

The temperature elevation in the fetus is, on average, 23% higher than in the mother. 

The maximal temperature elevation in the fetus is even more pronounced and was as 

high as 0.038 °C in the MRI 4 model. 
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Figure 6-8: SAR and Temperature elevation in the MRI 4 model: (a) body surface 
mother, (b) body surface fetus, (c) sagittal plane of the fetus, (d) sagittal plane of the 
mother, (e) layer averaged SAR and temperature elevation along the body axis. 

Figure 6-8 gives an overview of the SAR and the related temperature elevation in the 

MRI 4 model. Similar behavior was found for all models. The SAR exhibits local max-

ima in the neck, knees and ankle of the mother and, consequently, the temperature 

elevation is highest in these body regions. The exposure of the head of the mother 

and the fetal body region is quite small: the warming in these regions is primarily 

caused by the circulating warmed blood. 

The temperature elevation in the fetus also fits pretty well with the SAR distribution in 

the fetus, leading to local hotspots in the neck and the toes of the fetus. The fetal 

body is warmed uniformly. Only the temperature elevation in the fetal brain is consid-

erably smaller, due to the high blood perfusion of this organ. 

The results of the thermal modeling allowed the determination of RF-EMF exposures 

associated with a core temperature elevation of 1°C in the mother, a core tempera-
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ture elevation of 0.5°C in the fetus and a maximal local temperature elevation of 

0.5°C in the fetus for an exposure time of 30 min. These additional simulations were 

performed for the MRI 4 model, where the greatest temperature elevation in the fetus 

was found (see Table 6-3). Table 6-4 summarizes the results for these simulations.  

 

 
SARWB Mother,max  

(W/kg) 
SARWB Fetus,max 

(W/kg) 
SAR10g,max 

(W/kg) 
TB,Mother 

(°C)
TAVG,Fetus 

(°C)
TMAX,Fetus 

(°C)

a) 0.07 0.07 0.15 0.02 0.02 0.04 

b) 0.35 0.34 0.70 0.08 0.11 0.18 

c) 4.52 4.34 8.98 1.00 1.33 2.23 

d) 1.70 1.63 3.38 0.38 0.50 0.85 

e) 0.99 0.95 1.98 0.23 0.30 0.50 

Table 6-4: SAR and temperature elevation in the mother and the fetus for different conditions: a) at 
the ICNIRP reference level for the general public, b) at the ICNIRP reference level for occupational 
exposure, c) at an RF-EMF exposure that provokes a body core temperature elevation of 1°C in the 
mother, d) at an RF-EMF exposure that provokes a body core temperature elevation of 0.5 °C in the 
fetus, e) at an RF-EMF exposure that provokes a maximal local temperature elevation of 0.5°C in the 
fetus. 

6.3. Discussion 

It could be shown that in none of the pregnant models is the SARWB of the mother 

exceeded when exposed at the ICNIRP reference level. The SARWB,Mother varies only 

slightly between the different models, which is not surprising since the whole body 

SAR is, to a first approximation, a function of the height which is the same for all 

models. A similar compliance with the ICNIRP basic restrictions could also be 

demonstrated for the whole body SAR of the fetuses. In general, the SARWB,Fetus is 

85% lower than the SARWB,Mother. Nevertheless, in the model in the earliest gestation-

al stage (US 2, 9th. week) the SARWB,Fetus was exceeded. This may pose a potential 

risk for women in the early stages of pregnancy when they are maybe not aware of 

their condition. The results also indicate a decline of the SARWB,Fetus  during the preg-

nancy. 

In contrast to this, no violation of the SAR10g was found. It could be shown that the 

ICNIRP public reference level is very conservative and that much higher electrical 

field values are needed to induce a SAR10g of 2W/kg in the fetus. The results indicate 

an increase of the SAR10g maximum in the fetus during pregnancy. 
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Only a marginal body core temperature elevation occurs in the mother and the fetus 

for all models. Both the average temperature level and the maximal temperature in 

the fetus decline during pregnancy when exposed at the ICNIRP reference levels, 

with the sole exception of the US 2 model. This is worthy of note, since the 

SARWB,Foetus is highest in this model. However, the core temperature in the fetus is 

“clamped” to the temperature in the mother [96] because of the circulating warmed 

blood and thus the potential increased heating of the fetus for the worst case scenar-

io is restricted by the rather small elevation of the body core temperature of the 

mother. 

Additional thermal simulations showed that a SARWB,Mother of at least 4.52 W/kg is 

needed to elevate the body core temperature of the mother by 1°C. This result is 

higher than the 4 W/kg reported by the ICNIRP [20]. The factor for such an adverse 

temperature elevation in the mother is 56.5. However, such a high RF-EMF exposure 

would lead to an unacceptably high temperature elevation in the fetus. A SARWB,Fetus 

of at least 1.63 W/kg is needed to elevate the body core temperature of the fetus by 

0.5°C. This equals a factor of 23 for the worst case scenario (MRI 4) when exposed 

at the ICNIRP reference level. 

The factor is further reduced to 13.2 if a maximal local temperature elevation of 0.5°C 

in the fetus is considered. A SAR10g,Fetus of 1.98 W/kg, which basically equals the IC-

NIRP SAR10g limit of 2 W/kg for the trunk, is needed to produce such a local hot spot. 

6.4. Conclusion 

The ICNIRP does not specifically limit the SAR in the fetus. It could be confirmed that 

the current ICNIRP’s basic restrictions for the SARWB may be violated in the early 

stages of gestation when applied to the fetus. On the other hand, the limitation of the 

SAR10g is a very conservative restriction in terms of the overexposure of the fetus 

throughout the pregnancy. 

However, the thermal modeling indicates that no adverse hazardous tissue heating 

occurs in the fetus with a large margin of safety, neither at the ICNIRP reference lev-

els for the general public nor at the occupational exposure level. 

Further research is needed to overcome the limited knowledge of the dielectric and 

thermal properties of fetal tissue. 



 

 

 

 



 

 

7. RF-EMF induced Temperature Ele-
vation in Children during Magnetic 
Resonance Imaging 

7.1. Exposure Scenario 

The number of children undergoing a brain MRI examination has been increasing 

steadily over the years [101]. Many of the children are unable to lie motionless for the 

duration of the examination and often feel uncomfortable due to the noise and limited 

space. Sedation of the children is therefore often inevitable [102]. This imposes an 

additional risk to the children, since they are unable to react to a possible hazardous 

tissue heating by the absorbed RF-EMF energy. 

The ICNIRP guidelines (see chapter 0) are not applicable for patients undergoing 

MRI examinations. The ICNIRP has a special statement including exposure limits on 

the topic [96]. Furthermore, the product standard EN 60601-2-33 [31] also limits the 

RF-EMF exposure.   

During MRI only some parts of the body are exposed, therefore not only the SARWB 

has to be monitored, but also the partial body SAR of the exposed body region and 

the head SAR. These limits are intended to restrict the local temperature elevation in 

the skin and also in delicate tissues such as the lens of the eye. In addition, the body 

core temperature elevation should be restricted.  

The SARWB is limited to 2W/kg for the normal operation mode and 4 W/kg for the first 

level controlled mode. The limit for the average head SAR is the same (3.2 W/kg) for 

both modes. The SAR10g is limited to 10 W/kg for the head/trunk and 20 W/kg for the 

extremities for the normal operational mode as well as for the first level controlled 

mode. These limitations can be violated during the second level controlled mode. 

However, for this mode ethical approval is required since the examination poses a 

significant risk for the patient. The standard does not provide any special regulations 

for children [31]. The limits of the aforementioned documents correspond to each 
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other, except the limit for the head SAR is slightly smaller (3 W/kg) in the ICNIRP 

statement. 

These limits should ensure that the temperature values in Table 7-1 are not exceed-

ed during MRI. 

Operation mode 
Elevation of the 
body-core tem-

perature (°C) 

Spatially localized tempera-

ture limit (°C) 

Head Trunk Extremities 

Normal  0.5 38 39 40 

First level controlled 1 38 39 40 

Second level controlled >1 >38 >39 >40 

Table 7-1: Temperature values for the body core temperature elevation as well as spatially lo-
calized temperature limits that should not be exceeded during a MRI examination. 

Special attention should be paid to the eye, especially if positioned in a small local 

transmission coil. The temperature elevation should not exceed 1°C [31]. 

During examination in a volumetric whole body transmission coil, as used in this 

work, the SARWB alongside with average head SAR has to be monitored continuous-

ly, while no monitoring of the SAR10g is needed. 

In the past, several studies have investigated the temperature elevation in adult 

heads and bodies during MRI (e.g. [92] [103] [104]). More recent studies have fo-

cused on the SAR and temperature computation in the fetus (e.g. [76] [34] [98]). 

However, no studies have been done to compute the SAR and the temperature ele-

vation in children during a head MRI examination. 

In this work, the intracorporal SAR distribution and the temperature elevation during 

MRI was investigated in three child models representing from five to fourteen years 

with static magnetic fields from 1.5 – 4 T (frequencies from 64 – 170 MHz). Three 

birdcage coils from a previous study were used for the simulations [76].  
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Figure 7-1: Child model Louis positioned inside the low-pass bird-
cage resonator. 

 

A low-pass resonator coil was used at 64 MHz and a band-pass resonator coil for the 

frequencies 127 and 170 MHz. The head of the models was placed in the isocenter 

of the transmission coil to simulate a brain MRI examination (see Figure 7-1) 

The thermal parameters for the child models in Table 7-2 have been derived on the 

basis of the underlying assumptions of the thermal model (see chapter 2.1) and an 

ambient temperature of 24 °C (regulated by [96] [31]). 

 

Name MR (W) Pint (W) Pext (W) 
Hext 

(W/(m²°C)) 

Hint 
(W/(m²°C)) S  (m²) BV (ml) 

Louis 111.45 8.8 20.52 3.28 28.30 2.13 3583 

Eartha 76.56 6.04 14.1 3.46 25.80 1.45 2341 

Roberta 67.84 5.36 12.5 4.87 29.22 1 1411 

Table 7-2: Thermal properties of the child models, including the basal metabolic rate (MR), 
the insensible water loss in the lungs (Pint) and on the skin (Pext), the heat transfer coefficient 
in the lungs (Hint) and on the skin (Hext), the body surface (S) and the blood volume (BV). 
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7.2. Results 

The RF-EMFs generated inside the whole body coils are adequately homogeneous. 

Figure 7-2 shows the magnetic field strength along the cross axis of the whole body 

coil for all frequencies used. 

 

Figure 7-2: Absolute value of the magnetic field 
strength at the resonance frequencies along the cross 
axis of the whole body birdcage coils, scaled to an 
applied power of 1 WRMS. 

 

The SAR has been scaled to a transversal magnetic induction of 1 T in the center of 

the coils. This allows the comparison of the RF-EMF exposure at different frequen-

cies. 

The scaling factor  was derived based on an equation proposed by Pediaditis et al. 

[76]. 
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Bxy,ref(0,0,0) is the transversal magnetic induction of 1 T at the center of the coil, 

Hxy(0,0,0) the calculated transversal magnetic field strength in this point,  the wave 

impedance, the tissue density,  the conductivity and  the permeability. 

Figure 7-4 shows the SAR distribution at a coronal and sagittal cross-section for the 

Roberta model at 64 MHz. 
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Figure 7-3: Sagittal and coronal cross section showing the SAR distribution in the Roberta 

model at 64 MHz. Scaled to a magnetic induction of 1 T in the center of the birdcage coil. 

Figure 7-4 shows the scaled SAR as a function of frequency for a magnetic induction 

of 1 T at the center of the birdcage coil. A quadratic relation between the frequency 

and the SAR could be shown for all models. The quadratic regression coefficient was 

found to be better than 0.946. The SAR10g maximum is located in the head for most 

frequencies and models. For three simulations (Eartha 64MHz and 170Mhz, Roberta 

170MHz) the maximum SAR10g was found in the thorax. The head SAR of the child 

models is, on average, 4.3 times smaller as than local SAR10g. The same factor was 

found for the head SAR and whole body SAR ratio. 
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Figure 7-4: SAR values for different frequencies and a magnetic induction 

of 1T at the center of the birdcage coil. H (Head), WB (Whole Body) and 
SAR10g (localized SAR averaged over 10 contiguous tissue). 

The EN  60601-2-33 requires continuous monitoring of the whole body SAR and the 

head SAR for volumetric whole body birdcage coils. Therefore, thermal simulations 

with a scaled head SAR of 3.2 W/kg (normal and first level controlled mode), which is 

the worst case scenario for the chosen exposure scenario, were performed for all 

three models and frequencies used. In addition, thermal simulations for a SARWB of 2 

W/kg (normal mode) and 4 W/kg (first level controlled mode) were performed. An ex-

posure time of 60 min was used.   

The limits of the body core temperature elevation (see Table 7-1 ) are not exceeded 

for any thermal simulation, neither during the normal operation mode nor the first lev-

el controlled mode. The maximal body core temperature is 0.22°C for a head SAR of 

3.2 W/kg, 0.46°C for a SARWB of 2 W/kg and 0.9 °C for a SARWB of 4 W/kg.  

Figure 7-5 shows the temperature distribution in the Roberta model after 60 min ex-

posure at a head SAR of 3.2 W/kg. The biggest temperature rise occurs in the neck 

and the upper back. The temperature elevation in the brain is more moderate, de-

spite the pronounced absorption (see Figure 7-4), due to its high blood perfusion, 

carrying away the heat.  
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Figure 7-5: Temperature elevation in the Roberta model after 60 min exposed 
at a head SAR of 3.2 W/kg. After this time the local temperature limit of 38°C 
is exceeded in the head. 

Table 7-3 summarizes the exposure times needed to exceed the local temperature 

limits described in Table 7-1 and the times needed to exceed the average tempera-

ture in the head by 0.5 °C, for a head SAR of 3.2 W/kg. 

 

 

°C 

 Spatially localized temperature limit 
Average temperature 
in the head 

 
Head  Trunk Extremities  

Louis 170 MHz 42 >60 (37.94°C) >60 (37.5°C) >60 (0.38°C) 

Louis 127 MHz 12 55 >60 (37.61°C) 33 

Louis 64 MHz 11 22 >60 (38.25°C) 32 

Eartha 170 MHz 11 39 >60 (38.87°C) 28 

Eartha 127 MHz 12 >60 (38.94°C) >60 (38.03°C) 20 

Eartha 64 MHz 10 27 >60 (38.33°C) 28 

Roberta 170 MHz 24 >60 (38°C) >60 (37.36°C) >60 (0.4°C) 

Roberta 127 MHz 33 >60 (37.83°C) >60 (37.43°C) 35 

Roberta 64 MHz 60 >60 (37.64°C) >60 (37.42°C) >60 (0.4°C) 

Table 7-3: Time needed (in minutes) to exceed the localized temperature limits for a head SAR of 
3.2 W/kg. The limits are the same for the normal mode and the first level controlled mode: Head= 
38°C, Trunk= 39°C, Extremities= 40°C. In addition, the time needed to elevate the average tem-
perature in the head by 0.5°C was evaluated. The temperature value is added in brackets, if the 
limit is not exceeded after 60 min.   
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It was possible to show that the limitation of the local temperature elevation in the 

head imposes the biggest constraint with regard to the chosen exposure scenario. 

The time needed to exceed the temperature limits in the trunk is at least two times 

higher. No violation of the spatially localized temperature limit occurs in the extremi-

ties for the investigated exposure time. The temperature value after 60 min is added 

(in brackets) to the corresponding value in Table 7-3 if the temperature limit is not 

exceeded after 60 min. The temperature elevation in the eyes did not exceed 1°C 

and was at most 0.81°C.  

The thermal steady state is not reached after 60 min. Nevertheless, the slope of the 

temperature elevation is small enough to allow an extrapolation of the results for 

even longer exposure times. Figure 7-6 shows the temperature elevation in the Rob-

erta model at 64 MHz. Similar behavior was found in all models. 

 

 

Figure 7-6: Temperature elevation in the Roberta model, exposed at 64 MHz and 
a head SAR of 3.2 W/kg. 

The temperature elevations for the SARWB for 2 W/kg and 4 W/kg are much more 

pronounced. The permitted localized temperature limits are exceeded within minutes, 

especially in the head. Tables similar to Table 7-3 are included in the appendix (see 

A.4). 



Chapter 7 

 - 97 - 

7.3. Discussion and conclusion  

A magnetic resonance tomograph incorporates RF-EMF, switched gradient magnetic 

fields and static magnetic fields. However, in the context of tissue heating only the 

RF-EMF has to be considered and the other fields can be neglected.  

The worst case scenario for a brain MRI could be reproduced by positioning the head 

of the child model right in the center of the birdcage coil. A quadratic increase of the 

SAR as a function of the resonance frequency was shown. This relation is evident 

from equation 7.1, but also reflects the quality of the birdcage coil and the homoge-

neity of the fields. 

The thermal results show that the limitation of the body core temperature is conserva-

tive enough. The limits for the body core temperature elevation were not violated ei-

ther for a head SAR of 3.2 W/kg, or for the much higher exposure at a SARWB of 2 

W/kg and 4 W/kg. This is not surprising since only the head and the upper chest are 

exposed, while the rest of the body can act as heat sink, limiting the body core tem-

perature elevation. The average temperature increase in the head exceeds 0.5°C in 

average after 30 min. However, the current standards [31] [96] do not regulate the 

average temperature in exposed regions. Another important finding of the simulations 

is that the temperature increase in the eyes did not exceed 1°C, when exposed at a 

head SAR of 3.2 W/kg. 

The limiting factor with regard to the localized temperature is the temperature in the 

head, as is to be expected from the exposure scenario. The limit is exceeded for all 

frequencies and models, although the exposure time needed ranges from 10 min up 

to 60 min. It takes at least two times longer to violate the temperature limits in the 

trunk, while no violation of the localized temperature occurs.  

These results raise the question as to whether the localized SAR10g should be moni-

tored during an MRI examination, especially since a brain MRI examination may last 

one hour or even longer [105]. At the present time only the SARWB, the partial body 

SAR and the head SAR have to be monitored if a whole body RF-EMF coil is used. 

