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Abstract: Brain temperature (BT) and intracranial pressure 

(ICP) are crucial parameters in precise management of brain 
rejuvenation in the event of brain injury. In order to reduce 
medical costs and improve therapeutic effects, it is important to 
know that the dynamics of BT and ICP are affected due to various 
reasons. RF energy is also one of the major reason to increase the 
BT and ICP. In this work, a simple compartment based simulation 
model has been developed for coupling between RF energy and 
ICP, with an intention to improve the comprehension of ICP. The 
model incorporates the cardiovascular output, hemodynamic of 
cerebral arterial-arteriolar bed, oxygen, and carbon dioxide 
exchange mechanism between brain tissue and capillary, a 
non-linear pressure-volume relationship of subarachnoid space. 
It simulates the interaction between BT, the cerebral metabolic 
rate of oxygen (CMRO2), a concentration of bicarbonate ions 
(HCO3

-), cerebral blood flow (CBF), cerebral blood volume (CBV) 
and ICP. The basic concept behind the model is the expansion or 
contraction of brain tissue which is affected underexposure of RF 
energy. The simulation results determine the following: 1) ICP 
becomes unstable underexposure of RF energy at higher specific 
absorption rate (SAR). 2) ICP and brain temperature has a direct 
relation during exposure of RF energy. The model elaborates the 
dynamics of ICP with less complexity. 
    Keywords: Intracranial pressure, brain temperature, RF 
energy, cerebral metabolism, cerebral blood volume, cell phone 

I. INTRODUCTION 

A. Background  
The cell phone innovation, one of the most developing 
advances in the world, has turned into a prominent part of 
everyday life. Inferable from the electromechanical 
progressions, noteworthy enhancements have been 
accomplished in the web information speed. Due to 
technological revolution, correspondence advancements viz. 
Wi-Fi, Bluetooth, and 4G have been created. As the 
correspondence frameworks are moving towards more and 
more cost effectiveness, individuals invest a large portion of 
their energy with their cell phones. Consequently, the 
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conceivable unsafe impacts of radio frequency radiation have 
turned into a worry for individuals (Hardell et al., 2009). 
 There are several examinations announcing that radio 
frequency waves discharged by cell phones may cause  
numerous unsafe consequences for the cellular and molecular 
dimension viz. DNA harm, distinctive sorts of malignancy, 
oxidative pressure, lipid peroxidation, increment of free 
radicals, DNA breaks in the mind, and irregularities in 
chromosomes (Akdag et al., 2016, 2018; Cam et al., 2012; 
Chauhana et al., 2017; Dasdag et al., 2015; Deshmukh et al., 
2013; Bioinitiative Report 2012; Megha et al., 2015). The 
impacts of radio frequency and very low-frequency 
electromagnetic field on blood-brain barrier have been 
additionally underlined by (Nittby, Grafström, Eberhardt, et 
al., 2008). 
 Due to ill effects of electromagnetic radiations on human 
health as observed in the state of art, the present work tend to 
move in the direction of finding and evaluating the 
relationship of changes in neurological parameters with RF 
energy exposure. During the course of current work, a model 
has been developed to depict the influence of RF energy on 
intracranial pressure with the help of available data of brain 
temperature (Kodera, Tames & Hirata, 2018) during exposure 
of RF energy. The data of brain temperature at a 3GHz 
frequency with different SAR has been used in this model. 
The model calculates the cerebral metabolic rate of oxygen at 
different values of brain temperature. It estimates the 
produced amount of CO2 in terms of bicarbonate ions during 
metabolic activity. CO2 serves as one of the fundamental 
regulators of CBF. The variation in CO2 results in the changes 
in CBF as well as CBV. In other terms, any change in CBV 
will affect the cerebral subarachnoid space, where CSF is 
absorbed. The modeling results depicted how much temporal 
changes have occurred in ICP, CBV, and concentration of 
bicarbonate ions during exposure of the RF energy. It shows 
the strong interactions amongst exposed RF energy, brain 
temperature, CMRO2, CBV, and ICP. To the best of our 
knowledge, no such relationship has established between ICP 
and temperature of brain exposed under RF energy, by 
previous studies. Although studies have been found where, in 
case of head injuries, ICP correlates with brain temperature. 
The aim of this work is to provide an improvement in 
thorough understanding of ICP dynamics and brain 
temperature during RF energy exposure. The simplifications 
of this introduced simulation model have been clearly 
presented in a qualitative model 
description. Its  
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limitations are clearly mentioned to maintain a suitable 
distance from the ill-advised utilization of model. 

