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A thermo-fluid analysis in magnetic hyperthermia∗
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In the last years, hyperthermia induced by the heating of magnetic nanoparticles (MNPs) in an alternating magnetic
field received considerable attention in cancer therapy. The thermal effects could be automatically controlled by using
MNPs with selective magnetic absorption properties. In this paper, we analyze the temperature field determined by the
heating of MNPs, injected in a malignant tissue, subjected to an alternating magnetic field. The main parameters which
have a strong influence on temperature field are analyzed. The temperature evolution within healthy and tumor tissues are
analyzed by finite element method (FEM) simulations in a thermo-fluid model. The cooling effect produced by blood flow in
blood vessels from the tumor is considered. A thermal analysis is conducted under different distributions of MNP injection
sites. The interdependence between the optimum dose of the nanoparticles and various types of tumors is investigated in
order to understand their thermal effect on hyperthermia therapy. The control of the temperature field in the tumor and
healthy tissues is an important step in the healing treatment.
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1. Introduction

In the living tissues, tumors occur when the cells mul-
tiply excessively. The cells growth can be benign or ma-
lignant. In the malignant tumor, the cells divide and grow
uncontrollably invading surrounding tissues or spreading to
other organs (metastasize) through the lymphatic system or
bloodstream.[1,2] This kind of tumor is known as cancer and
leads to the patient‘s death if untreated. In the benign tu-
mor, the cells do not grow uncontrollably, nor invade neigh-
boring tissues nor spread throughout the body.[3] The known
therapies: radiotherapy, chemotherapy or hyperthermia each
play an important role in healing patients. The hyperthermia
used in addition to radiotherapy, chemotherapy, and surgery
increases the survival prognostic of patients. The radiother-
apy is commonly applied to the malignant tumors because of
its ability to control cell growth.[1] Ionizing radiation destroys
the DNA of exposed tissue.[2–4] Chemotherapy kills cancerous
cells that divide rapidly.[2,3]

In hyperthermia, the tissue temperature increases by sev-
eral degrees above the normal physiological level in a ther-
apeutic temperature range of 42 ◦C–46 ◦C, activates enzy-
matic processes and determines the death of tumor cells be-
cause of their smaller thermal resistance. At a cellular level,
the temperature increase improves the functionality of the cel-
lular structures, affects the synthesis of nucleic acids and pro-
motes changes in the conformation of DNA. Practically, the
heat from a source stimulates the natural mechanisms of liv-
ing tissue to fight and to destroy the malignant tissues, thereby

protecting the normal cells from apoptosis.[2,5]

To increase the efficiency in the healing treatment by hy-
perthermia, a precise control of local temperature determined
by a heat source within living tissue is required.

In the last few years, magnetic fluid hyperthermia (MFH)
has become a promising method of heating target cancerous
tissues. A fluid containing magnetic nanoparticles (MNPs) is
injected into tumor.[6] The MNPs, placed in an external alter-
nating magnetic field, generate heat through relaxation losses
and transfer it to tissues and thus destroys the tumor cells.[7,8]

For a specific MNP concentration this field must be chosen
to be high enough to induce hyperthermia in the tumor but
not exceed the safe limit for human exposure.[9,10] The local
heating of the tumor reduces significantly the side effects in
comparison with radiotherapy and chemotherapy.[11]

The MNPs with selective absorption properties which
can transfer homogeneously the heat within living tissues are
very good and promising candidates to be used in MFH.[12–15]

Their use opens new horizons in the successful realization of
the healing treatment.

The FeCrNbB system has special magnetic properties for
its use in hyperthermia therapy.[12] The thermal response of
the living tissues due to their being heated in alternative mag-
netic fields is studied in this paper. The high thermal character-
istics (thermal conductivity and specific heat capacity) allow a
good heat propagation and a rapid thermal response of the liv-
ing tissues. The temperature field in the therapeutic range is
mainly concentrated within tumor volume and more homoge-
neously distributed compared with other used materials (mag-
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netite, maghemite).