Only the use of a local RF-EMF coil requires the continuous monitoring of the 

SAR10g. 
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8. RF-EMF induced Temperature Ele-
vation during Medical Diathermy 

8.1. Exposure Scenario 

Medical diathermy is a widely accepted therapeutic modality to treat muscle tissue 

and joints by targeted heating [106] [107]. Three frequencies have been assigned to 

this therapy method: 27.12 MHz (short wave), 433.92 MHz (decimeter-wave) and 

2.45GHz (microwave). Short wave diathermy (SWD), in combination with different 

applicators, is used most. 

Despite its widespread use only a few studies have evaluated the temperature in the 

human body during a SWD treatment. Their output is limited to in vivo measurements 

at a few points [108] [109]. Unintentional tissue heating outside treatment areas, es-

pecially in sensitive tissues such as the eye lens, the central nervous system (CNS) 

and the testicles was not addressed in these investigations. Leitgeb et al. [77] have 

shown that the exposure in such regions cannot be neglected. The ICNIRP guide-

lines (see chapter 0) are not applicable for patients undergoing SWD therapy. How-

ever, the product standard EN 60601-2-3 [30] limits the maximum output power of 

SWD devices to 500W.  

This work presents thermal simulations for various SWD treatments. Two types of 

applicator, capacitive electrodes and an inductive applicator (Diplode) (see Figure 

8-1), from a previous study [77] have been used. Treatment of the shoulder (capaci-

tive electrodes), the hip (capacitive electrodes, Diplode) and the spine (capacitive 

electrodes, Diplode) has been investigated. The simulations were performed for a 

varying applicator to skin distance, ranging from direct contact to a maximal distance 

of 4 cm. The thermal simulations were conducted for the maximum recommended 

output power of 400W [110]. The male model Norman [21] was used for all simula-

tions.  The right arm of the model had to be bent for the hip treatment (see Figure 

8-1). 
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Figure 8-1: Two examples of a SWD 
treatment. Hip therapy, with an inductive 
applicator (left) and shoulder therapy, with 
capacitive electrodes (right). The adult 
male model NORMAN was used for the 
simulations [77]. 

It is not possible to measure the RF-EMF energy induced temperature elevation dur-

ing the treatment in the targeted tissue and the applied “dose”, as function of the out-

put power and the exposure time, is therefore defined by the thermal perception of 

the patient. Schliephake defined four “dose-classes”, based on the individual thermal 

perception in the skin where the thermal sensors of humans are located (see Table 

8-1) [111]. 

 

Dose Sensation 

I Slightly below the thermal threshold 

II Onset of the thermal sensation 

III Pleasurable thermal sensation 

IV Strong but tolerable thermal sensation 

Table 8-1: Dose-classes according to Schliephake [95]. 



Chapter 8 

 - 101 - 

The individual thermal perception varies considerably between body regions and pa-

tients [112] [113]. This is why it is not possible to link a “dose-class” to the subjective 

perception of the skin temperature. 

However, it is well known that the temperature must rise to 38- 40°C in the targeted 

tissue with an exposure time of no longer than 20 min to achieve an optimal treat-

ment effect [107]. Furthermore, the tissue temperature should not rise beyond 45°C 

as this may cause lesions by the denaturation of proteins. 

Thermal simulations were therefore performed to determine the maximal temperature 

in the targeted tissue, joints and vulnerable regions for an exposure time of 20 min 

with the maximum recommended output power of 400 W. In addition, the tempera-

ture in all tissues was monitored continuously to detect any violations of the 45°C 

limit. 

The following parameters for the thermal simulations have been derived on the basis 

of the underlying assumptions of the thermal model (see chapter 2.1) and an ambient 

temperature of 24°C. A blood temperature of 36.7 °C has been used for all simula-

tions [3]. 

 

 

Table 8-2: Thermal simulation parameters of 
the NORMAN model, including the basal 
metabolic rate (MR), the insensible water 
loss (P), the heat transfer coefficient (H) and 
the blood volume (BV). 

 

  

Thermal simulation parameters 

MR (W) 114.6 

Pint (W) 9.05 

Pext (W) 21.11 

Hint (W/(m²K)) 2.78 

Hext (W/(m²K)) 20.82 

BV (ml) 5253 
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8.2. Results 

Table 8-3 summarizes the temperature elevation for all simulations performed. The 

core temperature increase, represented by the blood temperature elevation, was at 

most 0.07°C. The maximal tolerable tissue temperature of 45°C was violated in the 

skin, for the capacitive electrodes in three simulations. This limit was not exceeded 

for any of the simulations during the exposure time when, the Diplode was used. 

The optimal tissue temperature (38-40°C) is reached in the targeted tissue (muscle) 

for most simulations. The average temperature elevation in the muscle, however, is 

quite different for the two applicators used. Figure 8-2 shows the computed SAR and 

the temperature as functions of time for a hip treatment with a Diplode in direct con-

tact and capacitive electrodes at a distance of 2 cm.  

 

 

 

 

Body 
region 

ASD 
(cm) 

ET 
(min) 

TBlood TMuscle TSkin THJ TSJ TTestis TCNS 

D
ip

lo
d
e
 

Hip 0 20 0.05 41.43 39.77 38.13 
 

0.27 0.10 

Hip 20 20 0.02 39.71 38.20 37.45 
 

0.14 0.06 

Hip 40 20 0.02 38.70 37.07 37.22 
 

0.11 0.05 

Spine 0 20 0.04 38.44 38.47 
  

0.08 0.46 

Spine 20 20 0.01 36.94 36.75 
  

0.04 0.07 

Spine 40 20 0.02 36.92 36.75 
  

0.003 0.02 

C
a
p

a
c
it
iv

e
 E

le
c
tr

o
d

e
s
 

Hip 0 2 0.004 43.20 47.13 37.13 
 

0.11 0.08 

Hip 20 5 0.01 40.84 46.07 37.16 
 

0.08 0.06 

Hip 40 20 0.04 40.48 42.21 37.35 
 

0.13 0.11 

Spine 0 20 0.07 42.66 43.20 
  

0.09 0.52 

Spine 20 20 0.04 39.07 38.58 
  

0.05 0.24 

Spine 40 20 0.02 37.89 37.45 
  

0.04 0.17 

Shoulder 0 11 0.02 42.81 46.73 
 

37.65 0.04 0.04 

Shoulder 20 20 0.01 38.53 38.82 
 

37.26 0.05 0.05 

Shoulder 40 20 0.005 37.43 37.26 
 

37.12 0.03 0.05 

Table 8-3: Relative and absolute temperature elevation in the model Norman. Thermal simulations 
were performed for a varying applicator to skin distance (ASD) and a maximal exposure time (ET) of 

20 min. All temperatures are given in °C: Blood temperature elevation (TBlood), maximal muscle tem-
perature (TMuscle), maximal skin temperature (TSkin), maximal temperature in the hip joint (THJ), maximal 

temperature in the shoulder joint (TSJ), maximal temperature elevation in the testis (TTestis) and the 

central nervous system (TCNS). 
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The absorption of the RF-EMF energy is considerably higher deep inside the body 

when the Diplode is used, with most of the energy concentrated in the muscle. The 

RF-EMF energy absorbed is concentrated mostly at the body surface (skin and fat) if 

capacitive electrodes are used. 

This RF-EMF energy absorption pattern leads to a comparable temperature elevation 

in the targeted tissue. The temperature elevation in the muscle is almost uniform 

when a Diplode is used. In contrast, a mainly superficial temperature elevation in the 

skin and fat layer is found for the capacitive electrodes. The same behavior was 

found for all the simulations performed and is shown for two exemplary exposure 

setups in Figure 8-2.  

The maximal temperature in the joints located in the irradiated body region is consid-

erably smaller than in the muscle. The optimal temperature was only reached if a 

Diplode was used in direct contact to the hip. 

 

 

Figure 8-2: Diathermy treatment of the hip with a Diplode (direct contact) and capacitive electrodes 
(applicator skin distance 2cm). The SAR and the temperature as a function of time, are shown for the 
same transversal slice in the hip. 

 

The temperature elevation in critical tissues such as the eye lens, the CNS and the 

testis was also monitored continuously for all simulations. The maximal temperature 

elevation in the testis (TTestis,max=0.27°C) occurs during the hip treatment with the 

Diplode, while the maximum in the CNS (TCNS,max=0.56°C) was found for the spinal 

treatment with the capacitive electrodes. The eye lens was not located in the ex-

posed body region so that the maximal temperature is much lower than in the afore-

mentioned tissues (TLens,max=0.09°C). 
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8.3. Discussion and conclusion 

The pretested thermal simulations are a continuation of a previous study. Leitgeb et 

al. [77] used the same human model and diathermy applicators. In this study the ex-

posed human model was limited to the irradiated body region. Whilst this is adequate 

for electromagnetic simulations, for thermal simulations it is important that the whole 

body is considered, otherwise the temperature elevation would be overestimated. 

This has been done in the thermal simulations presented. 

Previous results have shown a considerable unintended exposure of vulnerable re-

gions such as the CNS (the brain and the spinal cord) and the genital tract [77]. 

However, the thermal simulations performed demonstrate that the temperature in 

these tissues is not elevated beyond the known biological effect limit of 1°C [20], for a 

maximal exposure time of 20 min and the maximal recommended output power of 

400W. 

It was also possible to show that both applicators are able to elevate the temperature 

in the targeted tissue to an optimal temperature of at least 38°C [107]. The tempera-

ture elevation in this tissue is quite different, due to their unequal RF-EMF energy 

deposition. Whilst the inductive applicator was able to heat the whole irradiated mus-

cle equally, for the capacitive electrodes a more superficial temperature elevation 

with a local hotspot in the skin and fat layer was found. This hotspot imposes a po-

tential risk to the patient since the temperature is elevated within minutes beyond the 

45°C which can be tolerated if capacitive electrodes are used in combination with a 

small applicator to skin distance.  However, this risk is reduced by the fact that the 

local hotspot occurs in the skin, where the thermal sensors are located. The patient 

may therefore react in time to prevent burned tissue.  The superficial heat load can 

also be reduced by a folded towel or cooling packs [107]. 

The thermal simulations presented show the potential of the implemented ther-

moregulatory model with respect to RF-EMF based therapeutic modalities, such as 

medical diathermy. The thermal model can be used to quantify the risk, especially for 

thermally vulnerable regions. Furthermore, the thermal model could be used to guide 

physicians for the efficient application of short-wave diathermy. 
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9. Summary 

A multiphysical simulation process has been implemented in this work. The tempera-

ture elevation in arbitrary, high-resolution human models can be computed based on 

the absorbed RF-EMF energy.  

The newly developed thermal model is based on the Pennes equation and has been 

extended by several thermoregulatory mechanisms. The local blood flow coefficient 

and metabolic rate is now adjusted on the basis of the local temperature. Moreover, 

the blood temperature is not kept constant but increases on the basis of the ab-

sorbed energy. Particular attention was also paid to the tissue/air interface at the skin 

and in the lungs. Now, not only the convection and radiation of heat is accounted for 

but also the insensible loss of water. Furthermore, a mathematical model describing 

the sweating has been incorporated into the thermal model. 

The additional thermoregulatory mechanisms were implemented entirely in 

MATLAB® and Visual Basic©. The actual simulations, both electromagnetic as well 

as thermal, are performed in the software package CST Studio Suite 2011® and it 

was therefore necessary to develop a special software interface. 

A database has been implemented providing the dielectric and thermal tissue proper-

ties for all models used, including children at different ages and pregnant women at 

different gestational stages, based on data from the literature. 

Both the thermoregulatory model and the tissue database can easily be expanded 

and applied to new human models. 

The accuracies of the electromagnetic solver used, of the ordinary BHT equation and 

of the fully implemented thermoregulatory model have been shown separately. An 

adequate compliance with data from the literature, standards and/or measurements 

has been demonstrated for each part. 

The thermoregulatory model has been used for a variety of exposure scenarios. The 

temperature elevations in children and pregnant women, with a particular focus the 

fetus, exposed at the ICNIRP reference level have been evaluated. It could be shown 

that the temperature does not rise above the levels at which there are known effects, 

even if the basic restrictions are violated in children. In addition, it could be demon-
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strated that the current ICNIRP limits protect the fetus adequately from a thermal 

point of view throughout the pregnancy, although no special limits have been defined. 

The thermal model has also been used to evaluate the temperature elevation during 

an RF-EMF based diagnostic modality. The temperatures in three children undergo-

ing a head MRI at different resonance frequencies were computed and conclusions 

were drawn based on the current standards. Finally, the thermal model was applied 

to a therapeutic RF-EMF (medical diathermy) based modality. It was possible to 

compare the efficiency of different applicators with regard to the heating of the tar-

geted tissue. In addition, the unintentional tissue heating of vulnerable regions was 

quantified. 

The diversity of the exposure scenarios presented demonstrates the potential of the 

thermoregulatory model. 

During the implementation process care was taken to keep the thermal model as 

structured and flexible as possible so that new or redefined mathematical models 

describing thermoregulatory mechanisms can easily be incorporated into the existing 

model. 
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Appendix 

A.1  Matlab© Functions for the Thermal Model 

thermoregulation 

 

thermoregulation(pfad,dateiname,pfad_frequenz,dateiname_frequenz,pfad_tissue,dateiname_tissue, 

                               Vb,BloodTemp_0,model,p_factor,sim_duration,step,efield) 

 

Passed values:  

pfad path of the selected project 

dateiname file name of the selected project 

pfad_frequenz path of the frequency data file 

dateiname_frequenz frequency data file used for the simulation 

pfad_tissue path of the voxel coordinate file 

dateiname_tissue file name of the voxel coordinate file 

Vb blood volume of the selected model 

BloodTemp_0 blood temperature at the current time step 

model name of the chosen human model 

p_factor multiplication factor for the power distribution 

sim_duration total duration of the simulation 

step length of the used step, equals the variable T_therm in CST 

efield eField which is used for the thermal simulation 

Table A.1-1: The GUI collects all the data needed for the thermoregulatory model. 
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initialization 

 

[mps,ThermalTDSolver,ThermalSolver] = initalisierung(dateiname,pfad) 

 

Passed values: 

    

dateiname file name of the selected project 

pfad project path 

 

Returned values: 

 

mps handle for CST - commands  

ThermalTDSolver     handle for the transient thermal solver 

ThermalSolver handle for the stationary thermal solver 

Table A.1-2: Initialization of the variables and the CST- Project. 

getMeshInfo 

 

[nxyz,nxyzLines] = getMeshInfo(dateiname,pfad) 

 

Passed values:     

dateiname file name of the selected project 

pfad Project path 

 

Returned values: 

 

nxyz mesh size, read from CST_GetHexMeshInfo 

xyzLines grid lines, read from CST_GetHexMesh 

Table A.1-3: Information regarding the used mesh is gathered. 

getMeshDimension 

 

[dVijk,dLxi, dLyj, dLzk] = getMeshDimension(nxyz, nxyzLines) 

 

Passed values:     

nxyz mesh size, read from CST_GetHexMeshInfo  

xyzLines grid lines, read from CST_GetHexMesh  

 

Returned values: 

 

dVijk volume of the dual grid 

dLxi length of the mesh cells in x-direction 

dLyj length of the mesh cells in y-direction 

dLzk length of the mesh cells in z-direction 

Table A.1-4: The volume and the size of all mesh cells of the dual grid are gathered. 
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getVoxelInformation 

 

[Tissue_all,Tissue_0,xyz_min,xyz_max]= getVoxelInformation(mps, pfad, dateiname, pfad_frequenz,  

                                                                                dateiname_frequenz,pfad_tissue,dateiname_tissue) 

 

Passed values:     

mps handle for CST - commands  

dateiname file name of the selected project 

pfad project path 

dateiname_frequenz      frequency data file used for simulation 

pfad_frequenz           path for the respective frequency data file 

dateiname_tissue        file name of the voxel coordinate file 

pfad_tissue             path of the voxel coordinate file 

 

Returned values: 

 

Tissue_all coordinates of all tissues 

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

Tissue_0    coordinates of the perfused tissue 

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

xyz_min             minimum coordinates of the inserted voxel model 

xyz_max             maximum coordinates of the inserted voxel model 

Table A.1-5: The coordinates of all voxels are linked to the other parameters. 

  



   

- 130 - 

init_simulation 

 

[BloodTemp_t,parameter_info,dt,repetition,p_factor,SW_gesamt] = init_simulation(BloodTemp_0,  

                                                                                                                      sim_duration, step,p_factor) 

 

Passed values:     

BloodTemp_0 blood temperature at the steady state 

sim_duration    total duration of the simulation 

step length of the used step, equals the variable T_therm in CST 

p_factor        multiplication factor for the power distribution 

 

Returned values: 

 

BloodTemp_t  blood temperature at the current time step 

parameter_info    contains the current simulation parameters  

dt time step duration in seconds  

repetition total number of iterations 

p_factor        multiplication factor for the power distribution 

SW_gesamt       total heat loss by sweating 

Table A.1-6: Simulation parameters are initialized. 

g_voxel 

 

[Gr_voxel] = G_voxel(Tissue_all,model) 

 

Passed values:     

Tissue_all coordinates of all tissues 

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

model name of the chosen model 

 

Returned values: 

 

Gr_voxel  

  Tissue   tissue name 

  VoxelNr  index of the voxels at the tissue/air interface 

  AnzFlaeche     number of faces of the voxel bordering the air 

Table A.1-7: Identification of all voxels on the air/tissue interface. 
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thermo_sim 
 

thermo_sim(ThermalTDSolver,ThermalSolver,mps,nr_sim,dateiname,pfad,  

  BloodTemp_t,p_factor,dt,efield) 

 

Passed values:  

ThermalTDSolver  handle for the transient thermal Solver 

ThermalSolver  handle for the stationary thermal Solver 

mps handle for CST - commands 

nr_sim Number of performed simulations 

dateiname file name  

pfad  path to the project 

BloodTemp_t current blood temperature 

p_factor factor the calculated power distribution is multiplied by  

dt step size per iteration loop  

efield  eField which is used for the thermal simulation  

Table A.1-8: A transient thermal simulation is performed for one time step. 

temperature 
 

[Temperature_x] = temperature(Tissue_0,sample_nr, Monitor, mps, dateiname,  

                              pfad) 

 

Passed values:  

Tissue_0 coordinates of the perfused tissue 

  Tissue  name of the tissue 

  BloodFlow  coefficient of perfusion of each voxel 

  MetabolicRate  metabolic rate of voxels  

  Koordinaten  coordinates of voxels 

sample_nr sample number to be exported 

Monitor monitor to be exported 

mps handle for CST - commands 

Dateiname file name of the project  

Pfad path to the project 

 

Returned values: 
 

Temperature_x coordinates of the tissues supplied with blood and the temperature at that point 

for the selected time and monitor 

  Tissue         name of the tissue  

  BloodFlow      coefficient of perfusion for each voxel  

  MetabolicRate  metabolic rate of voxels  

  Koordinaten    coordinates of voxels 

  Temperature    temperature within the voxels 

Table A.1-9: The temperature in the voxel center is exported to textfiles for each tissue. 
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blood_temperature 
 

[BloodTemp_t] = blood_temperature ( BloodTemp_t, BloodTemp_0, Temperature_t, Temperature_0,  

                                                               Vb,dt) 

Passed values:  

BloodTemp_t blood temperature at the current time step 

BloodTemp_0 blood temperature at the steady state 

Temperature_t output of the function temperature(...) for the current time step 

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Temperature_0 output of the function temperature(...) at the steady state 

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

 Temperature   temperature in the voxel center 

Vb blood volume of the selected model 

dt time step duration in seconds 

Returned values:  

BloodTemp_t calculated blood temperature 

Table A.1-10: Computation of the blood temperature based on the absorbed RF-EMF energy. 

data_presentation 
 

[parameter_info] = data_presentation(parameter_info,tElapsed,dt,i,repetition,BloodTemp_t, 

                                                               SW_gesamt) 

 

Passed values:     

parameter_info contains the current simulation parameters  

tElapsed  duration of the last iteration 

dt step width of the last Iteration 

i Iteration counter 

repetition  total number of iterations 

BloodTemp_t  blood temperature at the current time step t 

SW_gesamt  total heat loss by sweating 

Returned values:  

parameter_info  contains the current simulation parameters  

Table A.1-11: Current simulation parameters are presented on the GUI, so that the user has an feed-
back on the actual status of the simulation. 