B. Motivation  

 The concept of ICP, first proposed by Monro-Kellie 
(Mokri, 2001) states that the sum of an intracranial volume of 
the blood, brain, CSF (cerebrospinal fluid) and other 
components is constant. An increase in the volume of one 
component must be compensated by an equal decrease in the 
volume of another component else there will be an increase in 
ICP. Many neurosurgical issues are responsible for changes in 
the intracranial pressure, for example, cerebrum damage 
(Gowers, 1886), hydrocephalus (Geocadin, Varelas, 
Rigamonti & Williams, 2007), brain tumour (Petersen, 
Landsfeldt, Cold, et al., 2003) and intracranial hemorrhage 
(Hamani, Zanetti, Pinto, et al., 2003). It has also been 
observed that the increase in ICP is due to changes in blood 
flow in the brain (Ganong, 1995). The brain can bear with 
ICH (intracranial hypertension) to a certain extent, beyond 
which, a slight increase in cerebral volume shows a sharp 
increase in ICP (Fleisher, Ludwig & Silverman, 2002). A 
significant cause behind the head injuries and death in 
pathological conditions is found to be an increase in ICP. The 
ICP value equal to 20 mmHg is considered as a threshold 
(Kawoos, Meng & Tofighi, 2015), beyond this limit, it is 
required to be controlled immediately. It is very important to 
know all the causes of high ICP for appropriate treatment. 
Clinically, all such causes of high ICP are well described, but 
the basic dynamic principle has been less explained.   
 The purpose of this research is not to interfere with the old 
causes of high ICP, but to bring forth a new cause which is RF 
energy. This is an attempt to explore the basic dynamics of 
ICP with emphasis on how ICP increases when the brain is 
exposed to RF energy. The intention is to provide significant 
support for designing better treatment means to control the 
ICP.  

C. Outline 

 Material and methods section is divided into three parts: 
The first data acquisition part describes the resources from 
where the data of brain temperature is collected; part two 
describes the qualitative simulation model for intracranial 
pressure dynamics with its assumptions; third part elaborates 
the investigated changes after exposure of RF energy. Result 
section elaborates the results of the simulation model. In the 
discussion section, results have been discussed as well as 
compared with previously published studies. The research 
work has been concluded in the conclusion section along with 
its limitations and future scope.   

II. MATERIAL AND METHODS 

A. Data acquisition 

 The concerns have recently been grown for the absorption 
of radio frequency waves and their devastating effects on 
human health by increasing the use of mobile phones. In 
Kodera’s experiment (Kodera, Tames & Hirata, 2018), a 
realistic anatomical human head model TARO (Nagaoka, 
Watanabe, Sakurai, et al., 2004) was exposed to radiations 
emitted from a dipole antenna at 300 MHz-10 GHz. Human 

head model was segmented into skin, fat, muscle, bone and 
brain like fifty-one anatomical regions. The radiations 
absorbed by the head model were measured with a specific 
absorption rate (SAR) in W.Kg-1 as defined in Eq. 1. The SAR 
was calculated with the help of the finite difference time 
domain (FDTD) method (Taflove & Hagness, 2005). At the 
same time, the output power of the mobile phone antenna was 
adjusted so that the average SAR of 10 grams of brain tissue is 
absorbed in the form of 2 W.Kg-1, 10 W.Kg-1, 50 W.Kg-1, and 
100 W.Kg-1 as stated in ICNIRP guidelines (ICNIRP, 1998). 
The penetration depth of the head model due to absorbed 
radiations is shown in Figure 1a. 
 

                                                (1) 

  

 Where    represents the maximum value of the 
electric field (V.m-1) at position  r, symbols ρ and σ and 

represent the mass density (kg.m-3) and conductivity of the 
brain tissue (S.m-1) respectively.  
 The temperature elevation in the anatomical human head 
model due to absorbed SAR was calculated with the help of 
Penne’s bio-heat transfer equation (Pennes, 1948) as defined 
in Eq. 2.  
 

