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Introduction
  Modulated electro-hyperthermia (mEHT, trade-name: 

oncothermia) is a type of hyperthermia applied in oncology for the 
curative and palliative treatment of malignant tumours [1]. It is highly 
selective for malignant cells, and solves the targeted therapy mostly on 
cancer cells. The selection is solved by the modulated radiofrequency 
carrier signal (13.56 MHz). The electronic excitation allows special 
laddering-type selection, step-by-step focusing from macro- to micro- 
and finally to the nano-range. The method has been widely applied in 
numerous research activities [2], and also in clinical practice [3-7]. 
Our objective in this paper is to discuss the mechanism of nanoscopic 
heating in detail, allowing a better understanding of the cancer-killing 
effect of mEHT.

The macroscopic selection of mEHT is based on certain differences 
in the metabolic rate of malignant and healthy cells (Warburg effect 
[8-10]). The high glucose influx of malignant cells changes their 
extracellular surrounding, where the ionic concentration increases 
dramatically, creating a more conductive path directing the electric 
current and focusing automatically on the malignant lesion. 

The microscopic selection is determined by the differences of the 
dielectric constant of the extracellular electrolyte in the immediate vicinity 
of the malignant and healthy cells (Szentgyorgyi effect [11]). The dielectric 
permittivity of the extracellular electrolyte depends on its molecular order 
and fixed bonds, which are mostly absent around malignant cells [12-
14]. Healthy cells have homeostatic electrolyte concentrations in different 
regions, while the cancer cells definitely modify it, losing the connections 
(adherent and junctional) between cells, which disorients part of the order 
and increases the electric permeability [15]. The dielectric forces decrease 
along with the increased dielectric permittivity, adding to the separation 
of the cells (autonomy) [16,17]. The energy which hits a cell in the healthy 
network can be shared immediately with the connected neighbours, while 
this mechanism is mostly missing in individual autonomic malignant cells; 
they disseminate the energy slower, using only thermal effects. 

Malignant tissue has a special and distinguishable pattern, which 
is studied by pathology. In addition to the above localisations, mEHT 
also uses these structural differences for selection (pathological pattern 
recognition) of the malignant and healthy tissues (fractal physiology [18]). 

The cellular membranes have further dielectric specialties in their 

parts in the nanoscopic range (Schwan effect [19]). The membrane-
bound water has the upper part of the β-dispersion, denoted by δ [20,21], 
meaning that this part is highly selective for the various cell membrane 
states. In particular, all of the electrolyte and membrane properties differ 
between malignant and healthy tissue [22,23]. The proper selection uses 
the dipole relaxation of beta-dispersion connected to membrane-bound 
water [24]. This allows the zero-order electric-field action, which has no 
noise-induced thermal limit of the field [25]. The huge local dielectric 
permittivity of the transmembrane proteins and their clusters (rafts), 
are active in the electro-orientation of cells [26]. 

Artificial (standard) nanoparticle heating has very good selectivity, 
due to the targeted absorption of the locally-heated nanoparticles on 
cell membranes.  

The electric field strength gain (ratio of the induced field in the 
material compared to the outside inducer field) is the largest in the cell 
membrane, as we know from in silico models [27]. The gain of up to a 
few tens of MHz is constantly ≈5∙103, and it decreases by power law 1/f 
approaching higher frequencies [21]. In the case of more realistic tissue 
models, the gain of the membrane depends on the position of the cell 
in the tissue, but it is not lower than 102 in tissue arrangements [28]. 
In the case of cancer cells, the intracellular gain is the same as in non-
cancerous cells, but the membrane gain in malignant cells is double that 
of their healthy counterparts [22]. 