 

 - 133 - 

skin_perfusion 

 

[Temperature_t] = skin_perfusion(Temperature_t,Temperature_0,Gr_voxel) 

 

Passed values:     

Temperature_0 output of the function temperature(...) at the steady state  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Temperature_t output of the function temperature(...) for the current time step  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Gr_voxel  

  Tissue   tissue name 

  VoxelNr  index in Temperature_t of the voxel, that border the air 

  AnzFlaeche     number of faces of the voxel bordering the air 

Returned values:  

Temperature_t output of the function temperature(...) for the current time  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Table A.1-12: The blood perfusion in voxels on the air/tissue interface is recomputed based on the 
temperature elevation in those voxels. 
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tissue_perfusion 

 

[Temperature_t] = tissue_perfusion(Temperature_t,Temperature_0) 

 

Passed values:  

Temperature_0 output of the function temperature(...) at the steady state 

  Tissue  name of the tissue 

  BloodFlow  coefficient of perfusion of each voxel  

  MetabolicRate  metabolic rate of voxels  

  Koordinaten  coordinates of voxel  

  Temperature  temperature within the voxel center 

Temperature_t output of the function temperature(...) for the current time step 

  Tissue  name of the tissue 

  BloodFlow  coefficient of perfusion of each voxel 

  MetabolicRate  metabolic rate of voxel 

  Koordinaten  coordinates of voxels 

  Temperature  temperature within the voxel center 

 

Returned values: 

 

Temperature_t output of the function temperature(...) for the current time step 

  Tissue  name of the tissue 

  BloodFlow  coefficient of perfusion of each voxel 

  MetabolicRate  metabolic rate of voxels 

  Koordinaten  coordinates of voxels 

  Temperature  temperature within the voxel center 

Table A.113: The blood perfusion in all tissues, except for the skin, is recomputed based on the tem-
perature elevation in the voxel. 
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metabolicRate_new 

 

[Temperature_t] = metabolicRate_new(Temperature_t,Temperature_0) 

 

Passed values:     

Temperature_t output of the function temperature(...) for the current time step  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Temperature_0 output of the function temperature(...) at the steady state and for the  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

 

Returned values: 

 

Temperature_t output of the function temperature(...) for the current time step  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Table A.1-14: The metabolic rate of each voxel is computed based on the temperature elevation in the 
voxel. 
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sweat 

 

[Temperature_t,SW_gesamt]=sweat(Temperature_t,Temperature_0,Gr_voxel) 

 

Passed values:  

Temperature_0 output of the function temperature(...) at the steady state  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Temperature_t output of the function temperature(...) for the current time step  

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Gr_voxel  

  Tissue   tissue name 

  VoxelNr  index in Temperature_t of the voxel, that border the air 

  AnzFlaeche     number of faces of the voxel bordering the air 

 

Returned values: 

 

Temperature_t output of the function temperature(...) for the current time step 

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

SW_gesamt total heat loss by sweating 

Table A.1-15: The sweating is computed for each voxel on the tissue/air interface. 
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saveMaterial 
 

saveMaterial(dLx,dLy,dLz, nxyz, nxyzLines, Temperature_t, Material,  xyz_max, xyz_min, dateiname,   

                       pfad) 

 

Passed values:     

dLxi Length of the mesh cells in x-direction 

dLyj Length of the mesh cells in y-direction 

dLzk Length of the mesh cells in z-direction 

nxyz mesh size, read from CST_GetHexMeshInfo 

xyzLines grid lines, read from CST_GetHexMesh 

Temperature_t output of the function temperature(...) for the current time step 

  Tissue   tissue name 

  BloodFlow   perfusion coefficient of each voxel 

  MetabolicRate   metabolic rate of all voxels 

  Koordinaten   coordinates of the voxel 

  Temperature   temperature in the voxel center 

Material selects the material properties to be written, works for BloodFlow and Meta-

bolicRate 

xyz_max             maximum coordinates of the inserted voxel model 

xyz_min             minimum coordinates of the inserted voxel model 

dateiname file name of the selected project 

pfad Project path 

Table A.1-16: The newly computed blood perfusion and metabolic rate is saved to the corresponding 
material file. 

  



   

- 138 - 

 

save_parameter_info 

 

save_parameter_info(parameter_info,pfad,dateiname) 

 

Passed values:     

parameter_info    contains the current simulation  

pfad project path 

dateiname file name of the selected project 

Table A.1-18: The blood temperature and the sweating rate are saved to a text file and included to the 
CST project folder. 

  

temperatur_monitor 

 

temperatur_monitor(ThermalTDSolver,ThermalSolver,pfad,dateiname,repetition) 

 

Passed values:  

ThermalTDSolver handle for the transient thermal Solver 

ThermalSolver handle for the stationary thermal Solver 

pfad path of the selected project  

dateiname file name of the selected project  

repetition total number of iterations 

Table A.1-17: The temperature distribution in the simulation domain for each timestep is added to the 
CST project folder. 
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A.2  Composition of the Human Models  

Norman  
Number of 

Voxels 
Volume 
[dm

3
] 

Mass 
[kg] 

Volume Fraction 
[%] 

Adrenals 1786 1.43E-02 1.46E-02 2.16E-04 

Bile 3432 2.75E-02 2.77E-02 4.16E-04 

Bladder 5849 4.68E-02 4.87E-02 7.09E-04 

Blood 109406 8.75E-01 9.28E-01 1.33E-02 

Bone 742714 5.94E+00 1.18E+01 9.00E-02 

Brain 165439 1.32E+00 1.37E+00 2.00E-02 

Breast 3103 2.48E-02 2.53E-02 3.76E-04 

CSF 39408 3.15E-01 3.18E-01 4.77E-03 

Duodenum 11434 9.15E-02 9.55E-02 1.39E-03 

Fat 1961432 1.57E+01 1.44E+01 2.38E-01 

Gall Bladder 1243 9.94E-03 1.02E-02 1.51E-04 

Heart Muscle 40441 3.24E-01 3.43E-01 4.90E-03 

Humour 1377 1.10E-02 1.11E-02 1.67E-04 

Hypothalamus 40 3.20E-04 3.36E-04 4.85E-06 

Kidney 37191 2.98E-01 3.12E-01 4.51E-03 

Lens 41 3.28E-04 3.53E-04 4.97E-06 

Liver 208228 1.67E+00 1.75E+00 2.52E-02 

Lower LI 34694 2.78E-01 2.90E-01 4.20E-03 

Lunch 35802 2.86E-01 2.99E-01 4.34E-03 

Lung 465638 3.73E+00 3.91E+00 5.64E-02 

Muscle 3363332 2.69E+01 2.80E+01 4.08E-01 

Esophagus 4962 3.97E-02 4.13E-02 6.01E-04 

Pancreas 12147 9.72E-02 1.02E-01 1.47E-03 

Prostate 1930 1.54E-02 1.61E-02 2.34E-04 

Sclera 767 6.14E-03 6.60E-03 9.29E-05 

Skin 525820 4.21E+00 4.63E+00 6.37E-02 

Small Intestine 115947 9.28E-01 9.68E-01 1.40E-02 

Spinal Cord 9449 7.56E-02 7.85E-02 1.14E-03 

Spleen 19622 1.57E-01 1.65E-01 2.38E-03 

Stomach 24752 1.98E-01 2.08E-01 3.00E-03 

Tendon 156562 1.25E+00 1.46E+00 1.90E-02 

Testis 4250 3.40E-02 3.55E-02 5.15E-04 

Thymus 2340 1.87E-02 1.92E-02 2.84E-04 

Thyroid 2334 1.87E-02 1.96E-02 2.83E-04 

Trabec Bone 76781 6.14E-01 1.18E+00 9.30E-03 

Upper LI 51666 4.13E-01 4.32E-01 6.26E-03 

Urine 12067 9.65E-02 9.89E-02 1.46E-03 

Table A.2-1: Number of voxels, volume, mass and relative fraction for each tissue of the model NOR-
MAN. 
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Louis 
Number 

of Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Adrenal Gland 278 2.22E-03 2.28E-03 4.70E-05 

Artery 28661 2.29E-01 2.43E-01 4.85E-03 

Bladder 23811 1.90E-01 1.98E-01 4.03E-03 

Blood Vessel 1702 1.36E-02 1.44E-02 2.88E-04 

Bone 89568 7.17E-01 1.43E+00 1.52E-02 

Brain Grey Matter 95488 7.64E-01 7.94E-01 1.62E-02 

Brain White Matter 62319 4.99E-01 5.20E-01 1.05E-02 

Bronchi 1082 8.66E-03 9.20E-03 1.83E-04 

Bronchi Lumen 50 3.98E-04 5.17E-07 8.42E-06 

Calcaneus Left 3129 2.50E-02 4.98E-02 5.29E-04 

Calcaneus Marrow Left 4156 3.32E-02 3.41E-02 7.03E-04 

Calcaneus Marrow Right 4831 3.86E-02 3.97E-02 8.17E-04 

Calcaneus Right 3153 2.52E-02 5.02E-02 5.33E-04 

Capitatum Left 239 1.91E-03 3.80E-03 4.04E-05 

Capitatum Marrow Right 30 2.41E-04 2.48E-04 5.10E-06 

Capitatum Marrow Right 33 2.66E-04 2.73E-04 5.63E-06 

Capitatum Right 258 2.06E-03 4.11E-03 4.36E-05 

Cartilage 9759 7.81E-02 8.59E-02 1.65E-03 

Cerebellum 20018 1.60E-01 1.67E-01 3.39E-03 

Cerebrospinal Fluid 27260 2.18E-01 2.20E-01 4.61E-03 

Commissura Anterior 6 4.60E-05 4.80E-05 9.73E-07 

Commissura Posterior 2 1.80E-05 1.88E-05 3.81E-07 

Connective Tissue 165598 1.32E+00 1.34E+00 2.80E-02 

Cornea 73 5.84E-04 6.28E-04 1.24E-05 

Diaphragm 35557 2.84E-01 2.96E-01 6.02E-03 

Distalis I Left 49 3.95E-04 7.86E-04 8.35E-06 

Distalis I Right 66 5.30E-04 1.05E-03 1.12E-05 

Distalis II Left 14 1.13E-04 2.25E-04 2.39E-06 

Distalis II Right 17 1.35E-04 2.69E-04 2.86E-06 

Distalis III Left 24 1.89E-04 3.76E-04 4.00E-06 

Distalis III Right 28 2.22E-04 4.42E-04 4.70E-06 

Distalis IV Left 18 1.45E-04 2.89E-04 3.07E-06 

Distalis IV Right 30 2.43E-04 4.84E-04 5.14E-06 

Distalis V Left 9 7.10E-05 1.41E-04 1.50E-06 

Distalis V Right 12 9.90E-05 1.97E-04 2.09E-06 

Ear Cartilage 1428 1.14E-02 1.26E-02 2.42E-04 

Ear Skin 1364 1.09E-02 1.20E-02 2.31E-04 

Epididymis 271 2.17E-03 2.28E-03 4.59E-05 

Esophagus 2142 1.71E-02 1.78E-02 3.62E-04 

Esophagus Lumen 478 3.82E-03 4.01E-03 8.09E-05 

Eye Lens 32 2.58E-04 2.81E-04 5.46E-06 

Eye Sclera 461 3.69E-03 3.81E-03 7.80E-05 

Eye Vitreous Humor 1260 1.01E-02 1.02E-02 2.13E-04 

Fat 795783 6.37E+00 5.83E+00 1.35E-01 

Femur Left 17712 1.42E-01 2.82E-01 3.00E-03 

Femur Marrow Left 37972 3.04E-01 3.12E-01 6.42E-03 

Femur Marrow Right 37508 3.00E-01 3.08E-01 6.35E-03 

Femur Right 17716 1.42E-01 2.82E-01 3.00E-03 
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Louis (continuation) 
Number 

of Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Fibula Left 3931 3.14E-02 6.26E-02 6.65E-04 

Fibula Marrow Left 2293 1.83E-02 1.88E-02 3.88E-04 

Fibula Marrow Right 2351 1.88E-02 1.93E-02 3.98E-04 

Fibula Right 4025 3.22E-02 6.41E-02 6.81E-04 

Gallbladder 2535 2.03E-02 2.08E-02 4.29E-04 

Hamatum Left 231 1.85E-03 3.68E-03 3.91E-05 

Hamatum Marrow Left 3 2.70E-05 2.77E-05 5.71E-07 

Hamatum Marrow Right 1 4.00E-06 4.11E-06 8.46E-08 

Hamatum Right 234 1.87E-03 3.73E-03 3.96E-05 

Heart Lumen 23434 1.87E-01 1.99E-01 3.96E-03 

Heart muscle 51378 4.11E-01 4.36E-01 8.69E-03 

Hippocampus 392 3.14E-03 3.26E-03 6.63E-05 

Humerus Left 6200 4.96E-02 9.87E-02 1.05E-03 

Humerus Marrow Left 5678 4.54E-02 4.67E-02 9.61E-04 

Humerus Marrow Right 6376 5.10E-02 5.24E-02 1.08E-03 

Humerus Right 6431 5.15E-02 1.02E-01 1.09E-03 

Hypophysis 84 6.71E-04 7.15E-04 1.42E-05 

Hypothalamus 60 4.76E-04 5.00E-04 1.01E-05 

Intervertebral disc 15778 1.26E-01 1.39E-01 2.67E-03 

Kidney cortex 16443 1.32E-01 1.38E-01 2.78E-03 

Kidney medulla 15800 1.26E-01 1.32E-01 2.67E-03 

Large intestine 41963 3.36E-01 3.50E-01 7.10E-03 

Large intestine Lumen 18953 1.52E-01 1.58E-01 3.21E-03 

Larynx 649 5.20E-03 5.62E-03 1.10E-04 

Liver 150302 1.20E+00 1.26E+00 2.54E-02 

Lunatum Left 161 1.29E-03 2.57E-03 2.73E-05 

Lunatum Marrow Left 0 0.00E+00 0.00E+00 0.00E+00 

Lunatum Marrow Right 0 1.00E-06 1.03E-06 2.11E-08 

Lunatum Right 148 1.19E-03 2.36E-03 2.51E-05 

Lung 228970 1.83E+00 1.20E+00 3.87E-02 

Mandible 2683 2.15E-02 4.27E-02 4.54E-04 

Marrow red 38510 3.08E-01 3.16E-01 6.52E-03 

Media II Left 35 2.80E-04 5.57E-04 5.92E-06 

Media II Right 43 3.43E-04 6.83E-04 7.25E-06 

Media III Left 48 3.81E-04 7.58E-04 8.06E-06 

Media III Right 82 6.57E-04 1.31E-03 1.39E-05 

Media IV Left 33 2.61E-04 5.19E-04 5.52E-06 

Media IV Right 78 6.26E-04 1.25E-03 1.32E-05 

Media V Left 17 1.35E-04 2.69E-04 2.86E-06 

Media V Right 25 1.96E-04 3.90E-04 4.15E-06 

Medulla oblongata 613 4.90E-03 5.09E-03 1.04E-04 

Meniscus 3089 2.47E-02 2.71E-02 5.23E-04 

Metacarpus I Left 363 2.90E-03 5.77E-03 6.13E-05 

Metacarpus I Marrow Left 4 2.90E-05 2.98E-05 6.13E-07 

Metacarpus I Marrow Right 23 1.84E-04 1.89E-04 3.89E-06 

Metacarpus I Right 382 3.06E-03 6.08E-03 6.47E-05 

Metacarpus II Left 426 3.41E-03 6.78E-03 7.21E-05 

Metacarpus II Marrow Left 30 2.40E-04 2.46E-04 5.08E-06 
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Louis (continuation) 
Number 

of Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

     