                                                                                         (2) 
Where r and t denotes the position vector of tissue and time, 
TB(r, t) and T(r, t) denotes the temperature of blood and tissue 
(°C), K denotes the thermal conductivity of the tissue 
(W.m-1.°C-1), C denotes the specific heat of the tissue 
(J.Kg-1.°C-1), B(r, t) denotes the factor related to blood 
perfusion (W.m-3.°C-1), and A(r, t) denotes the metabolic heat 
(W.Kg-1). 
 The elevation in brain temperature is represented by 
Figure 1b at 3GHz and different SAR: 0, 2, 10, 50 and 
100W.kg-1. The temperature of the brain reaches a maximum 
of 45.5°C at 100 W.Kg-1 of SAR. According to Kodera’s 

study, brain temperature reaches its steady state (normal 
temperature) 37°C within 44 minutes. Data of brain 
temperature at different SAR has been taken from this study. 
To synchronization between data of brain temperature and 
cardiac output, model assumes that brain temperature reaches 
its steady state within same time as taken by two cardiac 
cycles. The output of two cardiac cycles has been taken as 
input in the model. 

B. Qualitative description of simulation model 

 To understand well the changes in the intracranial 
dynamics under the exposure of  
 
RF energy, a multi-compartment based simulation model has 
been designed. In the model, blood is taken as an 
incompressible and sticky fluid which is flowing through the 
cerebral vasculature. 
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 It distributed into arteries, arterioles, capillaries, veins, and 
venous sinus. The CSF is produced in the lateral, third and 
fourth ventricle and absorbed in the spinal cord and 
surrounding space of brain called cranial subarachnoid space. 
All compartments are connected as shown in Figure 2. The 
connectivity of left and right hemispheres of the brain 
parenchyma with intracranial compartments is depicted in 
Figure 2.  
All compartments, except for the spinal cord, are inside the 
brain. 
 The model has been considered for two cardiac cycles as 
shown in Figure 3a. To initialize the model, it requires the 
initial amount of blood and its pressure in all compartments 
which has taken from Linninger research (Linninger, Xenos, 
Sweetman, et al., 2009). These initial values have been 
considered as boundary conditions for the model. In each 
cardiac cycle, blood is pumped out from the heart and 
delivered to the carotid artery as shown in Figure 3b. The 
pressure in the carotid artery is shown in Figure 3c. The blood 
flow is controlled by a pressure difference between the jugular 
vein and carotid artery. All abbreviations used in Figure 2 are 
described in Table I. The pressure in artery, arterioles, cranial 
subarachnoid space and vein are labelled as PA, PAL, PCSAS and 
PV as shown in Figure 3c.  Blood flow in artery, arterioles, and 
vein are labelled as BFA, BFAL and BFV as shown in Figure 
3d. Also, the produced amount of CSF for two cardiac cycles 
is depicted in Figure 3d. Other assumptions are presented 
below to simulate the model: 

1. The elasticity of blood vessels which is known as 
compliance is taken as 2 ml.mmHg-1 as per literature 
(Wang, Ju & Li, 2010). 

2. Brain reaches its steady state i.e. 37°C within the same 
time as taken by two cardiac cycles. 

3. Brain temperature is the same as its outer skin 
temperature. 

III. CEREBRAL CHANGES INVESTEGATED DUE 

TO RF ENERGY EXPOSURE 

A. Cerebral metabolism 

 Elevation in brain temperature at 3GHz with different 
SAR values is shown in Figure 1b. The increased brain 
temperature (BT) affects the metabolic rate of oxygen 
(CMRO2) is well documented in (Greeley, Kern, Ungerleider, 
et. al., 1991; Thoman, Lampotang, et. al., 1997; Croughwell, 
Smith, Quill, et. al, 1992) and the mathematical relation 
between BT and CMRO2 is shown by Eq. 3. In CMRO2 brain 
tissue consumes the O2 from capillary and produces the CO2 
as shown in Figure 2. At 37°C, the CMRO2 is calculated to be 
3.5 ml.100g-1.min-1, is taken as a steady state value for 
cerebral metabolism. If brain temperature is shifted up or 
down from its steady state, the metabolic demand will also 
shift as per Eq. 3 and also shown in Figure 1c. Table II has 
discussed the percentage change in CMRO2 on different brain 
temperatures. It shows that the change in 2°C temperature 
below its steady state condition has a 20% fall in CMRO2 as 
well as fall in CO2 production rate. Whereas, the CMRO2 
increases 64% drastically with the temperature rises of 4°C 
above 37°C. As well as, it increases the CO2 production rate. 
Furthermore, the CBF varies 1-2 ml.100g-1.min-1 for every 1 