The described concept of cell membrane rafts [29] is well studied 
nowadays in the relevant literature [30]. Important observations 
indicate a coherent cluster structure of a large number (~105) of 
voltage-gated ionic channels [31,32], which could have transient 
receptor potential receptors (TRP, especially the TRPV subtypes) in one 
temperature-sensing domain [33]. These clusters are the targets of our 
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Abstract
Our aim is to describe the physical and physiological effects of local modulated electro-hyperthermia (mEHT). The 

method concentrates on the energy absorption of cluster rafts of the plasma membrane. The targeted cluster contains 
transmembrane proteins, which can form coherent working voltage-gated ion channels and/or TRP receptors in one 
domain. This targeting is analogous to nanoparticle heating, except this uses readily available nanoparticles on the cell 
membrane instead of the artificially placed nano-object to induce selective energy absorption from the outside field. In 
the discussed non-artificial nanoparticle heating, selectivity is the consequence of the synergy of various interactions 
embedded into each other in their effective volume in macro-, micro- and nano-ranges. 
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method targeting the ‘built-in’ nanoparts of the membrane for heating 
selectively. Selection is based on the high specific absorption rate (SAR) 
of the nanoparts. The targets of heating could be these clusters of cell 
membrane in malignant cells. 

Amongst the receptors belonging to the TRPV family, a strong 
correlation between clinicopathological findings and expression 
of different TRPV channels (e.g. TRPV1, TRPV2 and TRPV6) in 
cancer growth has recently been reported [34,35]. Changes in TRPV1 
expression occur during the development of human urothelial cancer 
[36]. Recently, the role of TRPV1 mRNA down-regulation as a negative 
prognostic factor in patients with bladder cancer has been assessed [37]. 
However, increased TRPV1 expression is suggested as an inhibitory 
factor of cancer development [38]. Therefore, we hypothesised that 
any factors which can exhaust TRPV1 receptor expression can reduce 
tumorigenesis.   

The TRPV1 ion channels are capable of exercising a regulatory 
effect on intracellular calcium concentration, which, in turn, plays 
a key role in cell function. The short-term regulation of cell function 
depends primarily on several cell components which are affected by 
the free calcium ions in the cytosol. However, long-term activation 
of the TRPV1 receptor and the consequent increase in intracellular 
calcium concentration results in cytotoxicity. Moderate heat (≥ 43°C) 
can activate TRPV1, demonstrating that thermal heat and the pungent 
ingredient in ‘hot’ foods elicit their effects through the same channel 
[39]. 

Non-excitable cells also have TRP channels [40], and thermosensors 
are one of these groups. Thermosensors are charged transmembrane 
proteins which are displaced by heat’. TRP is an ‘electrochemical diode’ 
which rectifies ionic transport through the membrane and is loaded 
in the closing direction under standard (resting, negative membrane 
potential, cell is positive outside) physiological conditions. These 
channels are primarily involved in Ca2+ transport. Due to their closed 
resting (default) value, the Ca2+ influx into the cell is rather limited. 
The diode characteristics (rectification parameters) are different in 
hot- [28] and cold-sensing [28] TRPs. Hot-sensing shifts the diode to 
the opening direction [41], while cold-sensing shifts the diode in the 
opposite direction [42], to the closing side. The regulation is dynamic, 
and the transmembrane protein is displaced by the temperature action 
[43]. The TRP receptors could be clustered in membrane rafts which 
are effective thermosensors of the cell [27]. These domains could 
considerably increase Ca2+ influx to the cytoplasm by heating. 

The concentration of intracellular Ca2+ is low under normal 
conditions. However, Ca2+ has an important controlling function in the 
homeostatic balance of proliferation. Intracellular Ca2+ concentration 
affects the cellular decision between division and apoptosis [44]. The 
balance of proliferation and apoptosis is well regulated by Ca2+ entry. 
The Ca balance also acts on cell membranes; the membrane potential 
decreases in cells with enhanced concentrations of Ca2+ in the cytoplasm 
[45,46]. The lowered membrane potential, however, is pro-proliferative, 
both in healthy and malignant cases [47]. Malignant differentiation 
increases Ca2+ entry [48], which is pro-proliferative, reaching an 
oscillatory equilibrium of Ca2+. Extracellular ATP induces oscillations 
of intracellular Ca2+ and membrane potential [49]. The ATP released 
from inflamed, damaged or metabolically impaired cells represents a 
‘danger signal’ that plays a major role in activating the innate immune 
system, and intracellular Ca-overload also promotes apoptosis [50].