Metacarpus II Marrow Right 45 3.60E-04 3.70E-04 7.61E-06 

Metacarpus II Right 447 3.57E-03 7.11E-03 7.55E-05 

Metacarpus III Left 380 3.04E-03 6.05E-03 6.43E-05 

Metacarpus III Marrow Left 24 1.89E-04 1.94E-04 4.00E-06 

Metacarpus III Marrow Right 23 1.81E-04 1.86E-04 3.83E-06 

Metacarpus III Right 372 2.98E-03 5.93E-03 6.30E-05 

Metacarpus IV Left 281 2.25E-03 4.48E-03 4.76E-05 

Metacarpus IV Marrow Left 7 5.60E-05 5.75E-05 1.18E-06 

Metacarpus IV Marrow Right 1 1.10E-05 1.13E-05 2.33E-07 

Metacarpus IV Right 288 2.30E-03 4.58E-03 4.86E-05 

Metacarpus V Left 216 1.73E-03 3.44E-03 3.66E-05 

Metacarpus V Right 230 1.84E-03 3.67E-03 3.90E-05 

Midbrain 1809 1.45E-02 1.50E-02 3.06E-04 

Mucosa 2314 1.85E-02 1.94E-02 3.91E-04 

Muscle 2387364 1.91E+01 1.99E+01 4.04E-01 

Nerve 3653 2.92E-02 3.03E-02 6.18E-04 

Pancreas 3144 2.52E-02 2.63E-02 5.32E-04 

Patella 4288 3.43E-02 6.83E-02 7.26E-04 

Penis 4479 3.58E-02 3.80E-02 7.58E-04 

Pharynx 618 4.95E-03 6.43E-06 1.05E-04 

Pinealbody 35 2.80E-04 2.94E-04 5.92E-06 

Pisiforme Left 47 3.72E-04 7.40E-04 7.87E-06 

Pisiforme Right 42 3.38E-04 6.73E-04 7.15E-06 

Pons 1605 1.28E-02 1.33E-02 2.72E-04 

Prostate 1376 1.10E-02 1.15E-02 2.33E-04 

Proximalis I Left 126 1.01E-03 2.01E-03 2.14E-05 

Proximalis I Right 148 1.19E-03 2.36E-03 2.51E-05 

Proximalis II Left 135 1.08E-03 2.15E-03 2.29E-05 

Proximalis II Right 181 1.45E-03 2.88E-03 3.06E-05 

Proximalis III Left 133 1.07E-03 2.12E-03 2.25E-05 

Proximalis III Right 175 1.40E-03 2.79E-03 2.96E-05 

Proximalis IV Left 116 9.30E-04 1.85E-03 1.97E-05 

Proximalis IV Right 162 1.29E-03 2.58E-03 2.74E-05 

Proximalis V Left 75 5.99E-04 1.19E-03 1.27E-05 

Proximalis V Right 101 8.07E-04 1.61E-03 1.71E-05 

Radius Left 2700 2.16E-02 4.30E-02 4.57E-04 

Radius Marrow Left 1161 9.29E-03 9.54E-03 1.96E-04 

Radius Marrow Right 881 7.05E-03 7.24E-03 1.49E-04 

Radius Right 2512 2.01E-02 4.00E-02 4.25E-04 

SAT 449361 3.59E+00 3.29E+00 7.60E-02 

Scaphoideum Left 193 1.54E-03 3.07E-03 3.26E-05 

Scaphoideum Right 194 1.56E-03 3.09E-03 3.29E-05 

Skin 460625 3.69E+00 4.05E+00 7.79E-02 

Skull 43488 3.48E-01 6.92E-01 7.36E-03 

Small intestine 37553 3.00E-01 3.14E-01 6.35E-03 

Small intestine Lumen 10400 8.32E-02 8.69E-02 1.76E-03 

Spinal Cord 2620 2.10E-02 2.18E-02 4.43E-04 
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Louis (continuation) 
Number 

of Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Spleen 38812 3.10E-01 3.27E-01 6.57E-03 

Stomach 15374 1.23E-01 1.29E-01 2.60E-03 

Stomach Lumen 18314 1.47E-01 1.54E-01 3.10E-03 

Talus Left 2027 1.62E-02 3.23E-02 3.43E-04 

Talus Marrow Left 1939 1.55E-02 1.59E-02 3.28E-04 

Talus Marrow Right 1999 1.60E-02 1.64E-02 3.38E-04 

Talus Right 2128 1.70E-02 3.39E-02 3.60E-04 

Teeth 1083 8.66E-03 1.87E-02 1.83E-04 

Tendon Ligament 25536 2.04E-01 2.27E-01 4.32E-03 

Testis 2076 1.66E-02 1.73E-02 3.51E-04 

Thalamus 1386 1.11E-02 1.15E-02 2.35E-04 

Thymus 2955 2.36E-02 2.43E-02 5.00E-04 

Thyroid Gland 890 7.12E-03 7.47E-03 1.51E-04 

Tibia Left 13957 1.12E-01 2.22E-01 2.36E-03 

Tibia Marrow Left 26006 2.08E-01 2.14E-01 4.40E-03 

Tibia Marrow Right 27372 2.19E-01 2.25E-01 4.63E-03 

Tibia Right 13360 1.07E-01 2.13E-01 2.26E-03 

Tongue 8720 6.98E-02 7.26E-02 1.48E-03 

Trachea 1478 1.18E-02 1.30E-02 2.50E-04 

Trachea Lumen 856 6.85E-03 8.90E-06 1.45E-04 

Trapezium Left 166 1.33E-03 2.64E-03 2.81E-05 

Trapezium Marrow Left 0 3.00E-06 3.08E-06 6.34E-08 

Trapezium Right 162 1.30E-03 2.58E-03 2.74E-05 

Trapezoideum Left 85 6.79E-04 1.35E-03 1.44E-05 

Trapezoideum Right 90 7.23E-04 1.44E-03 1.53E-05 

Triquetrum Left 131 1.05E-03 2.09E-03 2.22E-05 

Triquetrum Right 122 9.73E-04 1.94E-03 2.06E-05 

Ulna Left 2571 2.06E-02 4.09E-02 4.35E-04 

Ulna Marrow Left 1176 9.41E-03 9.66E-03 1.99E-04 

Ulna Marrow Right 1460 1.17E-02 1.20E-02 2.47E-04 

Ulna Right 2930 2.34E-02 4.66E-02 4.96E-04 

Ureter Urethra 1157 9.26E-03 9.77E-03 1.96E-04 

Vein 42275 3.38E-01 3.58E-01 7.15E-03 

Vertebrae 74491 5.96E-01 1.19E+00 1.26E-02 

Table A.2-2: Number of voxels, volume, mass and relative fraction for each tissue of the model Louis. 
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Roberta 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Artery 5381 4.30E-02 4.56E-02 2.57E-03 

Bladder 3283 2.63E-02 2.73E-02 1.57E-03 

Bone 52862 4.23E-01 8.42E-01 2.53E-02 

Brain Grey Matter 81112 6.49E-01 6.74E-01 3.88E-02 

Brain White Matter 38976 3.12E-01 3.25E-01 1.86E-02 

Cartilage 1776 1.42E-02 1.56E-02 8.49E-04 

Cerebellum 15164 1.21E-01 1.26E-01 7.25E-03 

Cerebrospinal Fluid 22455 1.80E-01 1.81E-01 1.07E-02 

Connective Tissue 67052 5.36E-01 5.43E-01 3.20E-02 

Cornea 10 8.10E-05 8.72E-05 4.84E-06 

Ear Cartilage 561 4.49E-03 4.94E-03 2.68E-04 

Ear Skin 865 6.92E-03 7.61E-03 4.13E-04 

Esophagus 317 2.54E-03 2.64E-03 1.51E-04 

Esophagus Lumen 120 9.57E-04 1.00E-03 5.72E-05 

Eye Lens 23 1.82E-04 1.98E-04 1.09E-05 

Eye Sclera 166 1.33E-03 1.37E-03 7.93E-05 

Eye Vitreous Humor 1159 9.27E-03 9.35E-03 5.54E-04 

Fat 319390 2.56E+00 2.34E+00 1.53E-01 

Gallbladder 777 6.22E-03 6.38E-03 3.72E-04 

Heart Lumen 16409 1.31E-01 1.39E-01 7.84E-03 

Heart Muscle 6505 5.20E-02 5.52E-02 3.11E-03 

Hippocampus 324 2.59E-03 2.69E-03 1.55E-04 

Hypophysis 27 2.18E-04 2.32E-04 1.30E-05 

Hypothalamus 79 6.29E-04 6.60E-04 3.76E-05 

Intervertebral Disc 2827 2.26E-02 2.49E-02 1.35E-03 

Kidney Cortex 8078 6.46E-02 6.78E-02 3.86E-03 

Kidney Medulla 4602 3.68E-02 3.84E-02 2.20E-03 

Large Intestine 15790 1.26E-01 1.32E-01 7.55E-03 

Large Intestine Lumen 14111 1.13E-01 1.18E-01 6.74E-03 

Liver 58778 4.70E-01 4.94E-01 2.81E-02 

Lung 101615 8.13E-01 5.32E-01 4.86E-02 

Mandible 2128 1.70E-02 3.39E-02 1.02E-03 

Marrow Red 10249 8.20E-02 8.42E-02 4.90E-03 

Medulla Oblongata 573 4.59E-03 4.76E-03 2.74E-04 

Meniscus 438 3.50E-03 3.85E-03 2.09E-04 

Midbrain 2475 1.98E-02 2.06E-02 1.18E-03 

Mucosa 267 2.14E-03 2.24E-03 1.28E-04 

Muscle 689161 5.51E+00 5.74E+00 3.29E-01 

Nerve 5534 4.43E-02 4.60E-02 2.64E-03 

Ovary 168 1.35E-03 1.41E-03 8.04E-05 

Pancreas 1024 8.19E-03 8.56E-03 4.89E-04 

Patella 328 2.62E-03 5.22E-03 1.57E-04 

Pharynx 62 4.99E-04 6.49E-07 2.98E-05 

Pinealbody 15 1.22E-04 1.28E-04 7.29E-06 

SAT 209009 1.67E+00 1.53E+00 9.99E-02 

Skin 165614 1.32E+00 1.46E+00 7.91E-02 

Skull 42397 3.39E-01 6.75E-01 2.03E-02 

Small Intestine 17682 1.41E-01 1.48E-01 8.45E-03 
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Roberta (continuation) 
Number 

of Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Small Intestine Lumen 26338 2.11E-01 2.20E-01 1.26E-02 

Spinal Cord 1830 1.46E-02 1.52E-02 8.74E-04 

Spleen 10693 8.55E-02 9.02E-02 5.11E-03 

Stomach 8098 6.48E-02 6.80E-02 3.87E-03 

Stomach Lumen 3107 2.49E-02 2.61E-02 1.48E-03 

Teeth 150 1.20E-03 2.60E-03 7.19E-05 

Tendon Ligament 4857 3.89E-02 4.31E-02 2.32E-03 

Thalamus 1554 1.24E-02 1.29E-02 7.43E-04 

Thymus 2525 2.02E-02 2.07E-02 1.21E-03 

Tongue 3677 2.94E-02 3.06E-02 1.76E-03 

Trachea 268 2.14E-03 2.36E-03 1.28E-04 

Trachea Lumen 176 1.41E-03 1.83E-06 8.39E-05 

Ureter Urethra 40 3.18E-04 3.36E-04 1.90E-05 

Uterus 679 5.43E-03 5.71E-03 3.24E-04 

Vagina 458 3.66E-03 3.82E-03 2.19E-04 

Vein 4919 3.94E-02 4.17E-02 2.35E-03 

Vertebrae 33401 2.67E-01 5.32E-01 1.60E-02 

Table A.2-3: Number of voxels, volume, mass and relative fraction for each tissue of the model Rob-
erta. 
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Thelonious 
Number of 
Voxels 

Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Adrenal Gland 353 2.83E-03 2.90E-03 1.54E-04 

Artery 8798 7.04E-02 7.46E-02 3.84E-03 

Bladder 3706 2.96E-02 3.08E-02 1.62E-03 

Blood Vessel 1062 8.50E-03 9.01E-03 4.64E-04 

Bone 89914 7.19E-01 1.43E+00 3.93E-02 

Brain Grey Matter 87018 6.96E-01 7.23E-01 3.80E-02 

Brain White Matter 45970 3.68E-01 3.84E-01 2.01E-02 

Bronchi 110 8.81E-04 9.37E-04 4.81E-05 

Bronchi Lumen 92 7.35E-04 9.56E-07 4.01E-05 

Cartilage 5403 4.32E-02 4.75E-02 2.36E-03 

Cerebellum 18973 1.52E-01 1.58E-01 8.28E-03 

Cerebrospinal Fluid 25295 2.02E-01 2.04E-01 1.10E-02 

Commissura Anterior 5 4.00E-05 4.17E-05 2.18E-06 

Commissura Posterior 1 6.00E-06 6.26E-06 3.27E-07 

Connective Tissue 35475 2.84E-01 2.87E-01 1.55E-02 

Cornea 37 2.95E-04 3.17E-04 1.61E-05 

Diaphragm 13850 1.11E-01 1.15E-01 6.05E-03 

Ear Cartilage 473 3.78E-03 4.16E-03 2.07E-04 

Ear Skin 1436 1.15E-02 1.26E-02 6.27E-04 

Epididymis 92 7.37E-04 7.74E-04 4.02E-05 

Esophagus 852 6.82E-03 7.09E-03 3.72E-04 

Esophagus Lumen 452 3.61E-03 3.79E-03 1.97E-04 

Eye Lens 37 2.92E-04 3.18E-04 1.59E-05 

Eye Sclera 488 3.91E-03 4.03E-03 2.13E-04 

Eye Vitreous Humor 1153 9.22E-03 9.30E-03 5.03E-04 

Fat 256936 2.06E+00 1.88E+00 1.12E-01 

Gallbladder 949 7.59E-03 7.79E-03 4.14E-04 

Heart Lumen 945 7.56E-03 8.02E-03 4.13E-04 

Heart Muscle 29323 2.35E-01 2.49E-01 1.28E-02 

Hippocampus 248 1.98E-03 2.06E-03 1.08E-04 

Hypophysis 35 2.79E-04 2.97E-04 1.52E-05 

Hypothalamus 80 6.43E-04 6.75E-04 3.51E-05 

Intervertebral_disc 9112 7.29E-02 8.02E-02 3.98E-03 

Kidney Cortex 10031 8.02E-02 8.42E-02 4.38E-03 

Kidney Medulla 6294 5.03E-02 5.26E-02 2.75E-03 

Large Intestine 26925 2.15E-01 2.25E-01 1.18E-02 

Large Intestine Lumen 60021 4.80E-01 5.01E-01 2.62E-02 

Larynx 11 9.10E-05 9.85E-05 4.97E-06 

Liver 69766 5.58E-01 5.86E-01 3.05E-02 

Lung 113467 9.08E-01 5.95E-01 4.95E-02 

Mandible 2081 1.66E-02 3.31E-02 9.08E-04 

Marrow Red 13566 1.09E-01 1.11E-01 5.92E-03 

Medulla Oblongata 659 5.27E-03 5.48E-03 2.88E-04 

Meniscus 1098 8.78E-03 9.64E-03 4.79E-04 

Midbrain 947 7.58E-03 7.87E-03 4.13E-04 

Mucosa 386 3.09E-03 3.24E-03 1.68E-04 

Muscle 755175 6.04E+00 6.29E+00 3.30E-01 

Nerve 7297 5.84E-02 6.06E-02 3.19E-03 
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Thelonious (continuation) 
Number 

of Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Pancreas 1326 1.06E-02 1.11E-02 5.79E-04 

Patella 386 3.09E-03 6.14E-03 1.68E-04 

Penis 1141 9.13E-03 9.67E-03 4.98E-04 

Pharynx 179 1.43E-03 1.86E-06 7.82E-05 

Pinealbody 35 2.76E-04 2.90E-04 1.51E-05 

Pons 1532 1.23E-02 1.27E-02 6.69E-04 

Prostate 436 3.49E-03 3.64E-03 1.90E-04 

SAT 235032 1.88E+00 1.72E+00 1.03E-01 

Skin 167825 1.34E+00 1.48E+00 7.33E-02 

Skull 32824 2.63E-01 5.23E-01 1.43E-02 

Small Intestine 7101 5.68E-02 5.93E-02 3.10E-03 

Small Intestine Lumen 2759 2.21E-02 2.30E-02 1.20E-03 

Spinal Cord 3232 2.59E-02 2.68E-02 1.41E-03 

Spleen 15345 1.23E-01 1.29E-01 6.70E-03 

Stomach 16967 1.36E-01 1.43E-01 7.41E-03 

Stomach Lumen 16334 1.31E-01 1.37E-01 7.13E-03 

Teeth 711 5.69E-03 1.23E-02 3.10E-04 

Tendon Ligament 25683 2.05E-01 2.28E-01 1.12E-02 

Testis 384 3.07E-03 3.20E-03 1.67E-04 

Thalamus 2351 1.88E-02 1.95E-02 1.03E-03 

Thymus 3616 2.89E-02 2.97E-02 1.58E-03 

Tongue 4692 3.75E-02 3.91E-02 2.05E-03 

Trachea 507 4.05E-03 4.46E-03 2.21E-04 

Trachea Lumen 762 6.10E-03 7.92E-06 3.33E-04 

Ureter Urethra 106 8.46E-04 8.93E-04 4.62E-05 

Vein 7846 6.28E-02 6.65E-02 3.43E-03 

Vertebrae 28988 2.32E-01 4.61E-01 1.27E-02 

Table A.2-4: Number of voxels, volume, mass and relative fraction for each tissue of the model Thelo-
nious. 
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Eartha 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Adrenal Gland 288 2.30E-03 2.36E-03 8.02E-05 