mmHg change in CO2 pressure (Mishra, 2002). Similarly, 
CMRO2 decreases by 34.3% for 4°C fall in BT and increases 
by 150% for 8°C rise in BT. At 27°C, CBF is roughly half that 
of the normal value. By 20°C, CBF is about 10% of the 
normal value. The oxygen consumption by brain tissue relies 
on the BT.  
 

                                                         (3) 

Where a = -2.7579, b = 0.1089 and BT = brain temperature 

B. Concentration of bicarbonate ions in venous   

     The pressure of carbon dioxide (PCO2) is an important 
regulator of the cerebral circulation. The total CO2 produced 
by cerebral metabolism will diffuse into the blood due to its 
partial pressure gradient (Lumb, 2012; Geers & Gros, 2000; 
Arthurs & Sudhakar, 2005). It will absorb in oxygenated 
blood (see Figure 2) and make the bicarbonate ions. As per 
our mathematical calculations, it is found that the produced 
CO2 is 2.75 times more than the consumption of O2 by brain 
tissue during cerebral metabolism as shown by Eq. 4. The 
most CO2 is transported in the blood plasma as bicarbonate 
ions. There are two modes of CO2 diffusion in blood as 
discussed below:  
1. Ten percent of CO2 gets dissolved in blood plasma which 

increases the pressure of CO2 (obeys Henry’s law). The 

model assumes that the solubility coefficient of CO2 does 
not vary with temperature.  

2. Approximately 90% of CO2 is transported into red blood 
cells, out of which 22% make the carbamino compounds 
by joining reversibly with the non-ionized terminal 
amino group (-NH2) of blood-borne proteins and release 
the H+ and O2. Five percent of CO2 gets dissolved in 
oxygenated blood (HbO2). The rest 63% CO2 formed the 
bicarbonate ions by CO2 hydration reaction. Fifty-seven 
percent of bicarbonate ions diffuse out of red blood cells 
and brings down its concentration gradient. H+ cannot 
move across the membrane. H+ again combines with 
HbO2 and releases the O2. Ninety percent of CO2 gets 
absorbed in HbO2 section as shown in Figure 2.  

 Total increased concentration of bicarbonate ions due to 
elevated brain temperature as shown in Figure 1d. It will 
increase the CO2 pressure in venous blood (PvCO2) and it is 
calculated by Eq. 5 (Higgins, 2008), where pH represents the 
concentration of hydrogen ions in the blood. Pk is constant 
and its value is 6.1.  

                 (4) 

                                      (5) 

 

C. Cerebral blood flow (CBF) and cerebral blood  
volume (CBV) 

 The blood circulation is more complex in the brain than the 
other organs of the human body. Any dysfunction in cerebral 
blood circulation especially in people having high blood 
pressure may be one of the major factors in the failure of 
autoregulation. Here CO2 behaves as a potent vasodilator. As 
per Grubbjr’s study, the 

increased CO2 pressure in the 
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blood becomes a major factor in alteration of CBF and CBV  
(Grubbjr, Raichle, Eichling & Ter-Pogossian, 1974). The 
model linked this study with a simulation model to calculate 
the changes in CBF and CBV by using the Eq. 6 and Eq. 7. 
The change in CBV is depicted by Figure 4a under the 
exposure of RF energy at different SAR. 
 