The aim of this study is to demonstrate a mathematical model which 
describes the TRP receptor function between heat and carcinogenesis. 

Materials and Methods
The cellular membrane could be considered as fluid mosaic 

[51], where the transmembrane proteins move by lateral diffusion 
[52]. The inhomogeneous electric field in the case of mEHT acts on 
transmembrane proteins by dielectrophoretic force, drifting them 
forwards. This interaction is rather selective, because the dielectric 
permittivity of the transmembrane proteins is at least two orders of 
magnitude higher than the membrane permittivity in which they move 
[53]. As a consequence, the direction of the drift movement points to 
higher energy density, where the specific energy absorption (SAR) is 
also higher. SAR increases on these points of the membrane (micro-
contacts), and consequently the increase in local temperature also 
affects the local TRPs (‘Micro-contact’ means the place on the cellular 
membrane where the electric field strength induced by the outside 
field is the highest. This point is roughly identical to the in/out point 
of the RF current or its imaginary part in direct mechanical contact 
with the neighbouring cells). As a consequence, the heat-sensing TRPs 
displace to the opening while the cold-sensing TRPs displace to the 
closing direction. The motility of TRPs is greater in the membrane of 
malignant cells [54], facilitating more TRPs in the high SAR places, 
allowing the certainly high Ca2+ influx to the cytoplasm. This changes 
the homeostatic equilibrium of the actual cell, promoting apoptotic cell 
death, as observed in mEHT treatments [55,56]. The increased BAX 
level in the affected cells [55] also indicates this apoptotic effect. 

In this calculation, we assume the equal dielectric and diffusion 
properties of the various ion channels. In this case, the following 
equations describe the above drifting process: 

0,

drift diff

div
t

D grad

ρ

µ ρ ρ

∂
+ =

∂
= + = − −

J

J J J F
                         

(1)

        

where ( )t,rρ  is the concentration of the ion channels in the r  
point of the membrane in the t time, ( )t,rJ  is the resultant current 
density of the ion channels, ( )tdrift ,rJ  and ( )tdiff ,rJ  are the drift 
and diffusion current density, respectively, µ  is the motility of t ion 
channel with D diffusion constant in the membrane and F  is the 
dielectrophoretic force, which is [57,58]: 
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where a is the radius of the ionic channel, ε  and TRPε  are 
the dielectric permittivity of the membrane and the TRP channels, 
respectively, and ( )t,rE  is the electric field strength in the r  point of 
the membrane at t time. Since the relation of TRPεε <<  holds, from 
Eq. (2), a simple form of dielectrophoretic force follows:

( ) ( ) 2

3 ,
,

2
t

t grad a ε
    = −  
  

E r
F r

                                     

(3)

where we assume that the dielectric permittivity, ε , of the 
membrane does not depend on the position of the membrane. Due to 
the radiofrequency supply, the electric field is time-dependent. Let us 
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the transmembrane proteins, ensuring their stability. The mathematical 
condition of the stability is:

1 m ichE p
kT

<<                                                                                       
(7)

where TRPp  is the dipole moment of the TRP. To estimate the value 
of this dipole moment, we consider the low frequency permittivity of 
the muscle tissue, which has a value in the range of 710  [60]. Assuming 
a linear polarisation effect until saturation polarisation is reached, we 
obtain for the value of saturation polarisation vector:

( ) 11 7 7 3 2
0 1 10 10 10 10 /TRP mP E As mε ε −= − ≅ × × =

( ) 237711
0 /101010101 mAsEP mTRP =××≅−= −εε .

Choosing the volume of the ionic channel on the realistic 
24 310TRPV m−≅ , the dipole momentum of the channel is

AmsPVp TRPTRP
21243 101010 −− =×== . With this assumption, we obtained a 

definite high value for the critical value in Eq. (7):

710m TRPE p
kT

≅                                                                                       
(8)

When the electric field in the membrane is Em, and assuming the 
isotropy of polarisability of the channel, then in the saturated case, the 
polarisation vector turns to the direction of the resultant electric field 
keeping its absolute value (Figure 1). When no saturation occurs, the 
forced rotational orientation will not happen.  