Artery 12028 9.62E-02 1.02E-01 3.36E-03 

Bladder 17235 1.38E-01 1.43E-01 4.81E-03 

Blood Vessel 745 5.96E-03 6.32E-03 2.08E-04 

Bone 135819 1.09E+00 2.16E+00 3.79E-02 

Brain Grey Matter 92284 7.38E-01 7.67E-01 2.57E-02 

Brain White Matter 42150 3.37E-01 3.52E-01 1.18E-02 

Bronchi 903 7.22E-03 7.67E-03 2.52E-04 

Bronchi Lumen 90 7.16E-04 9.31E-07 2.50E-05 

Cartilage 16041 1.28E-01 1.41E-01 4.48E-03 

Cerebellum 17625 1.41E-01 1.47E-01 4.92E-03 

Cerebrospinal Fluid 35047 2.80E-01 2.82E-01 9.78E-03 

Commissura Anterior 7 5.50E-05 5.74E-05 1.92E-06 

Commissura Posterior 2 1.50E-05 1.56E-05 5.23E-07 

Connective Tissue 137439 1.10E+00 1.11E+00 3.83E-02 

Cornea 39 3.11E-04 3.35E-04 1.08E-05 

Diaphragm 11725 9.38E-02 9.76E-02 3.27E-03 

Ear Cartilage 1145 9.16E-03 1.01E-02 3.20E-04 

Ear Skin 1261 1.01E-02 1.11E-02 3.52E-04 

Esophagus 1265 1.01E-02 1.05E-02 3.53E-04 

Esophagus Lumen 392 3.14E-03 3.29E-03 1.09E-04 

Eye Lens 72 5.79E-04 6.31E-04 2.02E-05 

Eye Sclera 151 1.21E-03 1.25E-03 4.21E-05 

Eye Vitreous Humor 1286 1.03E-02 1.04E-02 3.59E-04 

Fat 556618 4.45E+00 4.08E+00 1.55E-01 

Gallbladder 617 4.94E-03 5.07E-03 1.72E-04 

Heart Lumen 25635 2.05E-01 2.17E-01 7.15E-03 

Heart Muscle 18334 1.47E-01 1.55E-01 5.11E-03 

Hippocampus 390 3.12E-03 3.24E-03 1.09E-04 

Hypophysis 15 1.21E-04 1.29E-04 4.22E-06 

Hypothalamus 105 8.40E-04 8.82E-04 2.93E-05 

Intervertebral Disc 8355 6.68E-02 7.35E-02 2.33E-03 

Kidney Cortex 11871 9.50E-02 9.96E-02 3.31E-03 

Kidney Medulla 8017 6.41E-02 6.70E-02 2.24E-03 

Large Intestine 30630 2.45E-01 2.56E-01 8.55E-03 

Large Intestine Lumen 5593 4.47E-02 4.67E-02 1.56E-03 

Larynx 84 6.70E-04 7.25E-04 2.34E-05 

Liver 85575 6.85E-01 7.19E-01 2.39E-02 

Lung 146209 1.17E+00 7.66E-01 4.08E-02 

Mandible 4919 3.93E-02 7.83E-02 1.37E-03 

Marrow Red 51375 4.11E-01 4.22E-01 1.43E-02 

Medulla Oblongata 688 5.50E-03 5.71E-03 1.92E-04 

Meniscus 1593 1.27E-02 1.40E-02 4.44E-04 

Midbrain 990 7.92E-03 8.23E-03 2.76E-04 

Mucosa 2040 1.63E-02 1.71E-02 5.69E-04 

Muscle 1248909 9.99E+00 1.04E+01 3.48E-01 

Nerve 996 7.97E-03 8.27E-03 2.78E-04 

Ovary 464 3.71E-03 3.89E-03 1.29E-04 
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Eartha (continuation) 
Number 

of Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Pancreas 2418 1.93E-02 2.02E-02 6.75E-04 

Patella 916 7.33E-03 1.46E-02 2.56E-04 

Pharynx 614 4.91E-03 6.39E-06 1.71E-04 

Pinealbody 29 2.35E-04 2.47E-04 8.20E-06 

Pons 1740 1.39E-02 1.45E-02 4.86E-04 

SAT 430562 3.44E+00 3.16E+00 1.20E-01 

Skin 197885 1.58E+00 1.74E+00 5.52E-02 

Skull 51749 4.14E-01 8.24E-01 1.44E-02 

Small Intestine 32005 2.56E-01 2.67E-01 8.93E-03 

Small Intestine Lumen 3898 3.12E-02 3.26E-02 1.09E-03 

Spinal cord 1802 1.44E-02 1.50E-02 5.03E-04 

Spleen 17857 1.43E-01 1.51E-01 4.98E-03 

Stomach 14489 1.16E-01 1.22E-01 4.04E-03 

Stomach Lumen 9392 7.51E-02 7.89E-02 2.62E-03 

Teeth 1184 9.47E-03 2.05E-02 3.30E-04 

Tendon Ligament 8191 6.55E-02 7.27E-02 2.29E-03 

Thalamus 4040 3.23E-02 3.36E-02 1.13E-03 

Thymus 1087 8.70E-03 8.92E-03 3.03E-04 

Tongue 7912 6.33E-02 6.59E-02 2.21E-03 

Trachea 871 6.97E-03 7.67E-03 2.43E-04 

Trachea Lumen 393 3.15E-03 4.09E-06 1.10E-04 

Ureter Urethra 315 2.52E-03 2.66E-03 8.77E-05 

Uterus 2545 2.04E-02 2.14E-02 7.10E-04 

Vagina 1397 1.12E-02 1.17E-02 3.90E-04 

Vein 13573 1.09E-01 1.15E-01 3.79E-03 

Vertebrae 36882 2.95E-01 5.87E-01 1.03E-02 

Table A.2-5: Number of voxels, volume, mass and relative fraction for each tissue of the model 
Eartha. 
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Dizzie 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Artery 7619 6.10E-02 6.46E-02 2.46E-03 

Blood Vessel 72 5.75E-04 6.10E-04 2.32E-05 

Brain Grey Matter 80813 6.47E-01 6.72E-01 2.61E-02 

Brain White Matter 43381 3.47E-01 3.62E-01 1.40E-02 

Cartilage 3822 3.06E-02 3.36E-02 1.24E-03 

Cerebellum 16852 1.35E-01 1.40E-01 5.45E-03 

Cerebrospinal Fluid 52320 4.19E-01 4.21E-01 1.69E-02 

Connective Tissue 26584 2.13E-01 2.15E-01 8.60E-03 

Ear Cartilage 341 2.73E-03 3.00E-03 1.10E-04 

Ear skin 1380 1.10E-02 1.21E-02 4.46E-04 

Esophagus 1556 1.24E-02 1.29E-02 5.03E-04 

Eye Vitreous Humor 1424 1.14E-02 1.15E-02 4.60E-04 

Eye Lens 26 2.06E-04 2.25E-04 8.33E-06 

Fat 272579 2.18E+00 2.00E+00 8.81E-02 

Hippocampus 157 1.26E-03 1.30E-03 5.07E-05 

Hypothalamus 51 4.08E-04 4.28E-04 1.65E-05 

Intervertebral Disc 7325 5.86E-02 6.45E-02 2.37E-03 

Mandible 3225 2.58E-02 5.13E-02 1.04E-03 

Marrow Red 49780 3.98E-01 4.09E-01 1.61E-02 

Midbrain 945 7.56E-03 7.86E-03 3.06E-04 

Muscle 1158969 9.27E+00 9.65E+00 3.75E-01 

Nerve 5410 4.33E-02 4.49E-02 1.75E-03 

Pharynx 62 4.95E-04 6.44E-07 2.00E-05 

Skin 200093 1.60E+00 1.76E+00 6.47E-02 

Skull 35072 2.81E-01 5.58E-01 1.13E-02 

Spinal Cord 2415 1.93E-02 2.01E-02 7.81E-04 

SAT 385422 3.08E+00 2.82E+00 1.25E-01 

Teeth 648 5.19E-03 1.12E-02 2.10E-04 

Thalamus 2013 1.61E-02 1.67E-02 6.51E-04 

Tongue 5160 4.13E-02 4.30E-02 1.67E-03 

Trachea 1018 8.14E-03 8.96E-03 3.29E-04 

Vein 7571 6.06E-02 6.42E-02 2.45E-03 

Vertebrae 54999 4.40E-01 8.76E-01 1.78E-02 

Pinealbody 38 3.05E-04 3.20E-04 1.23E-05 

Pons 1724 1.38E-02 1.43E-02 5.57E-04 

Medulla Oblongata 677 5.41E-03 5.62E-03 2.19E-04 

Bone 103122 8.25E-01 1.64E+00 3.33E-02 

Bronchi 346 2.77E-03 2.94E-03 1.12E-04 

Bronchi Lumen 205 1.64E-03 2.13E-06 6.62E-05 

Esophagus Lumen 497 3.98E-03 4.18E-03 1.61E-04 

Gallbladder 1435 1.15E-02 1.18E-02 4.64E-04 

Heart Lumen 6619 5.30E-02 5.61E-02 2.14E-03 

Heart Muscle 30439 2.44E-01 2.58E-01 9.84E-03 

Kidney Medulla 19227 1.54E-01 1.61E-01 6.22E-03 

Large Intestine 26652 2.13E-01 2.23E-01 8.62E-03 

Large Intestine Lumen 72404 5.79E-01 6.05E-01 2.34E-02 

Liver 104489 8.36E-01 8.78E-01 3.38E-02 

Lung 166336 1.33E+00 8.72E-01 5.38E-02 
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Dizzie (continuation) 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Pancreas 1089 8.71E-03 9.10E-03 3.52E-04 

Small Intestine 5853 4.68E-02 4.89E-02 1.89E-03 

Small Intestine Lumen 13746 1.10E-01 1.15E-01 4.44E-03 

Spleen 34259 2.74E-01 2.89E-01 1.11E-02 

Stomach 13396 1.07E-01 1.13E-01 4.33E-03 

Stomach Lumen 9063 7.25E-02 7.61E-02 2.93E-03 

Tendon Ligament 34356 2.75E-01 3.05E-01 1.11E-02 

Thymus 3610 2.89E-02 2.96E-02 1.17E-03 

Trachea Lumen 377 3.02E-03 3.92E-06 1.22E-04 

Bladder 6452 5.16E-02 5.37E-02 2.09E-03 

Epididymis 75 5.98E-04 6.28E-04 2.42E-05 

Patella 589 4.71E-03 9.38E-03 1.90E-04 

Penis 788 6.30E-03 6.68E-03 2.55E-04 

Prostate 521 4.17E-03 4.35E-03 1.68E-04 

Testis 153 1.22E-03 1.28E-03 4.95E-05 

Ureter Urethra 176 1.41E-03 1.49E-03 5.69E-05 

Meniscus 3189 2.55E-02 2.80E-02 1.03E-03 

Table A.2-6: Number of voxels, volume, mass and relative fraction for each tissue of the model Dizzie. 
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Billie 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Adrenal gland 1043 8.34E-03 8.55E-03 2.53E-04 

Artery 20195 1.62E-01 1.71E-01 4.90E-03 

Bladder 4144 3.32E-02 3.45E-02 1.01E-03 

Bone 205159 1.64E+00 3.27E+00 4.98E-02 

Brain Grey Matter 82321 6.59E-01 6.84E-01 2.00E-02 

Brain white Matter 45641 3.65E-01 3.81E-01 1.11E-02 

Bronchi 266 2.13E-03 2.27E-03 6.46E-05 

Bronchi Lumen 778 6.23E-03 8.09E-06 1.89E-04 

Cartilage 14394 1.15E-01 1.27E-01 3.49E-03 

Cerebellum 16731 1.34E-01 1.39E-01 4.06E-03 

Cerebrospinal Fluid 35015 2.80E-01 2.82E-01 8.50E-03 

Commissura Anterior 8 6.50E-05 6.78E-05 1.97E-06 

Commissura Posterior 3 2.00E-05 2.09E-05 6.07E-07 

Connective Tissue 103209 8.26E-01 8.36E-01 2.50E-02 

cornea 21 1.71E-04 1.84E-04 5.19E-06 

Diaphragm 13729 1.10E-01 1.14E-01 3.33E-03 

Ear Cartilage 435 3.48E-03 3.83E-03 1.06E-04 

Ear Skin 1341 1.07E-02 1.18E-02 3.25E-04 

Esophagus 515 4.12E-03 4.28E-03 1.25E-04 

Esophagus Lumen 539 4.31E-03 4.52E-03 1.31E-04 

Eye Lens 30 2.42E-04 2.64E-04 7.34E-06 

Eye Sclera 426 3.41E-03 3.51E-03 1.03E-04 

Eye Vitreous Humor 1056 8.45E-03 8.52E-03 2.56E-04 

Fat 278656 2.23E+00 2.04E+00 6.76E-02 

Gallbladder 2472 1.98E-02 2.03E-02 6.00E-04 

Heart Lumen 14954 1.20E-01 1.27E-01 3.63E-03 

Heart Muscle 17815 1.43E-01 1.51E-01 4.32E-03 

Hippocampus 131 1.05E-03 1.09E-03 3.17E-05 

Hypophysis 25 1.97E-04 2.10E-04 5.98E-06 

Hypothalamus 179 1.43E-03 1.50E-03 4.34E-05 

Intervertebral Disc 14615 1.17E-01 1.29E-01 3.55E-03 

Kidney Cortex 14295 1.14E-01 1.20E-01 3.47E-03 

Kidney Medulla 5384 4.31E-02 4.50E-02 1.31E-03 

Large Intestine 32951 2.64E-01 2.75E-01 8.00E-03 

Large Intestine Lumen 11114 8.89E-02 9.28E-02 2.70E-03 

Larynx 249 1.99E-03 2.15E-03 6.03E-05 

Liver 103723 8.30E-01 8.71E-01 2.52E-02 

Lung 171735 1.37E+00 9.00E-01 4.17E-02 

Mandible 2704 2.16E-02 4.30E-02 6.56E-04 

Marrow Red 40561 3.24E-01 3.33E-01 9.84E-03 

Medulla Oblongata 796 6.37E-03 6.62E-03 1.93E-04 

Meniscus 1445 1.16E-02 1.27E-02 3.51E-04 

Midbrain 888 7.11E-03 7.38E-03 2.16E-04 

Mucosa 189 1.51E-03 1.58E-03 4.57E-05 

Muscle 1714932 1.37E+01 1.43E+01 4.16E-01 

Nerve 6692 5.35E-02 5.56E-02 1.62E-03 

Ovary 589 4.71E-03 4.93E-03 1.43E-04 

Pancreas 2949 2.36E-02 2.46E-02 7.15E-04 
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Billie (continuation) 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Patella 2172 1.74E-02 3.46E-02 5.27E-04 

Pharynx 401 3.21E-03 4.17E-06 9.74E-05 

Pinealbody 11 8.80E-05 9.24E-05 2.67E-06 

Pons 1608 1.29E-02 1.34E-02 3.90E-04 

SAT 453233 3.63E+00 3.32E+00 1.10E-01 

Skin 312119 2.50E+00 2.75E+00 7.57E-02 

Skull 37110 2.97E-01 5.91E-01 9.00E-03 

Small Intestine 48432 3.87E-01 4.05E-01 1.18E-02 

Small Intestine Lumen 30683 2.45E-01 2.56E-01 7.45E-03 

Spinal Cord 2750 2.20E-02 2.28E-02 6.67E-04 

Spleen 17513 1.40E-01 1.48E-01 4.25E-03 

Stomach 50003 4.00E-01 4.20E-01 1.21E-02 

Stomach Lumen 31631 2.53E-01 2.66E-01 7.68E-03 

Teeth 1866 1.49E-02 3.22E-02 4.53E-04 

Tendon Ligament 27594 2.21E-01 2.45E-01 6.70E-03 

Thalamus 1612 1.29E-02 1.34E-02 3.91E-04 

Thymus 3698 2.96E-02 3.04E-02 8.97E-04 

Thyroid Gland 1256 1.00E-02 1.05E-02 3.05E-04 

Tongue 6261 5.01E-02 5.21E-02 1.52E-03 

Trachea 262 2.10E-03 2.30E-03 6.35E-05 

Trachea Lumen 813 6.50E-03 8.45E-06 1.97E-04 

Ureter Urethra 27 2.19E-04 2.31E-04 6.64E-06 

Uterus 2333 1.87E-02 1.96E-02 5.66E-04 

Vagina 451 3.61E-03 3.76E-03 1.09E-04 

Vein 23638 1.89E-01 2.00E-01 5.74E-03 

Vertebrae 68820 5.51E-01 1.10E+00 1.67E-02 

Table A.2-7: Number of voxels, volume, mass and relative fraction for each tissue of the model Billie. 
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US 2 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  1329 1.06E-02 1.06E-02 2.21E-04 

Fetus  345 2.76E-03 2.87E-03 5.74E-05 

Hypothalamus  93 7.44E-04 7.81E-04 1.55E-05 

Mother  6005169 4.80E+01 5.28E+01 9.99E-01 

Umbilical Cord  51 4.08E-04 4.06E-04 8.49E-06 

Placenta  3348 2.68E-02 2.67E-02 5.57E-04 

Table A.2-8: Number of voxels, volume, mass and relative fraction for each tissue of the model FEM-
ONUM US 2. 

US 4 
Number of 

Voxels 
Volume 
[dm

3
] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  9285 7.43E-02 7.43E-02 1.54E-03 

Fetus  4591 3.67E-02 3.82E-02 7.63E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.55E-05 

Mother  5975929 4.78E+01 5.26E+01 9.93E-01 

Umbilical Cord  527 4.22E-03 4.19E-03 8.76E-05 

Placenta  25607 2.05E-01 2.04E-01 4.26E-03 

Table A.2-9: Number of voxels, volume, mass and relative fraction for each tissue of the model FEM-
ONUM US 4. 

MRI 1 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  90334 7.23E-01 7.23E-01 1.44E-02 

Bladder  430 3.44E-03 3.58E-03 6.87E-05 

Brain  12682 1.01E-01 1.04E-01 2.03E-03 

CSF  10437 8.35E-02 8.60E-02 1.67E-03 

Eyes  353 2.82E-03 2.85E-03 5.64E-05 

Fetus  91608 7.33E-01 7.62E-01 1.46E-02 

Heart  2575 2.06E-02 2.18E-02 4.12E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.49E-05 

Lungs  5782 4.63E-02 4.86E-02 9.24E-04 

Mother  5830228 4.66E+01 5.13E+01 9.32E-01 

Stomach  784 6.27E-03 6.59E-03 1.25E-04 

Umbilical Cord  7708 6.17E-02 6.14E-02 1.23E-03 

UterusWall/Placenta  203939 1.63E+00 1.68E+00 3.26E-02 

Table A.2-10: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 1. 
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MRI 2 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  89549 7.16E-01 7.16E-01 1.43E-02 

Bladder  1200 9.60E-03 9.98E-03 1.91E-04 

Brain  29918 2.39E-01 2.47E-01 4.77E-03 

CSF  12278 9.82E-02 1.01E-01 1.96E-03 

Eyes  606 4.85E-03 4.89E-03 9.66E-05 

Fetus  170066 1.36E+00 1.41E+00 2.71E-02 

Heart  2118 1.69E-02 1.80E-02 3.37E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.48E-05 

Lungs  9072 7.26E-02 7.62E-02 1.45E-03 

Mother  5776492 4.62E+01 5.08E+01 9.20E-01 

Stomach  944 7.55E-03 7.93E-03 1.50E-04 

Umbilical Cord  7914 6.33E-02 6.30E-02 1.26E-03 

UterusWall/Placenta  175562 1.40E+00 1.45E+00 2.80E-02 

Table A.2-11: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 2. 