                                              (6) 

                                                    (7)                                                          

D. Intracranial Pressure (ICP)  

      The dynamics of ICP can be better understood if the brain 
is treated as a ‘closed box’ or a fixed rigid skull. The 
components inside the skull consist of blood (10%, 150 ml), 
brain (80%, 1400 ml) and cerebrospinal fluid (CSF 10%, 150 
ml) (Tameem & Krovvidi, 2013). As per Monro-Kellie, any 
change in the volume of one of these three components is 
required to be settled by an equal change in the volume of 
remaining components otherwise ICP will increase. In adults, 
the normal value of ICP is up to 20 mmHg (Kawoos, Meng & 
Tofighi, 2015). The RF energy increases the brain 
temperature that increases cerebral metabolic demand which 
consequently increases the CO2 pressure and CBF. The 
Increased CBF hinders the venous blood drainage function in 
the jugular vein. The accumulated blood in venous increase 
the venous volume consequently it will compress the brain 
tissue. In this process, the cranial subarachnoid space, where 
CSF is absorbed, will become less and the pressure will 
increase. This pressure is termed as intracranial pressure 
(ICP). The ICP at time t depends upon three factors (Goyal, 
Uddin & Salwan,  2017): total change in cerebral volume due 
to blood and CSF (ΔV), an elasticity of blood vessel (Ke), and 
the initial value of intracranial pressure (ICP (0)) as shown by 
Eq. 8. For simulation modelling, ICP (0) and Ke have been 
taken as 10 mmHg and 2 ml.mmHg-1. Figure 4b represents the 
change in ICP at time t due to change in CBV under the 
exposure of RF energy at different SAR. 
 

                                                 (8) 

IV. RESULTS 

 The relation of RF energy, the changes in intracranial 
dynamics has been analyzed through simulation model as 
shown in Figure 2. RF energy has been taken at 3GHz with 
various SAR values as 2, 10, 50, and 100 W.kg-1. From the 
results, it is observed that there is a direct relationship 
between intracranial pressure and brain temperature during 
exposure of RF energy. 
 The heat absorbed by the brain at 3 GHz is described by 
specific absorption rate (SAR) as shown in Figure 1a. The 
absorbed RF energy will increase the brain temperature as 
depicted in Figure 1b at various SAR levels: 2, 10, 50, and 
100 W. Kg-1. The model has been simulated for two cardiac 
cycles as shown in Figure 3a. The blood pumped out from 
heart to carotid artery for these two cardiac cycles is shown in 
Figure 3b. Figure 3c represents the initial pressure in the 
carotid artery, cerebral artery, cerebral arterioles, cerebral 
vein, and cranial subarachnoid space. Similarly, blood flow in 
the cerebral artery, cerebral arterioles, and cerebral vein are 

depicted in Figure 3d.  Also, the amount of CSF flown during 
these two cardiac cycles is shown in Figure 3d.  
 The elevated brain temperature will increase the cerebral 
metabolism. Figure 1c and Table II show the changes in 
metabolic demand due to a change in the brain temperature at 
different SAR values. Increased metabolic demand will speed 
up the process of oxygen extraction from capillaries and 
production of carbon dioxide. A little amount of CO2 
produced gets dissolved in blood plasma and the rest 
combines with oxy-haemoglobin to forms the bicarbonate 
ions. The variations in the concentration of bicarbonate ions 
in venous blood due to elevated brain temperature are shown 
in Figure 1d. An increase in bicarbonate ions indicates an 
increase in CO2 pressure which in turn increases the CBF. The 
increase in CBF leads to an increase in CBV as shown in 
Figure 4a. The increased CBV will compress the brain tissue 
and decrease the intracranial space responsible for absorption 
of CSF. CSF will get less space for absorption which in turn 
increases the pressure that is ICP as shown in Figure 4b. The 
relationship between ICP and brain temperature 
underexposure of RF energy is shown in Figure 5. Although 
the results may vary with individuals, it is thought that these 
findings have significant potential to play a contributing role 
in further clinical research of ICP dynamics. 

V. DISCUSSION 

 The present simulation model has analyzed the changes in 
intracranial dynamics (ICP, the cerebral metabolic rate of 
oxygen, cerebral blood flow, bicarbonate ions, and cerebral 
blood volume) due to elevated brain temperature 
underexposure of RF energy.  