When mEE << , then the E field induces P(E) value of the 
polarisation vector, and: 

( )
m

EP E P
E

≅
                                                                                    

(9)

Due to the small angles, the polarisation P(E)  could be well 
approached as parallel with field E . This allows the two cases to be 
described identically. In this way, the induced dipole momentum of the 
TRP channel is:

( ) ( )TRP TRP TRP TRP
m m

E Ep E V P E PV p
E E

= ≅ =
               

(10)

With this, the dielectrophoretic force acting on the TRP channel 
will be: 
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Also, the drift diffusion equations according to Eq. (4) will be: 
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consider the average of the field in a period of time in Eq. (1), since the 
expected time constants in the processes are larger. In this case, Eq. (1) 
and its connected values are:
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where we introduced the effective value of the electric field and the 
‹› signs denote the averages. We are looking for the stationary solution 
of equations (4) when the resultant current density is zero; the drift and 
diffusion current densities are equal. In this case, we have:
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(5)

where k is the Boltzmann constant, T is the temperature of the 
membrane (introduced by Einstein’s relation), and 0ρ  is the ion 
channel density when the applied outside field strength is zero. 

The increase in the density of ion channels is expected at the high 
field-strength micro-contact places, when the following condition is 
valid: 

( )2
30

2
effa
kT

ε<<
E r

                                                                           

(6)

This criterion is a simple consequence of Eq. (5). When this value in 
Eq. (6) is 1, the density of ion channels is nearly three times higher than 
the field-free equilibrium concentration, and the field strength would in 
this case be mVE /10 7≈  [31], which is unrealistic. Consequently, 
this model failed. 

Results
The polarisability of the biopolymers is well known [59]. The field-

strength of the cell membrane is huge: mVE /10 7≈ ; consequently, 
its effect on the ionic channels is expected and it will likely polarise 
the transmembrane proteins until their saturated polarisation value is 
reached because the rotational diffusion is stronger in the membrane 
than the translational [60] diffusion. Consequently, the transmembrane 
proteins have to have strong enough dipoles to block their rotation, 
which would likely be due to the thermal excitation. It would cause 
definite disturbances of their functions, so that saturation by the 
extreme huge membrane field maximises the electric dipole moment of 
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(This could be reached by 10107 ×  time concentration gain.) 

According to these considerations, there is a realistic physical basis 
in having large ion channel concentrations in the areas of the membrane 
where the SAR is large. 

Due to safety reasons, /standards allow mV /102 4×  outside field 
strength. This could induce only mV /102 4× field strength in the 
membrane, which is negligible compared to the huge mV /10 7

field strength there. Calculating conductivity of the membrane with 
mSm /103 7−×≅σ , the connected SAR value is 37 /10 mWSAR ≅  

dissipation, which is considerably larger (a thousandth of this value 
could heat a tumour up to 45ºC). Nanoparticle heating often uses 
one to two orders of magnitude higher SAR than this certainly huge 
value. The phospholipid, the membrane’s base material, is a very 
effective heat and electric isolator; therefore, the observed (at least 
not too great) conductivity properties must be produced by the 
transmembrane proteins and their channel constructions. When these 
are homogeneously distributed in the membrane, they heat it equally 
everywhere. The metabolic heat liberated from the cell machinery 
interacts with the environment in this way. The membrane conductivity 
could be increased locally by the concentration of the ion channels 
and the transmembrane proteins as a part of the membrane. Due to 
the stable membrane potential, in those places where conductivity is 
increased, the SAR also increases, while at the expense of this, other 
parts have a lower load. When the direction of ion channels in relation 
to the membrane does not change during their drift, the membrane 
conductivity ( mlocalσ ) will be proportional to the local concentration 
of these channels. Hence: 

( )2

2

0

effTRP

m

p
E kT

mlocal m me
ρ

σ σ σ
ρ

= =
E r

                                         (17)

where mσ  characterises the membrane conductivity when the 
channel distribution is homogenous. It can be assumed that the SAR 
gain at least follows the gain of the conductivity, so: 

( ) ( )2 2

2 22 2
eff effTRP TRP

m m

p p
E kT E kT

local mlocal m m mSAR E E e SAR eσ σ= = =
E r E r                (18)

where SAR is the value when the ion channels are distributed 
homogeneously. Using the conditions of Eq. (16), this means 10107 ×
-times larger SAR at the concentration of the channels. This obviously 
increases the membrane temperature by a few centigrade without the 
addition of external SAR. The local temperature increase opens the 
heat-sensitive TRP channels, which further increase the local SAR and 
gains of the Ca2+ ion influx to the given cell. 