MRI 3 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  33896 2.71E-01 2.71E-01 5.43E-03 

Bladder  332 2.66E-03 2.76E-03 5.32E-05 

Brain  29247 2.34E-01 2.41E-01 4.69E-03 

CSF  13160 1.05E-01 1.08E-01 2.11E-03 

Eyes  622 4.98E-03 5.02E-03 9.97E-05 

Fetus  165252 1.32E+00 1.37E+00 2.65E-02 

Heart  2390 1.91E-02 2.03E-02 3.83E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.49E-05 

Lungs  11220 8.98E-02 9.42E-02 1.80E-03 

Mother  5825308 4.66E+01 5.13E+01 9.34E-01 

Stomach  314 2.51E-03 2.64E-03 5.03E-05 

Umbilical Cord  4170 3.34E-02 3.32E-02 6.68E-04 

UterusWall/Placenta  152317 1.22E+00 1.26E+00 2.44E-02 

Table A.2-12: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 3. 
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MRI 4 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  66691 5.34E-01 5.34E-01 1.09E-02 

Bladder  611 4.89E-03 5.08E-03 9.99E-05 

Brain  25664 2.05E-01 2.11E-01 4.20E-03 

CSF  5632 4.51E-02 4.64E-02 9.21E-04 

Eyes  390 3.12E-03 3.15E-03 6.38E-05 

Fetus  76395 6.11E-01 6.36E-01 1.25E-02 

Heart  620 4.96E-03 5.26E-03 1.01E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.52E-05 

Lungs  2044 1.64E-02 1.72E-02 3.34E-04 

Mother  5845319 4.68E+01 5.14E+01 9.56E-01 

Stomach  271 2.17E-03 2.28E-03 4.43E-05 

Umbilical Cord  3269 2.62E-02 2.60E-02 5.35E-04 

UterusWall/Placenta  87215 6.98E-01 7.19E-01 1.43E-02 

Table A.2-13: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 4. 

MRI 5 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  80720 6.46E-01 6.46E-01 1.19E-02 

Bladder  1465 1.17E-02 1.22E-02 2.16E-04 

Brain  32328 2.59E-01 2.66E-01 4.77E-03 

CSF  14907 1.19E-01 1.23E-01 2.20E-03 

Eyes  609 4.87E-03 4.92E-03 8.98E-05 

Fetus  180634 1.45E+00 1.50E+00 2.66E-02 

Heart  1262 1.01E-02 1.07E-02 1.86E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.37E-05 

Lungs  12149 9.72E-02 1.02E-01 1.79E-03 

Mother  6205656 4.96E+01 5.46E+01 9.15E-01 

Stomach  1213 9.70E-03 1.02E-02 1.79E-04 

Umbilical Cord  10904 8.72E-02 8.68E-02 1.61E-03 

UterusWall/Placenta  242085 1.94E+00 1.99E+00 3.57E-02 

Table A.2-14: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 5. 
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MRI 6 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  76076 6.09E-01 6.09E-01 1.21E-02 

Bladder  846 6.77E-03 7.04E-03 1.35E-04 

Brain  27860 2.23E-01 2.30E-01 4.44E-03 

CSF  12818 1.03E-01 1.06E-01 2.04E-03 

Eyes  596 4.77E-03 4.81E-03 9.49E-05 

Fetus  172928 1.38E+00 1.44E+00 2.75E-02 

Heart  1478 1.18E-02 1.25E-02 2.35E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.48E-05 

Lungs  7394 5.92E-02 6.21E-02 1.18E-03 

Mother  5830021 4.66E+01 5.13E+01 9.29E-01 

Stomach  1509 1.21E-02 1.27E-02 2.40E-04 

Umbilical Cord  9714 7.77E-02 7.73E-02 1.55E-03 

UterusWall/Placenta  136727 1.09E+00 1.13E+00 2.18E-02 

Table A.2-15: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 6. 

MRI 7 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  101959 8.16E-01 8.16E-01 1.62E-02 

Bladder  1945 1.56E-02 1.62E-02 3.10E-04 

Brain  22204 1.78E-01 1.83E-01 3.54E-03 

CSF  7982 6.39E-02 6.58E-02 1.27E-03 

Eyes  349 2.79E-03 2.82E-03 5.56E-05 

Fetus  109745 8.78E-01 9.13E-01 1.75E-02 

Hypothalamus  93 7.44E-04 7.81E-04 1.48E-05 

Mother  5899543 4.72E+01 5.19E+01 9.40E-01 

Stomach  879 7.03E-03 7.38E-03 1.40E-04 

Umbilical Cord  4038 3.23E-02 3.21E-02 6.43E-04 

UterusWall/Placenta  128517 1.03E+00 1.06E+00 2.05E-02 

Table A.2-16: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 6. 
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MRI 8 
Number of 

Voxels 
Volume 
[dm

3
] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  28861 2.31E-01 2.31E-01 4.62E-03 

Bladder  1622 1.30E-02 1.35E-02 2.60E-04 

Brain  28704 2.30E-01 2.37E-01 4.60E-03 

CSF  14591 1.17E-01 1.20E-01 2.34E-03 

Eyes  564 4.51E-03 4.55E-03 9.03E-05 

Fetus  127113 1.02E+00 1.06E+00 2.04E-02 

Heart  1840 1.47E-02 1.56E-02 2.95E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.49E-05 

Lungs  6922 5.54E-02 5.81E-02 1.11E-03 

Mother  5818533 4.65E+01 5.12E+01 9.32E-01 

Stomach  424 3.39E-03 3.56E-03 6.79E-05 

Umbilical Cord  6948 5.56E-02 5.53E-02 1.11E-03 

UterusWall/Placenta  208904 1.67E+00 1.72E+00 3.35E-02 

Table A.2-17: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 8. 

MRI 9 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  65631 5.25E-01 5.25E-01 1.06E-02 

Bladder  291 2.33E-03 2.42E-03 4.69E-05 

Brain  23599 1.89E-01 1.94E-01 3.80E-03 

CSF  9098 7.28E-02 7.50E-02 1.46E-03 

Eyes  394 3.15E-03 3.18E-03 6.34E-05 

Fetus  97560 7.80E-01 8.12E-01 1.57E-02 

Heart  946 7.57E-03 8.02E-03 1.52E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.50E-05 

Lungs  5436 4.35E-02 4.57E-02 8.75E-04 

Mother  5822226 4.66E+01 5.12E+01 9.37E-01 

Stomach  444 3.55E-03 3.73E-03 7.15E-05 

Umbilical Cord  7767 6.21E-02 6.18E-02 1.25E-03 

UterusWall/Placenta  177773 1.42E+00 1.46E+00 2.86E-02 

Table A.2-18: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 9. 
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MRI 10 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  53420 4.27E-01 4.27E-01 8.41E-03 

Bladder  489 3.91E-03 4.07E-03 7.69E-05 

Brain  39348 3.15E-01 3.24E-01 6.19E-03 

CSF  17194 1.38E-01 1.42E-01 2.71E-03 

Eyes  644 5.15E-03 5.20E-03 1.01E-04 

Fetus  198024 1.58E+00 1.65E+00 3.12E-02 

Heart  3709 2.97E-02 3.15E-02 5.84E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.46E-05 

Lungs  8466 6.77E-02 7.11E-02 1.33E-03 

Mother  5762630 4.61E+01 5.07E+01 9.07E-01 

Stomach  1110 8.88E-03 9.32E-03 1.75E-04 

Umbilical Cord  25230 2.02E-01 2.01E-01 3.97E-03 

UterusWall/Placenta  245022 1.96E+00 2.02E+00 3.86E-02 

Table A.2-19: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 10. 
 

MRI 11 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  62569 5.01E-01 5.01E-01 9.82E-03 

Bladder  2979 2.38E-02 2.48E-02 4.68E-04 

Brain  32870 2.63E-01 2.71E-01 5.16E-03 

CSF  21275 1.70E-01 1.75E-01 3.34E-03 

Eyes  774 6.19E-03 6.25E-03 1.21E-04 

Fetus  253530 2.03E+00 2.11E+00 3.98E-02 

Heart  2280 1.82E-02 1.93E-02 3.58E-04 

Hypothalamus  93 7.44E-04 7.81E-04 1.46E-05 

Lungs  14504 1.16E-01 1.22E-01 2.28E-03 

Mother  5673423 4.54E+01 4.99E+01 8.91E-01 

Stomach  2226 1.78E-02 1.87E-02 3.49E-04 

Umbilical Cord  7930 6.34E-02 6.31E-02 1.24E-03 

UterusWall/Placenta  296478 2.37E+00 2.44E+00 4.65E-02 

Table A.2-20: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 11. 
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MRI 12 
Number of 

Voxels 
Volume 
[dm3] 

Mass 
[kg] 

Volume Fraction 
[%] 

Amniotic Fluid  167556 1.34E+00 1.34E+00 2.49E-02 

Bladder  2036 1.63E-02 1.69E-02 3.02E-04 

Brain  24305 1.94E-01 2.00E-01 3.61E-03 

CSF  10821 8.66E-02 8.92E-02 1.61E-03 

Eyes  527 4.22E-03 4.25E-03 7.82E-05 

Fetus  140304 1.12E+00 1.17E+00 2.08E-02 

Heart  516 4.13E-03 4.38E-03 7.66E-05 

Hypothalamus  93 7.44E-04 7.81E-04 1.38E-05 

Lungs  6174 4.94E-02 5.19E-02 9.16E-04 

Mother  5844597 4.68E+01 5.14E+01 8.67E-01 

Stomach  723 5.78E-03 6.07E-03 1.07E-04 

Umbilical Cord  10805 8.64E-02 8.60E-02 1.60E-03 

UterusWall/Placenta  303019 2.42E+00 2.50E+00 4.50E-02 

Bladder 2  896 7.17E-03 7.45E-03 1.33E-04 

Brain 2  28882 2.31E-01 2.38E-01 4.28E-03 

CSF 2  10866 8.69E-02 8.95E-02 1.61E-03 

Eyes 2  534 4.27E-03 4.31E-03 7.92E-05 

Fetus 2  163903 1.31E+00 1.36E+00 2.43E-02 

Heart 2  1317 1.05E-02 1.12E-02 1.95E-04 

Lungs 2  9408 7.53E-02 7.90E-02 1.40E-03 

Stomach 2  1595 1.28E-02 1.34E-02 2.37E-04 

Umbilical Cord 2  11686 9.35E-02 9.30E-02 1.73E-03 

Table A.2-21: Number of voxels, volume, mass and relative fraction for each tissue of the model 
FEMONUM MRI 12. 
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A.3  Thermal Properties of Human Tissue 

Norman Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] [98] 

Adrenals 1024 0,42 3,3 270000 48000 

Bile 1010 0,55 4,1 0 0 

Bladder 1040 0,43 3,2 9000 160 

Blood 1060 0,56 3,9 0 0 

Bone 1990 0,37 3,1 3400 610 

Brain 1035 0,57 3,8 40000 7100 

Breast 1020 0,22 3 1500 300 

Csf 1007 0,62 4 0 0 

Duodenum 1044 0,57 4 71000 13000 

Fat 916 0,22 3 1500 300 

Gall_bladder 1026 0,43 3,2 9000 160 

Heart_muscle 1060 0,54 3,9 54000 9600 

Humour 1009 0,58 4 0 0 

Hypothalamus 1050 0,53 3,761 360000 64000 

Kidney 1050 0,54 4 270000 48000 

Lens 1077 0,4 3,6 0 0 

Liver 1050 0,51 3,7 68000 12000 

Lower_LI 1044 0,56 3,7 53000 9500 

Lunch 1044 0,56 3,9 0 0 

Lung 1050 0,14 3,8 9500 1700 

Muscle 1041 0,4 3,8 2000 480 

Oesophagus 1040 0,53 3,5 29000 5200 

Pancreas 1045 0,52 4 41000 7300 

Prostate 1045 0,53 3,761 360000 64000 

Sclera 1076 0,58 3,8 75000 22000 

Skin 1100 0,27 3,6 1700 1620 

Small_intestine 1044 0,57 4 71000 13000 

Spinal_cord 1038 0,46 3,4 40000 7100 

Spleen 1054 0,54 3,9 82000 15000 

Stomach 1050 0,53 4 29000 5200 

Tendon 1165 0,41 3,3 9000 1600 

Testis 1044 0,56 3,9 360000 64000 

Thymus 1026 0,52 3,96 360000 64000 

Thyroid 1050 0,53 3,553 360000 64000 

Trabec_bone 1920 0,41 3,2 3300 590 

Upper_LI 1044 0,56 3,7 53000 9500 

Urine 1025 0,56 3,9 0 0 

Table A.3-1: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the model NORMAN. 
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Billie Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] [98] 

Adrenal_gland 1025 0,39 3,128 363771 64670,4 

Artery 1060 0,51 3,824 0 0 

Bladder 1040 0,56 3,9 12125,7 215,568 

Bone 1990 0,4 1,289 4580,82 821,853 

Brain_grey_matter 1039 1,13 3,675 53892 9565,83 

Brain_white_matter 1043 0,5 3,621 53892 9565,83 

Bronchi 1063 0,46 3,456 12799,35 2290,41 

Bronchi_lumen 1,3 0,03 1,006 0 0 

Cartilage 1100 0,47 3,664 12125,7 2155,68 

Cerebellum 1040 0,53 3,64 53892 9565,83 

Cerebrospinal_fluid 1007 0,6 4,191 0 0 

Commissura_anterior 1043 0,5 3,621 53892 9565,83 

Commissura_posterior 1043 0,5 3,621 53892 9565,83 

Connective_tissue 1013 0,37 3,035 7073,325 1279,935 

cornea 1076 0,52 3,793 0 0 

Diaphragm 1041 0,53 3,546 2694,6 646,704 

Ear_cartilage 1100 0,47 3,664 12125,7 2155,68 

Ear_skin 1100 0,35 3,437 2290,41 2182,626 

Esophagus 1040 0,53 3,5 39071,7 7005,96 

Esophagus_lumen 1050 0,03 1,006 0 0 

Eye_lens 1090 0,4 3,664 0 0 

Eye_Sclera 1032 0,4 3 101047,5 29640,6 

Eye_vitreous_humor 1009 0,59 3,932 0 0 

Fat 916 0,25 2,524 2290,41 404,19 

Gallbladder 1026 0,47 3,496 12125,7 2155,68 

Heart_lumen 1060 0,51 3,824 0 0 

Heart_muscle 1060 0,54 3,72 2694,6 646,704 

Hippocampus 1039 1,13 3,675 53892 9565,83 

Hypophysis 1066 0,53 3,761 485028 86227,2 

Hypothalamus 1050 0,53 3,761 485028 86227,2 

Intervertebral_disc 1100 0,47 3,664 12125,7 2155,68 

Kidney_cortex 1049 0,52 3,745 363771 64670,4 

Kidney_medulla 1044 0,52 3,745 363771 64670,4 

Large_intestine 1044 0,56 3,653 71406,9 12799,35 

Large_intestine_lumen 1044 0,56 3,9 0 0 

Larynx 1082 0,47 3,664 12125,7 2155,68 

Liver 1050 0,51 3,6 91616,4 16167,6 

Lung 1050 0,44 3,625 12799,35 2290,41 

Mandible 1990 0,4 1,289 4580,82 821,853 

Marrow_red 1027 0,52 3,96 43113,6 7679,61 

Medulla_oblongata 1039 1,13 3,675 53892 9565,83 

Meniscus 1098 0,47 3,664 12125,7 2155,68 

Midbrain 1039 1,13 3,675 53892 9565,83 
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Billie (continuation) Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

Mucosa 1050 0,34 3,15 12125,7 2155,68 

Muscle 1041 0,53 3,546 2694,6 646,704 

Nerve 1038 0,46 3,664 53892 9565,83 

Ovary 1048 0,53 3,6 485028 86227,2 

Pancreas 1045 0,49 3,452 55239,3 9835,29 

Patella 1990 0,4 1,289 4580,82 821,853 

Pharynx 1,3 0,03 1,006 0 0 

Pinealbody 1050 0,53 3,6 485028 86227,2 

Pons 1039 1,13 3,675 53892 9565,83 

SAT 916 0,24 2,524 2020,95 404,19 

Skin 1100 0,35 3,437 2290,41 2182,626 

Skull 1990 0,4 1,289 4580,82 821,853 

Small_intestine 1044 0,56 3,653 95658,3 17514,9 

Small_intestine_lumen 1044 0,56 3,9 0 0 

Spinal_cord 1038 0,46 3,664 53892 9565,83 

Spleen 1054 0,54 3,603 110478,6 20209,5 

Stomach 1050 0,53 3,553 39071,7 7005,96 

Stomach_lumen 1050 0,56 3,9 0 0 

Teeth 2160 0,4 1,34 4580,82 821,853 

Tendon_Ligament 1110 0,5 3,5 12125,7 2155,68 

Thalamus 1039 1,13 3,675 53892 9565,83 

Thymus 1026 0,52 3,96 485028 86227,2 

Thyroid_gland 1050 0,53 3,553 485028 86227,2 

Tongue 1041 0,53 3,546 2694,6 646,704 

Trachea 1100 0,47 3,664 12125,7 2155,68 

Trachea_lumen 1,3 0,03 1,006 0 0 

Ureter_Urethra 1056 0,46 3,456 12125,7 2155,68 

Uterus 1052 0,5 3,58 24251,4 4850,28 

Vagina 1044 0,56 3,653 71406,9 12799,35 

Vein 1060 0,51 3,824 0 0 

Vertebrae 1990 0,4 1,289 4580,82 821,853 

Table A.3-2: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the model Billie. 
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Dizzie Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] 