 In our model, the changes in intracranial pressure have 
been calculated with different SAR values of 2, 10, 50, and 
100 W.kg-1 at 3GHz. The impact of RF energy on intracranial 
pressure is shown in Figure 4b and Figure 5. As per Figure 4b, 
the ICP increases with an increase in brain temperature. These 
results are similar to those of the results in Nyholm et al. 
(Nyholm, Howells, Lewén, et al., 2017). Our work 
distinguishes from the work in (Nyholm, Howells, Lewén, et 
al., 2017), that they have evaluated the influence of changes in 
brain temperature on intracranial pressure in case of traumatic 
brain injury while we have emphasized the same under the 
exposure of RF energy. It is pertinent to mention that the 
individual variations may occur. 
 Our working hypothesis was that the exposure of the brain 
under RF energy may lead to increase intracranial pressure.  
While analyzing the effects of RF energy on ICP with a 
simulation model, it is important to take into account the 
complexity of the intracranial dynamics (Ziljstra, 1981) 
including factors such as the pressure-volume relationship, 
intracranial compliance, and autoregulation of CBF. To find 
the changes in intracranial pressure, the concept of tissue 
compression or expansion has been used in our model. RF 
energy exposure increases the brain temperature (Kodera, 
Tames & Hirata, 2018) as shown in Figure 1b, which leads to 
increase the metabolic demand (Edvinsson, Mackenzie & 
McCulloch, 1993) as shown in Figure 1c. In cerebral 
metabolism, brain tissue extracts 
the oxygen from capillary and 
release the carbon dioxide as a  
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waste product. Increased metabolic demand speeds up the 
process of extraction of oxygen from capillary and as well as 
increase the produced CO2. The model calculates the 
produced amount of CO2 due to elevated brain temperature. 
This CO2, produced by brain tissue, dissolve into the blood.  
A little amount of it gets dissolved in the blood plasma and the 
rest get absorbed in oxy-haemoglobin. When 
oxy-haemoglobin gets combined with CO2, it releases the 
bicarbonate ions and oxygen in the blood plasma as per 
chemical reactions as shown in Figure 2.  

Figure 1: (a) plot shows the absorbed radiation at 3GHz by the 
human head model on different SAR (W.Kg-1), (b) plot 
represents the elevated brain temperature at 3 GHz reaches its 
steady state within the time taken by two cardiac cycles on 
different SAR values, (c) plot shows the cerebral metabolic 
rate of oxygen (ml.100g-1.min-1) due to elevated brain 
temperature on different values of SAR, and (d) plot shows 
the change in the concentration of bicarbonate ions due to the 
change in the cerebral metabolic rate of oxygen at different 
values of SAR.  

 

 
 

Figure 2: Simulation setup for intracranial dynamics (all abbreviations have been discussed in Table I.). 

The concentration of released bicarbonate ions in blood 
plasma will increase the pressure of carbon dioxide in venous. 
The model calculates the increased concentration of 
bicarbonate ions in addition to its initial amount in the blood 
plasma as shown in Figure 1d. The relationship between 
bicarbonate ion concentration and CO2 pressure is shown in 
Eq. 5 as given by Henderson-Hasselbach. The same has been 
used in the model to calculate the CO2 pressure in the venous. 
The coupling between carbon dioxide pressure and CBF will 
increase the CBF as well as cerebral blood volume (CBV). 
Elevation in CBV will compress the brain tissue and decrease 
the cranial subarachnoid space where the CSF is absorbed. 
The resultant decrease in cerebral intracranial space for CSF 
absorption will lead to increase the pressure. This pressure is 
called intracranial pressure (ICP). Hence, the increase in CBV 
will elevate the ICP. The finding directs to a highly 
concerning aspect that the risk of brain tissue damage could 
be greater for those patients who have poor intracranial 

compliance (elasticity). Here a fixed value of compliance has 
been considered while simulating the model.  
 The result shows that high RF energy is associated with an 
increased risk of ICP. If ICP >  
 
20mmg (Kawoos, Meng & Tofighi, 2015), patients require 
immediate care to control the ICP. Our idea is that the 
exposure of RF energy would result in an elevation of ICP 
which will have a harsh effect on persons with poor 
intracranial compliance. This finding indicates that the impact 
of increased ICP due to exposure of RF energy is influenced 
by compliance, although the real effect may have individual 
variations. Further investigations are required to clarify to 
what extent compliance determines the ICP response 
underexposure of RF energy.  
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The limitation of the model lies in its inability to simulate the 
concept of blood auto-regulation. Secondly, the exposure 
time of RF energy plays a significant role to increase the brain 
temperature and model does not address this factor.  