The heat conduction coefficient of the extra- and intracellular 
electrolyte is considered equal in the first approximation [62]. We 
also assume that the large SAR induced by the concentrated channel 
distribution in a micro-contact is small, cylinder-shaped, and has no 
heat exchange on its jacket, and also that the heat flux conducted and 
flowing on the cylinder is connected to free space at its two ends (Figure 
2). Let us consider a T∆  heat increase due to the qI  heat flux at λ  
heat conduction value (Figure 2). 

In this case: 

We solve these equations in the stationary case when the resultant 
current density is zero. Therefore, when the drift and diffusion current 
densities eliminate each other, then:
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Similarly to Eq. (5), the expected concentration of the ionic 
channels in the high SAR micro-contacts could be from Eq. (13), when:

( )2

0
2
effich

m

p
E kT

<<
E r                                                                     (14)

Using the value in Eq. (8), we obtain at mVEeff /104 3×=  a 
relatively small field strength: 

( )2

1
2
effTRP

m

p
E kT

≅
E r

                                                                           (15) 

when the concentration is at least three times higher than the 
field-free equilibrium. This E value of the field strength is small in the 
membrane, due to the fact that the membrane gain at 13.56 MHz (carrier 
frequency of mEHT) is more than 100 [21,61].  In this consideration, 
the mVEeff /104 3×= field could be obtained by 40 V/m outside 
the electric field and causes a 0.04 mV field on the membrane. When 
considering the physiological safety limit for the outside field, which is 
200 V/m, we get: 

( )2

25
2
effTRP

m

p
E kT

≅
E r

                                                                       (16)

Figure 1: For calculation of the electrophoretic force (the angle of the resulting P(E) 
vector is small and negligible in comparison to the relative large components ).
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q qT I R∆ =                                                                                           (19)

where qR  is the thermal resistance of the cylinder, which could be 
determined from the stationary electric and thermal analogy, as follows: 

q
RR
ρ λ

=                                                                                            (20)

where R is the electric resistivity of a circle plate having a radius and 
ρ  specific resistivity [63]

2
R

a
ρ

=                                                                                                  (21)

In the stationary state, the connection between the SARlocal and the 
qI  heat flux on the cylinder is:

2

2
local

q
SAR a dI =                                                                        (22)

where the SARlocal is approximated as constant due to the small 
volume of the cylinder. From Eq. (19) using Eqs. (18), (20) and (21) 
we get:

( )2

22

4 4

effTRP

m

p
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q q m m
SAR ad adT I R E eπ π σ

λ λ
∆ = = =

E r

                        (23)
T

Calculating an example: when 
KT 7=∆

, and ma µ1=
, nmd 10= , mKW /6,0=λ  mSm /103 7−×=σ , 

mVEm /10 7= , we get: 

( ) ( )
2

2
2 71.75 10 16.6

2

effTRP

m

p
effE kT TRP

m

pe
E kT

= × → =
E r E r                               (24)

Producing this value, we need mVEeff /1016 3×=  locally on 
the membrane and mVE /160=  outside the applied electric field. 
These are actually possible values for practical application. In the case of 
special pink noise modulation, very high effective field strengths could 

occur (especially, when very long noise representation is given for the 
modulation. This is the consequence of Shannon’s sampling theorem 
II). 

The local temperature increase would be 44°C when the example 
above is applied. Thermolysis occurs at this temperature [64]. This is 
shown in Figure 3 [52]. 