The conversion of the energy into heat is possible us-
ing several physical parameters (relaxation losses for smaller
nanometer size) and its efficiency depends on several param-
eters such as size of particle, the characteristics and shape of
the particle, and the alternating magnetic field amplitude.[12]

An important task is to correlate the magnetic parameters with
the AC field amplitude, frequency, and particle concentration
in order to obtain the temperature within the therapeutic range.

In this paper, we investigate the temperature field induced
by the heating of the MNPs within a primary liver cancer
transited by the one or two significant blood vessels. Using
a thermo-fluid model developed in Comsol Multiphysics, the
thermal influence of blood flow in vessels with different sizes
on temperature field within a tumor is studied. The FEM simu-
lation allows the optimisation of the main parameters involved
in the heating process of tissues. A better understanding of the
thermal effects determined by the heating of MNPs in a mag-
netic field leads to the identification of the mechanism and the
parameters which ensures the best healing treatment.

2. The thermo-fluid model

The control of temperature determined by an optimum
dose of magnetic material concentrated in the small regions
within the tumor is an important task in the MFH therapy. The
optimum size of the injection sites and the minimum number
of regions loaded with magnetic nanoparticles which ensures
a temperature between 42 ◦C–46 ◦C in the tumor are another
important focal point which must be solved by using a model.

The temperature field is computed in a geometry com-
posed of a sphere-shaped tumor located in a cubic region from
a healthy tissue. One or two significant blood vessels transit
the tumor. The blood vessel can be an artery or a vein.

The size parameters of the analyzed geometry are a di-
mension of the cubic healthy region, blood vessel radius (Rv),
and tumor diameter (dt). The magnetic nanoparticles are con-
centrated in small spherical regions each with ds diameter, as-
signed as injection sites. All computations are conducted for
the Fe67.7Cr13Nb0.3B20 nanoparticle system.[12] When an al-
ternating magnetic field with high frequency is applied, the
MNPs loaded within the tumor absorb heat due to the relax-
ation processes in the superparamagnetic regime. The MNPs
act as nanoheaters and the injection sites become the heating
sources of the tumor. A suitable distribution of the injection
sites can lead to the uniform heating of the tumor tissue.

The energy absorbed by the MNPs in the alternating mag-
netic field is[6,7,11]

P = µ0πχ0 f
2π f τR

1+(2π f τR)
2 H2, (1)

where H is the field amplitude, f the field frequency, µ0 =

4π ·10−7 H/m the permeability and χ0 the magnetic suscepti-
bility

χ0 =
µ0M2

s VM

kBT
.

Here, Ms is the saturation magnetization, VM the particle vol-
ume, and kB = 1.38 ·10−23 J/K the Boltzmann constant.

The heat described by expression (1) is attributed to the
major relaxation processes: Brownian and Néel relaxation
process in the superparamagnetic regime[6,11,15] The effective
relaxation time is given by

τR =
τNτB

τN+τB
,

where Brownian relaxation time is

τB =
3ηV H

kBT

and Néel relaxation time is

τN = τ0

√
π

2
exp(KVM/kBT )√

KVM/kBT
.

Here, τ0 is the average relaxation time, η the viscosity of the
medium, and VH the hydrodynamic volume of the MNPs.

Injection of the magnetic nanoparticles into the small re-
gions of the tumor changes their thermal properties.[16] Their
density, specific heat, and thermal conductivity become[17]

ρmix = ηρMNP +(1−η)ρtumor, (2)

cmix = ηcMNP +(1−η)ctumor, (3)
1

kmix
=

η

kMNP
+

1−η

ktumor
, (4)

where η is the volume concentration of the MNPs. The phys-
ical properties are described by the following set of experi-
mental data: the mass density: ρNMP = 7060 kg/m3; the spe-
cific heat capacity: cNMP = 1227 J/kg·K; the thermal conduc-
tivity: kNMP = 528 W/mK; specific saturation magnetization:
Ms = 36 emu/g.