VI. CONCLUSION 

 The major finding of this Simulation Model is that 
elevation in brain temperature under the exposure of RF 
energy is affecting the cerebral metabolic rate of oxygen, 
CBF, CBV and intracranial pressure. The motive behind this 
model is to improve the comprehension of ICP.  

But these results are not extensive in general, it may have 
individual variations. This model offers a straight forward 
approach of bringing together the relationship between 
intracranial pressure and exposed RF energy. Some factors 
such as duration of exposure and cerebral blood 
auto-regulation have not been significantly addressed in this 
paper.  Finally, this is asserted that the effect of RF energy on 
ICP, cerebral metabolism, and other parameters may not 
always be the same for every person. It may vary from person 
toperson. Further investigations are needed to obtain better 
guidelines to remove the health hazards from RF energy as 
per the individualized approach. 

 

 
  
 
  Figure 3: (a) plot shows Cardiac cycle for two seconds, (b) plot shows the blood flow (ml.min-1) in carotid artery (ACr) 
for 200% cardiac cycle (100% cardiac cycle = 1 cardiac cycle), (c) plot represents the initial pressure (mmHg) in the 
carotid artery (Pinit), pressure in artery (PA), pressure in arterioles (PAL), pressure in cranial subarachnoid space 
(PCSAS), and pressure in vein (PV) for two cardiac cycles, and (d) plot represents the initial blood flow (ml.sec-1) in the 
artery (BFA), blood flow in arterioles (BFAL), and blood flow in venous (BFV) as well as present an amount of 
cerebrospinal fluid (CSF) for two cardiac cycles. 
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Figure 4: (a) plot shows the changes in cerebral blood volume (CBV) (ml.sec-1) on different SAR values, (b) plot 
represents intracranial pressure is increased with an increase in SAR during exposure of RF energy. 

 

Figure 5: With an increase in brain temperature and SAR, ICP increases 
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Table I. Definition of Abbreviations 

Abbreviation Interpretation Abbreviation Interpretation 
ACr Carotid artery Pinit. Initial pressure in carotid artery 

A Artery PA Pressure in artery 

AL Arterioles PAL Pressure in arterioles 

C Capillary PV Pressure in vein 

VL Veinules PCSAS Pressure in cranial subarachnoid 
space 

V Vein BFACr Blood flow in carotid artery 

VSinus Venous sinus BFA Blood flow in artery 

JV Jugular vein BFAL Blood flow in arterioles 

CSAS Cranial subarachnoid 
space 

BFV Blood flow in vein 

CSF Cerebrospinal fluid CMRO2 Cerebral metabolic rate of 
oxygen 

LLV Left lateral ventricle BT Brain temperature 

RLV Right lateral ventricle 
 

Consumed O2 by brain tissue 

3V Third ventricle 
 

Produced CO2 by brain tissue 

4V Fourth ventricle [HCO3
-] Concentration of bicarbonate 

ions 

PCO2 Carbon dioxide 
pressure 

PvCO2 CO2 pressure in venous 
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ICP (0) Initial intracranial 
pressure 

CBF Cerebral blood flow 

ICP(t) Intracranial pressure 
at time t 

CBV Cerebral blood volume 

SAR Specific absorption 
rate 

HbO2 Oxygenated blood 

RF Radio frequency ICH Intracranial hypertension 

Ke Elasticity of  blood 
vessel 

ΔV Change in cerebral volume due 
to blood and CSF 

Table II: Percentage change in CMRO2 at maximum brain temperature and 
different SAR values 

Maximum Brain 

temperature (°C) 

SAR 

(W/Kg) 

CMRO2  

(ml/100 

g/min) 

Steady state 

condition  

Percentage 

change in  

CMRO2 

32.74 0 2.2 37°C 34.1 ↓ 

33.34 2 2.3 34.3 ↓ 

35.13 10 2.8 20 ↓ 

41.39 50 5.7 64 ↑ 

45.50 100 8.9 150 ↑ 

↓- decreasing the value of corresponding parameter 
↑- increasing the value of corresponding parameter 
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