The increased temperature melts the membrane lipids and 
starts to dissolve in the surrounding electrolytes, thus changing the 
configuration of the membrane lipids, resulting in the growth of the 
molecular permeability of the targeted membrane. This effect induces a 
further local SAR increase which damages the membrane. It is possible 
that the tumour treating fields effect [65] (NovoTTF, [66]) is based on 
this phenomenon. 

The time function of a 0Ω  circular frequency harmonic carrier 
signal, which is amplitude modulated by a 

( ) ( )0 01 sin sinu t U m t tω φ= + + Ω  

 carrier frequency sinus 
signal, is: 

( ) ( )0 01 sin sinu t U m t tω φ= + + Ω                          (25)

where m is the modulation depth. The spectrum of this signal is 
shown in Figure 4. 

Therefore, the effective potential is:
2 2

2 20 0

2 4eff
U Uu m= +                                                                      (26)

Consequently, the modulation increases the effective value of the 
potential, and thus increases the effective electric field strength. As a 
consequence, it increases the local conductivity by Eq. (17) and the 
local SAR by Eq. (18). In the case of noise modulation, which has a 
continuous frequency spectrum (also it has no measurable discrete line 
in its spectrum), the local conduction and SAR could be increased even 
further. 

Let us show an example of a modulated signal as below, where x(t) 
is pink noise.

( ) ( ) 0 0sinu t x t U t= Ω                                                              (27)

The noise power spectrum of the pink noise in ( ) ( ) AX Xω ω
ω

∗ =  
frequency interval is: 

( ) ( ) AX Xω ω
ω

∗ =                                                                      (28)

Figure 2:  For calculating the increase in local membrane temperature.
 

Figure 3:  Conceptual view of thermally-driven membrane permeabilisation.
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In this case, the effective value of the modulated signal is: 

2
2 0 2 ln

2
f

eff
a

Uu A
ω
ω

= +                                                                (29)

Which in the case of 0→aω  goes to infinity: ∞→2
effu . 

Consequently, this type of pink noise modulation is excellent for 
local heating (other important effects of pink noise modulation are 
discussed elsewhere [11]).

A further consequence of modulation with harmonic signals is 
the higher probability of the opening of voltage-gated ion channels by 
stochastic resonance [67]. With this, there is a considerable increase 
in the membrane conductivity, the ion influxes and the local SAR. 
Since the multiple voltage-gated ionic channels are concentrated in the 
dense cluster, multiple stochastic resonance frequencies exist there. It is 
possible that the ‘magic’ frequencies in [68-70] could be explained in a 
similar way. 

The dynamic (time fractal) behaviour is the effective information 
exchange between the cells in space and also in time. Due to the 
malignant autonomy, the collective communication signals (called 
social signal) are broken [71]. The social signals and their correlation 
length is determined by different factors, among which is an energy 
pack-like information transfer e.g. [72-75]. Consequently, the normal 
(healthy homeostatic) biological processes could be described by self-
similar function classes based on the dynamic observations for long-
range correlation lengths [76,77]. The missing information exchange 
could be re-established by the forced delivery of information, for 
which the best is modulation of the RF carrier. The famous Adey-
window, published in the early 1990s, was the first proof of the special 
modulation effects [78,79]. The modulation of RF carrier frequency 
then started to be used [80], and became an important new method for 
cancer therapies [81]. Numerous clinical results show its efficacy [82-
85], and it was applied in oncothermia for dynamic selection from the 
late 1980s. The support of modulation is clearly shown in experimental 
results [86]. The carrier frequency delivers the information (modulation 

frequencies), since the cancer cells are much less ‘transparent’ at these 
frequencies than their healthy counterparts. Malignant cells are heated 
up by the selectively absorbed energy. The applied modulation helps to 
localise the tumour border, it helps to ‘clear’ the contours, whilst (most 
importantly) helping to select (self-focus) the energy intake, exciting 
numerous signal pathways on the outer cell membrane. 