The heat transfer in living tissues involves fundamental
physical phenomena of conduction, convection, radiation, and
metabolic heat production. The temperature values within tis-
sues are obtained by solving Pennes bioheat equation[10,16]

ρtct
∂T
∂ t

= ∇(kt∇T )+ρbwbcb(Tart−T )+Qm +P (5)

in Comsol Multiphysics by a finite element method (FEM),
where ρt is the tissue density, ct is the tissue specific heat, ρb

the density of blood, cb the blood specific heat, kt the tissue
thermal conductivity, wb blood perfusion rate, Tart the arterial
blood temperature, Qm the metabolic heat source, and P the
heat absorbed by the MNPs in the magnetic field at high fre-
quency. This energy is transferred into tissues and contributes
to the increase of the temperature. The presence of the blood
vessels has a significant influence on the heat transfer in living
tissues.[16] To investigate the thermal effects of blood vessels
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on temperature fields of healthy and tumor tissues, the Navier–
Stookes equation is solved[16]

ρbcb

(
∂Tb

∂ t
+ vz

∂Tb

∂ z

)
= ∇(kb∇Tb)+P, (6)

where kb is the blood thermal conductivity and vz is the blood
velocity.[18] The second term on the left-hand side of Eq. (6)
emphasizes the cooling effect of the blood vessels[16,18] which
acts as a sink source within the tumor, contrary to the heating
source. By controlling the heat-sink amount, the required lo-
cal temperature could be obtained. This effect depends on the
vessel size and blood velocity. The thermal influences of one
or two significant vessels which transit the tumor are realistic
and must be considered.

The blood in the vessel is considered as a Newtonian fluid
in the laminar regime.[18] This is an accepted limitation of the
model instead of the pulsatile blood flow.[16] Researchers[19]

evaluated the effect of pulsatile blood flow in thermally signifi-
cant blood vessels and they demonstrated that the pulsatile ve-
locity profile produced little effect on the thermal lesion region
of tissue and some minor differences in the thermal lesion re-
gion compared with a uniform or parabolic velocity profile.[16]

The temperature field in the tumour computed as a solu-
tion of Eqs. (5) and (6) depends on the following parameters:

i) size, thermal and magnetic properties;
ii) injection site distribution in the tumour;
iii) healthy and tumour thermal properties;
iv) the presence of the larger blood vessels in the tumour.
The interdependence between of these parameters and of

their major role in the heating and destroying the process of
tumours is an important point in the hyperthermia studies.

We now discuss the boundary conditions. In the nu-
merical simulations the temperature field was computed for
a spherical liver tumor of a 14-mm diameter embedded in a
30 mm× 30 mm× 30 mm cube of healthy liver tissue. The
temperature, T0 = 37 ◦C was considered on the external sur-
face of the cube (Dirichlet boundary condition).

A larger blood vessel (BV) parallel to the z axis is consid-
ered to transit the middle tumour (x = y= 0) (Fig. 1). The flow
velocity of blood along the z direction is vz = 2V0

(
1− r2

v/R2
v
)
,

where rv is the distance along the radial axis of the BV (−Rv <

rv < Rv, Rv is the radius of BV) and V0 the center velocity of
the blood. The flow velocity of blood along the x direction and
y-coordinate value is considered to be zero (vx = vy = 0).[16]

At tumor–vessel interfaces, the Newman boundary con-
ditions are imposed. The heat flux coming from the tumor is
completely received by the BV. The continuity condition of
the heat flux is imposed at the tumor–healthy region interface
and tumor–injection site interfaces, too.

The tumor is loaded with nanoparticles at 16 injection
sites each with a 0.7-mm diameter. The nanoparticles diame-
ter is 10 nm and their mass concentration is c = 10 mg/cm3. A

spatial distribution of the injection sites is presented schemati-
cally in Fig. 1. In the plane xoy are distributed 8 injection sites
(one injection site at every 45◦), in the plane zoy are 4 injec-
tion sites, and the same in the plane zox (one injection site per
90◦).
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Fig. 1. (color online) Schematic distributions of the injection sites in a tumor
from healthy region.