Artery 1060 0,51 3,824 0 0 

Bladder  1040 0,56 3,9 15209,1 270,384 

Blood_vessel 1060 0,51 3,824 0 0 

Bone 1990 0,4 1,289 5745,66 1030,839 

Brain_grey_matter 1039 1,13 3,675 67596 11998,29 

Brain_white_matter 1043 0,5 3,621 67596 11998,29 

Bronchi 1063 0,46 3,456 16054,05 2872,83 

Bronchi_lumen 1,3 0,03 1,006 0 0 

Cartilage 1100 0,47 3,664 15209,1 2703,84 

Cerebellum 1040 0,53 3,64 67596 11998,29 

Cerebrospinal_fluid 1007 0,6 4,191 0 0 

Connective_tissue 1013 0,37 3,035 8871,975 1605,405 

Ear_cartilage 1100 0,47 3,664 15209,1 2703,84 

Ear_skin 1100 0,35 3,437 2872,83 2737,638 

Epididymis 1050 0,53 3,761 608364 108153,6 

Esophagus 1040 0,53 3,5 49007,1 8787,48 

Esophagus_lumen 1050 0,03 1,006 0 0 

Eye_lens 1090 0,4 3,664 0 0 

Eye_vitreous_humor 1009 0,59 3,932 0 0 

Fat 916 0,25 2,524 2872,83 506,97 

Gallbladder 1026 0,47 3,496 15209,1 2703,84 

Heart_lumen 1060 0,51 3,824 0 0 

Heart_muscle 1060 0,54 3,72 3379,8 811,152 

Hippocampus 1039 1,13 3,675 67596 11998,29 

Hypothalamus 1050 0,53 3,761 608364 108153,6 

Intervertebral_disc 1100 0,47 3,664 15209,1 2703,84 

Kidney_medulla 1044 0,52 3,745 456273 81115,2 

Large_intestine 1044 0,56 3,653 89564,7 16054,05 

Large_intestine_lumen 1044 0,56 3,9 0 0 

Liver 1050 0,51 3,6 114913,2 20278,8 

Lung 1050 0,44 3,625 16054,05 2872,83 

Mandible 1990 0,4 1,289 5745,66 1030,839 

Marrow_red 1027 0,52 3,96 54076,8 9632,43 

Medulla_oblongata 1039 1,13 3,675 67596 11998,29 

Meniscus 1098 0,47 3,664 15209,1 2703,84 

Midbrain 1039 1,13 3,675 67596 11998,29 

Muscle 1041 0,53 3,546 3379,8 811,152 

Nerve 1038 0,46 3,664 67596 11998,29 

Pancreas 1045 0,49 3,452 69285,9 12336,27 

Patella 1990 0,4 1,289 5745,66 1030,839 

Penis 1060 0,46 3,456 3379,8 811,152 

Pharynx 1,3 0,03 1,006 0 0 

Pinealbody 1050 0,53 3,6 608364 108153,6 
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Dizzie (continuation) Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

Pons 1039 1,13 3,675 67596 11998,29 

Prostate 1045 0,53 3,761 608364 108153,6 

SAT 916 0,24 2,524 2534,85 506,97 

Skin 1100 0,35 3,437 2872,83 2737,638 

Skull 1990 0,4 1,289 5745,66 1030,839 

Small_intestine 1044 0,56 3,653 119982,9 21968,7 

Small_intestine_lumen 1044 0,56 3,9 0 0 

Spinal_cord 1038 0,46 3,664 67596 11998,29 

Spleen 1054 0,54 3,603 138571,8 25348,5 

Stomach 1050 0,53 3,553 49007,1 8787,48 

Stomach_lumen 1050 0,56 3,9 0 0 

Teeth 2160 0,4 1,34 5745,66 1030,839 

Tendon_Ligament 1110 0,5 3,5 15209,1 2703,84 

Testis 1044 0,53 3,746 608364 108153,6 

Thalamus 1039 1,13 3,675 67596 11998,29 

Thymus 1026 0,52 3,96 608364 108153,6 

Tongue 1041 0,53 3,546 3379,8 811,152 

Trachea 1100 0,47 3,664 15209,1 2703,84 

Trachea_lumen 1,3 0,03 1,006 0 0 

Ureter_Urethra 1056 0,46 3,456 15209,1 2703,84 

Vein 1060 0,51 3,824 0 0 

Vertebrae 1990 0,4 1,289 5745,66 1030,839 

Table A.3-3: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the model Dizzie. 
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Eartha Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] [98] 

Adrenal_gland 1025 0,39 3,128 398992,5 70932 

Air_internal 1,3 0,03 1,006 0 0 

Artery 1060 0,51 3,824 0 0 

Bladder 1040 0,56 3,9 13299,75 236,44 

Blood_vessel 1060 0,51 3,824 0 0 

Bone 1990 0,4 1,289 5024,35 901,4275 

Brain_grey_matter 1039 1,13 3,675 59110 10492,03 

Brain_white_matter 1043 0,5 3,621 59110 10492,03 

Bronchi 1063 0,46 3,456 14038,63 2512,175 

Bronchi_lumen 1,3 0,03 1,006 0 0 

Cartilage 1100 0,47 3,664 13299,75 2364,4 

Cerebellum 1040 0,53 3,64 59110 10492,03 

Cerebrospinal_fluid 1007 0,6 4,191 0 0 

Commissura_anterior 1043 0,5 3,621 59110 10492,03 

Commissura_posterior 1043 0,5 3,621 59110 10492,03 

Connective_tissue 1013 0,37 3,035 7758,188 1403,863 

Cornea 1076 0,52 3,793 0 0 

Diaphragm 1041 0,53 3,546 2955,5 709,32 

Ear_cartilage 1100 0,47 3,664 13299,75 2364,4 

Ear_skin 1100 0,35 3,437 2512,175 2393,955 

Esophagus 1040 0,53 3,5 42854,75 7684,3 

Esophagus_lumen 1050 0,03 1,006 0 0 

Eye_lens 1090 0,4 3,664 0 0 

Eye_Sclera 1032 0,4 3 110831,3 32510,5 

Eye_vitreous_humor 1009 0,59 3,932 0 0 

Fat 916 0,25 2,524 2512,175 443,325 

Gallbladder 1026 0,47 3,496 13299,75 2364,4 

Heart_lumen 1060 0,51 3,824 0 0 

Heart_muscle 1060 0,54 3,72 2955,5 709,32 

Hippocampus 1039 1,13 3,675 59110 10492,03 

Hypophysis 1066 0,53 3,761 531990 94576 

Hypothalamus 1050 0,53 3,761 531990 94576 

Intervertebral_disc 1100 0,47 3,664 13299,75 2364,4 

Kidney_cortex 1049 0,52 3,745 398992,5 70932 

Kidney_medulla 1044 0,52 3,745 398992,5 70932 

Large_intestine 1044 0,56 3,653 78320,75 14038,63 

Large_intestine_lumen 1044 0,56 3,9 0 0 

Larynx 1082 0,47 3,664 13299,75 2364,4 

Liver 1050 0,51 3,6 100487 17733 

Lung 1050 0,44 3,625 14038,63 2512,175 

Mandible 1990 0,4 1,289 5024,35 901,4275 

Marrow_red 1027 0,52 3,96 47288 8423,175 

Medulla_oblongata 1039 1,13 3,675 59110 10492,03 



 

 - 167 - 

Eartha (continuation) Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

Meniscus 1098 0,47 3,664 13299,75 2364,4 

Midbrain 1039 1,13 3,675 59110 10492,03 

Mucosa 1050 0,34 3,15 13299,75 2364,4 

Muscle 1041 0,53 3,546 2955,5 709,32 

Nerve 1038 0,46 3,664 59110 10492,03 

Ovary 1048 0,53 3,6 531990 94576 

Pancreas 1045 0,49 3,452 60587,75 10787,58 

Patella 1990 0,4 1,289 5024,35 901,4275 

Pharynx 1,3 0,03 1,006 0 0 

Pinealbody 1050 0,53 3,6 531990 94576 

Pons 1039 1,13 3,675 59110 10492,03 

SAT 916 0,24 2,524 2216,625 443,325 

Skin 1100 0,35 3,437 2512,175 2393,955 

Skull 1990 0,4 1,289 5024,35 901,4275 

Small_intestine 1044 0,56 3,653 104920,3 19210,75 

Small_intestine_lumen 1044 0,56 3,9 0 0 

Spinal_cord 1038 0,46 3,664 59110 10492,03 

Spleen 1054 0,54 3,603 121175,5 22166,25 

Stomach 1050 0,53 3,553 42854,75 7684,3 

Stomach_lumen 1050 0,56 3,9 0 0 

Teeth 2160 0,4 1,34 5024,35 901,4275 

Tendon_Ligament 1110 0,5 3,5 13299,75 2364,4 

Thalamus 1039 1,13 3,675 59110 10492,03 

Thymus 1026 0,52 3,96 531990 94576 

Tongue 1041 0,53 3,546 2955,5 709,32 

Trachea 1100 0,47 3,664 13299,75 2364,4 

Trachea_lumen 1,3 0,03 1,006 0 0 

Ureter_Urethra 1056 0,46 3,456 13299,75 2364,4 

Uterus 1052 0,5 3,58 26599,5 5319,9 

Vagina 1044 0,56 3,653 78320,75 14038,63 

Vein 1060 0,51 3,824 0 0 

Vertebrae 1990 0,4 1,289 5024,35 901,4275 

Table A.3-4: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the model Eartha. 
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Thelonious Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] 

Adrenal_gland 1025 0,39 3,128 532332 94636,8 

Air_internal 1,3 0,03 1,006 0 0 

Artery 1060 0,51 3,824 0 0 

Bladder 1040 0,56 3,9 17744,4 315,456 

Blood_vessel 1060 0,51 3,824 0 0 

Bone 1990 0,4 1,289 6703,44 1202,676 

Brain_grey_matter 1039 1,13 3,675 78864 13998,36 

Brain_white_matter 1043 0,5 3,621 78864 13998,36 

Bronchi 1063 0,46 3,456 18730,2 3351,72 

Bronchi_lumen 1,3 0,03 1,006 0 0 

Cartilage 1100 0,47 3,664 17744,4 3154,56 

Cerebellum 1040 0,53 3,64 78864 13998,36 

Cerebrospinal_fluid 1007 0,6 4,191 0 0 

commissura_anterior 1043 0,5 3,621 78864 13998,36 

commissura_posterior 1043 0,5 3,621 78864 13998,36 

Connective_tissue 1013 0,37 3,035 10350,9 1873,02 

Cornea 1076 0,52 3,793 0 0 

Diaphragm 1041 0,53 3,546 3943,2 946,368 

Ear_cartilage 1100 0,47 3,664 17744,4 3154,56 

Ear_skin 1100 0,35 3,437 3351,72 3193,992 

Epididymis 1050 0,53 3,761 709776 126182,4 

Esophagus 1040 0,53 3,5 57176,4 10252,32 

Esophagus_lumen 1050 0,03 1,006 0 0 

Eye_lens 1090 0,4 3,664 0 0 

Eye_Sclera 1032 0,4 3 147870 43375,2 

Eye_vitreous_humor 1009 0,59 3,932 0 0 

Fat 916 0,25 2,524 3351,72 591,48 

Gallbladder 1026 0,47 3,496 17744,4 3154,56 

Heart_lumen 1060 0,51 3,824 0 0 

Heart_muscle 1060 0,54 3,72 3943,2 946,368 

Hippocampus 1039 1,13 3,675 78864 13998,36 

Hypophysis 1066 0,53 3,761 709776 126182,4 

Hypothalamus 1050 0,53 3,761 709776 126182,4 

Intervertebral_disc 1100 0,47 3,664 17744,4 3154,56 

Kidney_cortex 1049 0,52 3,745 532332 94636,8 

Kidney_medulla 1044 0,52 3,745 532332 94636,8 

Large_intestine 1044 0,56 3,653 104494,8 18730,2 

Large_intestine_lumen 1044 0,56 3,9 0 0 

Larynx 1082 0,47 3,664 17744,4 3154,56 

Liver 1050 0,51 3,6 134068,8 23659,2 

Lung 1050 0,44 3,625 18730,2 3351,72 

Mandible 1990 0,4 1,289 6703,44 1202,676 

Marrow_red 1027 0,52 3,96 63091,2 11238,12 
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Thelonious (continuation) Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

Medulla_oblongata 1039 1,13 3,675 78864 13998,36 

Meniscus 1098 0,47 3,664 17744,4 3154,56 

Midbrain 1039 1,13 3,675 78864 13998,36 

Mucosa 1050 0,34 3,15 17744,4 3154,56 

Muscle 1041 0,53 3,546 3943,2 946,368 

Nerve 1038 0,46 3,664 78864 13998,36 

Pancreas 1045 0,49 3,452 80835,6 14392,68 

Patella 1990 0,4 1,289 6703,44 1202,676 

Penis 1060 0,46 3,456 3943,2 946,368 

Pharynx 1,3 0,03 1,006 0 0 

Pinealbody 1050 0,53 3,6 709776 126182,4 

Pons 1039 1,13 3,675 78864 13998,36 

Prostate 1045 0,53 3,761 709776 126182,4 

SAT 916 0,24 2,524 2957,4 591,48 

Skin 1100 0,35 3,437 3351,72 3193,992 

Skull 1990 0,4 1,289 6703,44 1202,676 

Small_intestine 1044 0,56 3,653 139983,6 25630,8 

Small_intestine_lumen 1044 0,56 3,9 0 0 

Spinal_cord 1038 0,46 3,664 78864 13998,36 

Spleen 1054 0,54 3,603 161671,2 29574 

Stomach 1050 0,53 3,553 57176,4 10252,32 

Stomach_lumen 1050 0,56 3,9 0 0 

Teeth 2160 0,4 1,34 6703,44 1202,676 

Tendon_Ligament 1110 0,5 3,5 17744,4 3154,56 

Testis 1044 0,53 3,746 709776 126182,4 

Thalamus 1039 1,13 3,675 78864 13998,36 

Thymus 1026 0,52 3,96 709776 126182,4 

Tongue 1041 0,53 3,546 3943,2 946,368 

Trachea 1100 0,47 3,664 17744,4 3154,56 

Trachea_lumen 1,3 0,03 1,006 0 0 

Ureter_Urethra 1056 0,46 3,456 17744,4 3154,56 

Vein 1060 0,51 3,824 0 0 

Vertebrae 1990 0,4 1,289 6703,44 1202,676 

Table A.3-5: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the model Thelonious. 
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Roberta Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] [98] 

Air_internal 1,3 0,03 1,006 0 0 

Artery 1060 0,51 3,824 0 0 

Bladder 1040 0,56 3,9 17741,7 315,408 

Bone 1990 0,4 1,289 6702,42 1202,493 

Brain_grey_matter 1039 1,13 3,675 78852 13996,23 

Brain_white_matter 1043 0,5 3,621 78852 13996,23 

Cartilage 1100 0,47 3,664 17741,7 3154,08 

Cerebellum 1040 0,53 3,64 78852 13996,23 

Cerebrospinal_fluid 1007 0,6 4,191 0 0 

Connective_tissue 1013 0,37 3,035 10349,33 1872,735 

Cornea 1076 0,52 3,793 0 0 

Ear_cartilage 1100 0,47 3,664 17741,7 3154,08 

Ear_skin 1100 0,35 3,437 3351,21 3193,506 

Esophagus 1040 0,53 3,5 57167,7 10250,76 

Esophagus_lumen 1050 0,03 1,006 0 0 

Eye_lens 1090 0,4 3,664 0 0 

Eye_Sclera 1032 0,4 3 147847,5 43368,6 

Eye_vitreous_humor 1009 0,59 3,932 0 0 

Fat 916 0,25 2,524 3351,21 591,39 

Gallbladder 1026 0,47 3,496 17741,7 3154,08 

Heart_lumen 1060 0,51 3,824 0 0 

Heart_muscle 1060 0,54 3,72 3942,6 946,224 

Hippocampus 1039 1,13 3,675 78852 13996,23 

Hypophysis 1066 0,53 3,761 709668 126163,2 

Hypothalamus 1050 0,53 3,761 709668 126163,2 

Intervertebral_disc 1100 0,47 3,664 17741,7 3154,08 

Kidney_cortex 1049 0,52 3,745 532251 94622,4 

Kidney_medulla 1044 0,52 3,745 532251 94622,4 

Large_intestine 1044 0,56 3,653 104478,9 18727,35 

Large_intestine_lumen 1044 0,56 3,9 0 0 

Liver 1050 0,51 3,6 134048,4 23655,6 

Lung 1050 0,44 3,625 18727,35 3351,21 

Mandible 1990 0,4 1,289 6702,42 1202,493 

Marrow_red 1027 0,52 3,96 63081,6 11236,41 

Medulla_oblongata 1039 1,13 3,675 78852 13996,23 

Meniscus 1098 0,47 3,664 17741,7 3154,08 

Midbrain 1039 1,13 3,675 78852 13996,23 

Mucosa 1050 0,34 3,15 17741,7 3154,08 

Muscle 1041 0,53 3,546 3942,6 946,224 

Nerve 1038 0,46 3,664 78852 13996,23 

Ovary 1048 0,53 3,6 709668 126163,2 

Pancreas 1045 0,49 3,452 80823,3 14390,49 

Patella 1990 0,4 1,289 6702,42 1202,493 
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Roberta (continuation) 
Density 

[kg/m³] 

Heat conductivity 

[W/(mK)] 

Heat capacity 

[kJ/(K kg)] 

Blood flow 

[W/(K m³)] 

Metabolic rate 

[W/m³] 

Pharynx 1,3 0,03 1,006 0 0 

Pinealbody 1050 0,53 3,6 709668 126163,2 

SAT 916 0,24 2,524 2956,95 591,39 

Skin 1100 0,35 3,437 3351,21 3193,506 

Skull 1990 0,4 1,289 6702,42 1202,493 

Small_intestine 1044 0,56 3,653 139962,3 25626,9 

Small_intestine_lumen 1044 0,56 3,9 0 0 

Spinal_cord 1038 0,46 3,664 78852 13996,23 

Spleen 1054 0,54 3,603 161646,6 29569,5 

Stomach 1050 0,53 3,553 57167,7 10250,76 

Stomach_lumen 1050 0,56 3,9 0 0 

Teeth 2160 0,4 1,34 6702,42 1202,493 

Tendon_Ligament 1110 0,5 3,5 17741,7 3154,08 

Thalamus 1039 1,13 3,675 78852 13996,23 

Thymus 1026 0,52 3,96 709668 126163,2 

Tongue 1041 0,53 3,546 3942,6 946,224 

Trachea 1100 0,47 3,664 17741,7 3154,08 

Trachea_lumen 1,3 0,03 1,006 0 0 

Ureter_Urethra 1056 0,46 3,456 17741,7 3154,08 

Uterus 1052 0,5 3,58 35483,4 7096,68 

Vagina 1044 0,56 3,653 104478,9 18727,35 

Vein 1060 0,51 3,824 0 0 

Vertebrae 1990 0,4 1,289 6702,42 1202,493 

Table A.3-6: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the model Roberta. 