Appendix: Temperature On Membrane Rafts 
The temperature from SAR in the stationary process can be derived 

from the non-linear Pennes equation [87]. Blood perfusion, metabolic 
heat and temperature dependence of the target leads to non-linearity. 
The simple equation in its general form is [88]: 

( )36,6
0 0( )( ) ( ) 1,1 T

b b b b
Tc c w T T T T p SAR T q
t

ρ ρ λ −∂
+ − = ∆ + +

∂
               (1)

The generalisation appears in the second term on the right side of 
the equation as we note the SAR from the heating process of the target 
resulting from the change in conductivity.

If we take the stationary case and neglect the part obtained from the 
conduction, then we get:

( )36,6
0 0( )( ) ( ) 1,1 T

b b b bc w T T T p SAR T qρ −− = +        (2)

From this, the increase in temperature compared to the temperature 
of the blood is:

( )36,6
0 0( ) 1,1( )

( )

T

b
b b b

p SAR T qT T T
c w Tρ

−+
∆ = − =

                   (3)

With no consideration of the SAR and the metabolic heat, we come 
to:

0( )
( )b

b b b

pT T T
c w Tρ

∆ = − =                                                   (4)

where 0p  is the SAR of the target. Here, the blood perfusion rate is 
given in the SI system, which is: 

3

3

sec m
m

. The physiological adequate unit 

is: 
gperc

ml
100

.  To converse between these two: 

610( ) ( )
6b bfiziolw T w T
−

=
                                                       (5) 

Putting this into the previous equation:

0 0
6

3 3 10( ) 1,1 10 4,5 10 ( )
6

1.3
( )

b b b
bfiziol

bfiziol

p pT
c w T w T

SAR
w T

ρ −∆ = = =
× × × ×

=             (6)

which could be due to the different database applications. 

In case the temperature rises when the heating power is switched 
on, the simplified Pennes equation can be used:

Figure 4: The frequency spectrum of an amplitude modulated harmonic signal.
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0( ) ,b b b b

b b

Tc c w T T p
t

c c

ρ ρ

ρ ρ

∂
+ − =

∂
≅

                                             (7)

consequently:

( ) 0

1

1 ( ) ,b
b

b

T T pT T
t c

w
τ ρ

τ −

∂ −
+ − =

∂

=

                                               (8)

Therefore, the solution is:

0 1
t

T p e
c

ττ
ρ

− 
∆ = − 

                                                                        (9)

From here, the starting speed of the temperature rise is: 

0
0

0

1
t

t

pT p e
t c c

ττ
ρ ρ

−

=

 ∆
= − ≅ 

 

                                               (10)

Substituting the values:

[ ] [ ]0

0

/ /
/ min 60

67t

SAR W kg SAR W kgT C
t c=

∆   = ≅         (11)         

Hence, the measurement of the speed of temperature rise at the 
beginning of heating determines the SAR according to (11). 

This makes it possible to calculate the SAR in the target by 
measuring the speed of the temperature rise in the neighbouring 
healthy tissue (assuming equal temperature) and to calculate the SAR 
in the malignant neighbourhood. 

The switching-off of the heating power can be approximately 
described with the following Pennes equation: 

( )

1

1 ( ) 0,b
b

b

T T
T T

t
w

τ
τ −

∂ −
+ − =

∂
=

                                                    (12)

The solution is:

( ) 0( ) ,
t

bT t T T p e
c

ττ
ρ

−
∆ = − =

                                                                                           

 (13)

                                                                                                                                                            

From this, the ( )tT∆  function, the τ  perfusion time constant 
and the bw  by (8) are also calculable. The starting slope of the clearance 
of temperature, for example the speed of decrease of the temperature, is:  

0

0t

pd T
dt cρ=

∆
= −

                                         

(14)
                                                                                                                                             

                                                                                                                                                                        

which is the same in absolute value as that obtained from (10). 
Substituting the values, we again obtain (11) with the opposite sign:

[ ] [ ]0

0

/ /
/ min 60

67t

SAR W kg SAR W kgd T C
dt c=

∆   = − ≅ − 
     (15)        

The starting speed of the temperature rise and the starting slope 
of the clearance are equal in their absolute value, independent of the 
perfusion constant. This means that the starting slope of the switch-
on and -off depends only on the SAR and is independent from 
vascularisation. 
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