Due to the spherical symmetry, there is a natural tendency
of the heat to accumulate at the tumour center. The injection
sites are placed at the tumour periphery in an ordered distribu-
tion for each of the planes: xoy, xoz, and yoz (Fig. 1).

3. Results

For simulations, we have considered a liver tissue due to
its complexity regarding the blood vessels distribution. This
highly perfused organ contains three significant types of blood
vessels: hepatic arteries, portal veins, and hepatic veins (with
different diameters and flow velocities) and branches of arte-
rioles, venule and capillaries.[20] A cancer which starts in the
liver is called a primary liver cancer. For example, the hepa-
tocellular carcinoma (HCC) contains different cell types: bile
ducts and fat-storing cells and significant blood vessels such
as arterioles or venules.

An alternating magnetic field with a frequency f =

150 kHz and a field amplitude H = 5 kA/m is considered.
These values verify the criterion of exposure safe and tol-
erance for the ablation of the whole tumour according to
Hergt condition,[9] H · f < 5 · 109. The power density P is
P = 5.75 ·107 W/m3.

Figure 2 shows the temperature fields in the tumor tran-
sited by the one and two blood vessels respectively. Due to
the cooling effect induced by the blood vessels within the tis-
sue, the temperature values decrease suddenly in their vicin-
ity. The temperature on the tumor boundary is very close to
the therapeutic temperature. The healthy tissue is protected by
excessive heating over normal temperature limit. The higher
value of MNP thermal conductivity allows a good heat trans-
fer within the tissue. As a consequence, the temperature in the
tumor varies between 41 ◦C and 46 ◦C if one vessel transits
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the tumour and between 40 ◦C and 46 ◦C if two blood ves-
sels transits the tumor. An ordered distribution of the injection
sites has temperature homogeneity in tissues.
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Fig. 2. (color online) Spatial temperature in the tumor at time t = 20 min.
Panel (a) shows one blood vessel of 1-mm diameter transits the tumor, and
panel (b) displays two blood vessels of 1-mm diameter at 1-mm distance
transits the tumor.

Other MNPs are tested to verify the absorption proper-
ties and the corresponding thermal field in the tumor. The
temperature values are computed by using FeCrNbB parti-
cles, maghemite and magnetite particles as magnetic materi-
als. The magnetite and maghemite characteristics are consid-
ered as those in Ref. [21]. Figure 3 shows the temporal evolu-
tions of temperature on the tumor boundary (Fig. 3(a)) and the
temperature on the tumor diameter at the thermal equilibrium
(Fig. 3(b)) for these magnetic materials.

As a general characteristic, the temperature value in-
creases up to a saturation value, which corresponds to the
thermal equilibrium of the tissue. The thermal field ob-
tained for Fe67.7Cr13Nb0.3B20 nanoparticles reaches the ther-
mal equilibrium in a shorter time than the one generated by
maghemite or magnetite particles. Also, the temperature val-
ues due to maghemite and magnetite particles in the tumor
are higher than the ones due to Fe67.7Cr13Nb0.3B20 nanoparti-
cles. The cooling effect determined by the presence of a blood
vessel within the tumor is much stronger if the maghemite
and magnetite particles are used. A high difference between
maximum temperature value and minimum temperature value
in the tumor implies the presence of high thermal gradi-
ents in the tumor. The temperature values determined by
Fe67.7Cr13Nb0.3B20 nanoparticles correspond to the therapeu-
tic range. The Fe67.7Cr13Nb0.3B20 nanoparticles transfer the

heat within the tumor more homogeneously thus keeping the
temperature therapeutic range in the whole tumor volume.