 

 

 

 

  

  



   

- 172 - 

Louis Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] 

Adrenal_gland 1025 0,39 3,128 338175 60120 
Air_internal 1,3 0,03 1,006 0 0 

Artery 1060 0,51 3,824 0 0 

Bladder 1040 0,56 3,9 11272,5 200,4 

Blood_vessel 1060 0,51 3,824 0 0 

Bone 1990 0,4 1,289 4258,5 764,025 

Brain_grey_matter 1039 1,13 3,675 50100 8892,75 

Brain_white_matter 1043 0,5 3,621 50100 8892,75 

Bronchi 1063 0,46 3,456 11898,75 2129,25 

Bronchi_lumen 1,3 0,03 1,006 0 0 

Calcaneus_left 1990 0,4 1,289 4258,5 764,025 

Calcaneus_marrow_left 1027 0,52 3,96 40080 7139,25 

Calcane-

us_marrow_right 

1027 0,52 3,96 40080 7139,25 

Calcaneus_right 1990 0,4 1,289 4258,5 764,025 

Capitatum_left 1990 0,4 1,289 4258,5 764,025 

Capita-

tum_marrow_right 

1027 0,52 3,96 40080 7139,25 

Capita-

tum_marrow_right 

1027 0,52 3,96 40080 7139,25 

Capitatum_right 1990 0,4 1,289 4258,5 764,025 

Cartilage 1100 0,47 3,664 11272,5 2004 

Cerebellum 1040 0,53 3,64 50100 8892,75 

Cerebrospinal_fluid 1007 0,6 4,191 0 0 

Commissura_anterior 1043 0,5 3,621 50100 8892,75 

Commissura_posterior 1043 0,5 3,621 50100 8892,75 

Connective_tissue 1013 0,37 3,035 6575,625 1189,875 

Cornea 1076 0,52 3,793 0 0 

Diaphragm 1041 0,53 3,546 2505 601,2 

distalis_I_left 1990 0,4 1,289 4258,5 764,025 

distalis_I_right 1990 0,4 1,289 4258,5 764,025 

distalis_II_left 1990 0,4 1,289 4258,5 764,025 

distalis_II_right 1990 0,4 1,289 4258,5 764,025 

distalis_III_left 1990 0,4 1,289 4258,5 764,025 

distalis_III_right 1990 0,4 1,289 4258,5 764,025 

distalis_IV_left 1990 0,4 1,289 4258,5 764,025 

distalis_IV_right 1990 0,4 1,289 4258,5 764,025 

distalis_V_left 1990 0,4 1,289 4258,5 764,025 

distalis_V_right 1990 0,4 1,289 4258,5 764,025 

Ear_cartilage 1100 0,47 3,664 11272,5 2004 

Ear_skin 1100 0,35 3,437 2129,25 2029,05 

Epididymis 1050 0,53 3,761 450900 80160 

Esophagus 1040 0,53 3,5 36322,5 6513 

Esophagus_lumen 1050 0,03 1,006 0 0 

Eye_lens 1090 0,4 3,664 0 0 

Eye_Sclera 1032 0,4 3 93937,5 27555 
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Louis (continuation) 
Density 

[kg/m³] 

Heat conductivity 

[W/(mK)] 

Heat capacity 

[kJ/(K kg)] 

Blood flow 

[W/(K m³)] 

Metabolic rate 

[W/m³] 

Eye_vitreous_humor 1009 0,59 3,932 0 0 

Fat 916 0,25 2,524 2129,25 375,75 

Femur_left 1990 0,4 1,289 4258,5 764,025 

Femur_marrow_left 1027 0,52 3,96 40080 7139,25 

Femur_marrow_right 1027 0,52 3,96 40080 7139,25 

Femur_right 1990 0,4 1,289 4258,5 764,025 

Fibula_left 1990 0,4 1,289 4258,5 764,025 

Fibula_marrow_left 1027 0,52 3,96 40080 7139,25 

Fibula_marrow_right 1027 0,52 3,96 40080 7139,25 

Fibula_right 1990 0,4 1,289 4258,5 764,025 

Gallbladder 1026 0,47 3,496 11272,5 2004 

Hamatum_left 1990 0,4 1,289 4258,5 764,025 

Hamatum_marrow_left 1027 0,52 3,96 40080 7139,25 

Hamatum_marrow_righ

t 

1027 0,52 3,96 40080 7139,25 

Hamatum_right 1990 0,4 1,289 4258,5 764,025 

Heart_lumen 1060 0,51 3,824 0 0 

Heart_muscle 1060 0,54 3,72 2505 601,2 

Hippocampus 1039 1,13 3,675 50100 8892,75 

Humerus_left 1990 0,4 1,289 4258,5 764,025 

Humerus_marrow_left 1027 0,52 3,96 40080 7139,25 

Humerus_marrow_right 1027 0,52 3,96 40080 7139,25 

Humerus_right 1990 0,4 1,289 4258,5 764,025 

Hypophysis 1066 0,53 3,761 450900 80160 

Hypothalamus 1050 0,53 3,761 450900 80160 

Intervertebral_disc 1100 0,47 3,664 11272,5 2004 

Kidney_cortex 1049 0,52 3,745 338175 60120 

Kidney_medulla 1044 0,52 3,745 338175 60120 

Large_intestine 1044 0,56 3,653 66382,5 11898,75 

Large_intestine_lumen 1044 0,56 3,9 0 0 

Larynx 1082 0,47 3,664 11272,5 2004 

Liver 1050 0,51 3,6 85170 15030 

Lunatum_left 1990 0,4 1,289 4258,5 764,025 

Lunatum_marrow_left 1027 0,52 3,96 40080 7139,25 

Lunatum_marrow_right 1027 0,52 3,96 40080 7139,25 

Lunatum_right 1990 0,4 1,289 4258,5 764,025 

Lung 1050 0,44 3,625 11898,75 2129,25 

Mandible 1990 0,4 1,289 4258,5 764,025 

Marrow_red 1027 0,52 3,96 40080 7139,25 

media_II_left 1990 0,4 1,289 4258,5 764,025 

media_II_right 1990 0,4 1,289 4258,5 764,025 

media_III_left 1990 0,4 1,289 4258,5 764,025 

media_III_right 1990 0,4 1,289 4258,5 764,025 

media_IV_left 1990 0,4 1,289 4258,5 764,025 

media_IV_right 1990 0,4 1,289 4258,5 764,025 

media_V_left 1990 0,4 1,289 4258,5 764,025 



   

- 174 - 

Louis (continuation) Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

media_V_right 1990 0,4 1,289 4258,5 764,025 

Medulla_oblongata 1039 1,13 3,675 50100 8892,75 

Meniscus 1098 0,47 3,664 11272,5 2004 

Metacarpus_I_left 1990 0,4 1,289 4258,5 764,025 

Metacar-

pus_I_marrow_left 

1027 0,52 3,96 40080 7139,25 

Metacar-

pus_I_marrow_right 

1027 0,52 3,96 40080 7139,25 

Metacarpus_I_right 1990 0,4 1,289 4258,5 764,025 

Metacarpus_II_left 1990 0,4 1,289 4258,5 764,025 

Metacar-

pus_II_marrow_left 

1027 0,52 3,96 40080 7139,25 

Metacar-

pus_II_marrow_right 

1027 0,52 3,96 40080 7139,25 

Metacarpus_II_right 1990 0,4 1,289 4258,5 764,025 

Metacarpus_III_left 1990 0,4 1,289 4258,5 764,025 

Metacar-

pus_III_marrow_left 

1027 0,52 3,96 40080 7139,25 

Metacar-

pus_III_marrow_right 

1027 0,52 3,96 40080 7139,25 

Metacarpus_III_right 1990 0,4 1,289 4258,5 764,025 

Metacarpus_IV_left 1990 0,4 1,289 4258,5 764,025 

Metacar-

pus_IV_marrow_left 

1027 0,52 3,96 40080 7139,25 

Metacar-

pus_IV_marrow_right 

1027 0,52 3,96 40080 7139,25 

Metacarpus_IV_right 1990 0,4 1,289 4258,5 764,025 

Metacarpus_V_left 1990 0,4 1,289 4258,5 764,025 

Metacar-

pus_V_marrow_left 

1027 0,52 3,96 40080 7139,25 

Metacarpus_V_right 1990 0,4 1,289 4258,5 764,025 

Midbrain 1039 1,13 3,675 50100 8892,75 

Mucosa 1050 0,34 3,15 11272,5 2004 

Muscle 1041 0,53 3,546 2505 601,2 

Nerve 1038 0,46 3,664 50100 8892,75 

Pancreas 1045 0,49 3,452 51352,5 9143,25 

Patella 1990 0,4 1,289 4258,5 764,025 

Penis 1060 0,46 3,456 2505 601,2 

Pharynx 1,3 0,03 1,006 0 0 

Pinealbody 1050 0,53 3,6 450900 80160 

Pisiforme_left 1990 0,4 1,289 4258,5 764,025 

Pisiforme_right 1990 0,4 1,289 4258,5 764,025 

Pons 1039 1,13 3,675 50100 8892,75 

Prostate 1045 0,53 3,761 450900 80160 

proximalis_I_left 1990 0,4 1,289 4258,5 764,025 

proximal-

is_I_marrow_right 

1027 0,52 3,96 40080 7139,25 

proximalis_I_right 1990 0,4 1,289 4258,5 764,025 

proximalis_II_left 1990 0,4 1,289 4258,5 764,025 
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Louis (continuation) 
Density 

[kg/m³] 

Heat conductivity 

[W/(mK)] 

Heat capacity 

[kJ/(K kg)] 

Blood flow 

[W/(K m³)] 

Metabolic rate 

[W/m³] 

proximalis_II_right 1990 0,4 1,289 4258,5 764,025 
proximalis_III_left 1990 0,4 1,289 4258,5 764,025 

proximalis_III_right 1990 0,4 1,289 4258,5 764,025 

proximalis_IV_left 1990 0,4 1,289 4258,5 764,025 

proximal-

is_IV_marrow_right 

1027 0,52 3,96 40080 7139,25 

proximalis_IV_right 1990 0,4 1,289 4258,5 764,025 

proximalis_V_left 1990 0,4 1,289 4258,5 764,025 

proximalis_V_right 1990 0,4 1,289 4258,5 764,025 

Radius_left 1990 0,4 1,289 4258,5 764,025 

Radius_marrow_left 1027 0,52 3,96 40080 7139,25 

Radius_marrow_right 1027 0,52 3,96 40080 7139,25 

Radius_right 1990 0,4 1,289 4258,5 764,025 

SAT 916 0,24 2,524 1878,75 375,75 

Scaphoideum_left 1990 0,4 1,289 4258,5 764,025 

Scaphoideum_right 1990 0,4 1,289 4258,5 764,025 

Skin 1100 0,35 3,437 2129,25 2029,05 

Skull 1990 0,4 1,289 4258,5 764,025 

Small_intestine 1044 0,56 3,653 88927,5 16282,5 

Small_intestine_lumen 1044 0,56 3,9 0 0 

Spinal_cord 1038 0,46 3,664 50100 8892,75 

Spleen 1054 0,54 3,603 102705 18787,5 

Stomach 1050 0,53 3,553 36322,5 6513 

Stomach_lumen 1050 0,56 3,9 0 0 

Talus_left 1990 0,4 1,289 4258,5 764,025 

Talus_marrow_left 1027 0,52 3,96 40080 7139,25 

Talus_marrow_right 1027 0,52 3,96 40080 7139,25 

Talus_right 1990 0,4 1,289 4258,5 764,025 

Teeth 2160 0,4 1,34 4258,5 764,025 

Tendon_Ligament 1110 0,5 3,5 11272,5 2004 

Testis 1044 0,53 3,746 450900 80160 

Thalamus 1039 1,13 3,675 50100 8892,75 

Thymus 1026 0,52 3,96 450900 80160 

Thyroid_gland 1050 0,53 3,553 450900 80160 

Tibia_left 1990 0,4 1,289 4258,5 764,025 

Tibia_marrow_left 1027 0,52 3,96 40080 7139,25 

Tibia_marrow_right 1027 0,52 3,96 40080 7139,25 

Tibia_right 1990 0,4 1,289 4258,5 764,025 

Tongue 1041 0,53 3,546 2505 601,2 

Trachea 1100 0,47 3,664 11272,5 2004 

Trachea_lumen 1,3 0,03 1,006 0 0 

Trapezium_left 1990 0,4 1,289 4258,5 764,025 

Trapezium_marrow_left 1027 0,52 3,96 40080 7139,25 

Trapezium_marrow_right 1027 0,52 3,96 40080 7139,25 

Trapezium_right 1990 0,4 1,289 4258,5 764,025 

Trapezoideum_left 1990 0,4 1,289 4258,5 764,025 
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Louis (continuation) Density 
[kg/m³] 

Heat conductivity 
[W/(mK)] 

Heat capacity 
[kJ/(K kg)] 

Blood flow 
[W/(K m³)] 

Metabolic rate 
[W/m³] 

Trapezoideum_right 1990 0,4 1,289 4258,5 764,025 

Triquetrum_left 1990 0,4 1,289 4258,5 764,025 

Triquetrum_right 1990 0,4 1,289 4258,5 764,025 

Ulna_left 1990 0,4 1,289 4258,5 764,025 

Ulna_marrow_left 1027 0,52 3,96 40080 7139,25 

Ulna_marrow_right 1027 0,52 3,96 40080 7139,25 

Ulna_right 1990 0,4 1,289 4258,5 764,025 

Ureter_Urethra 1056 0,46 3,456 11272,5 2004 

Vein 1060 0,51 3,824 0 0 

Vertebrae 1990 0,4 1,289 4258,5 764,025 

Table A.3-7: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the model Louis. 
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Femonum 
Density 

[kg/m³] 

Heat conductivity 

[W/(mK)] 

Heat capacity 

[kJ/(K kg)] 

Blood flow 

[W/(K m³)] 

Metabolic rate 

[W/m³] 

 Source: [114] [103] [115] [27] [116] [117] [64] [98] [97] 

Amniotic_Fluid 1000 0,5 3,84 0 0 

Bladder 1040 0,43 3,3 9000 1600 

Bladder 2 1040 0,43 3,3 9000 1600 

Brain 1030 0,6 4,5 30000 6200 

Brain 2 1030 0,6 4,5 30000 6200 

CSF 1030 0,6 4,191 0 0 

CSF 2 1030 0,6 4,191 0 0 

Eyes 1009 0,6 4,05 0 0 

Eyes 2 1009 0,6 4,05 0 0 

Fetus 1040 0,52 3,73 8000 3200 

Fetus 2 1040 0,52 3,73 8000 3200 

Heart 1060 0,54 3,72 2000 480 

Heart 2 1060 0,54 3,72 2000 480 

Hypothalamus 1050 0,53 3,761 360000 64000 

Lungs 1050 0,44 3,625 9500 1700 

Lungs 2 1050 0,44 3,625 9500 1700 

Mother 1100 0,45 3,11 8828 1711 

Placenta 995 0,5 3,84 114000 22900 

Stomach 1050 0,53 3,553 29000 5200 

Stomach 2 1050 0,53 3,553 29000 5200 

Umbilical Cord 995 0,4 3,8 2000 480 

Umbilical Cord 2 995 0,4 3,8 2000 480 

UterusWall Placenta 1030 0,506 3,57 51600 10400 

Table A.3-8: Thermal properties including the heat conductivity, the heat capacity, the blood flow and 
the metabolic rate of the FEMONUM models. 
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A.4  Temperature Elevation in Children during Mag-

netic Resonance Imaging 

 

 

 

 

 

 

 

 

 

 

 

 

 
Spatially localized tempera-

ture limit Average temperature 
in the head 

 
Head  Trunk Extremities  

Louis 170 MHz 2 9 >60 6 

Louis 127 MHz 2 5 >60 4 

Louis 64 MHz 2 4 12 4 

Eartha 170 MHz 3 7 18 7 

Eartha 127 MHz 3 6 >60 5 

Eartha 64 MHz 3 5 25 5 

Roberta 170 MHz 4 14 >60 9 

Roberta 127 MHz 4 14 >60 8 

Roberta 64 MHz 3 16 >60 6 

Table A.4-1: Time needed (in minutes) to exceed the localized temperature limits for a 
SARWB of 2 W/kg: Head= 38°C, Trunk= 39°C, Extremities= 40°C. In addition to that, the 
time needed to elevate the average temperature in the head by 0.5°C was evaluated.  

 

 

 
Spatially localized tempera-

ture limit Average temperature 
in the head 

 
Head  Trunk Extremities  

Louis 170 MHz < 1 5 >60 3 

Louis 127 MHz < 1 5 >60 2 

Louis 64 MHz < 1 5 5 2 

Eartha 170 MHz < 1 2 13 3 

Eartha 127 MHz < 1 3 >60 2 

Eartha 64 MHz < 1 3 13 2 

Roberta 170 MHz < 1 2 >60 3 

Roberta 127 MHz 2 2 >60 3 

Roberta 64 MHz < 1 3 >60 3 

Table A.4-2: Time needed (in minutes) to exceed the localized temperature limits for a 
SARWB of 4 W/kg: Head= 38°C, Trunk= 39°C, Extremities= 40°C. In addition to that, the 
time needed to elevate the average temperature in the head by 0.5°C was evaluated.  