0 3 6

(a)

(b)

9 12 15

37.5

40.0

42.5

45.0

47.5

50.0

 FeCrBNb
 maghemite (γ-Fe2O3) 

 magnetite (Fe3O4)

 FeCrBNb

 maghemite (γ-Fe2O3) 

 magnetite (Fe3O4)

T
/
C

T
/
C

t/min

-6 -4 -2 0 2 4 6

40

48

56

64

72

80

Tumor diameter/mm

Fig. 3. (color online) Temperatures in the tumor for different mag-
netic materials: Fe67.7Cr13Nb0.3B20 nanoparticles, maghemite and
magnetite nanoparticles. Panel (a) shows the time evolutions of
temperature on the tumor boundary, and panel (b) displays varia-
tions of temperature with the tumor diameter at time t = 20 min.

Figure 4 shows the temperature fields in the different
planes: yox and yoz within the tumor considering the config-
urations: a) no blood vessel transits the tumor, b) one blood
vessel in the center, and c) two blood vessels in the y direction
at distance 1 mm away from each other for the same particle
and field parameters.

In Fig. 4(a) the model results for the temperature values in
the tumor considers no blood vessels. The temperature in the
tumor is approximately between 42 ◦C and 46 ◦C. The thera-
peutic temperature range reaches 97% of the tumor volume.

In Fig. 4(b) the temperature values are computed with
consideration that one blood vessel of 1-mm diameter transits
the tumor. The temperature decreases in the center of the tu-
mor and the temperature therapeutic range is ensured on 90%
of the tumor volume. The cooling effect is intensified if two
blood vessels transit the tumor (Fig. 4(c)).

Figures 4(a)–4(c) show the possibilities of particles con-
centrated in 16 zones each with a 0.7-mm diameter to heat the
tumor in the therapeutic temperature range homogeneously as
required.
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Fig. 4. (color online) Temperatures (◦C) in the tumor for different configu-
rations: (a) no blood vessels, (b) one blood vessel, and (c) two blood vessels.

The influences of the blood vessels on the tumor tempera-
ture are presented in Fig. 5. The temperature in the x direction
is computed for three cases: (a) no blood vessel, (b) one sig-
nificant blood vessel transits the tumor, and (c) two significant
blood vessels in the tumor. It is observed that the temperature
has a minimum value in the place where the BV is located.
The presence of a BV in the tumor reduces the temperature in
a large space in the tumor, around BV, where appears the pos-
sibility that locally the temperature is below that of the thera-
peutic range.
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Fig. 5. (color online) Temperatures (◦C) in the tumor in the ox
direction for the following configurations: no blood vessels, one
blood vessel, and two blood vessels.

The temperature of the therapeutic range is ensured by
using the optimum particle concentration (Fig. 6). For two
nanoparticle concentrations, the temperatures are computed

for the same configurations: there are two blood vessels in
the tumor. As a general characteristic, the tumor is uni-
formly heated in the therapeutic temperature range by a higher
nanoparticle concentration. The cooling effect due to the pres-
ence of a vessel can be diminished for a higher nanoparticle
concentration.
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Fig. 6. (color online) Temperatures (◦C) in the tumor in the x
direction for two values of nanoparticles concentrations: (a) c =
10 mg/cm3 and (b) c = 15 mg/cm3 in the same configurations of
two blood vessels in tumor.

The nanoparticle concentration is a main parameter which
needs to be optimized in order to obtain the therapeutic tem-
perature range within the tumor.

A high MNP concentration leads to an increase of tem-
perature in the tumor and a diminishing of the cooling effect
of BV (Fig. 7).
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Fig. 7. (color online) Variations of temperature (◦C) along the x
direction for different values of nanoparticles concentrations.
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Figure 8 shows the influence of vessel diameter on the
tumor temperature field at the same blood flow rate. The tem-
perature values in the tumor are smaller for larger vessel diam-
eter. A larger blood vessel determines an increase of thermal
heat loss and as a consequence the global tumor temperature
decreases.
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Fig. 8. (color online) Variations of temperature (◦C) in the x direc-
tion with blood vessel diameter.

Figure 9 shows the temperature values in the ox direc-
tion with the tumor diameter for different blood velocities in
the vessel. For a higher blood velocity, the temperature values
decreases suddenly at the center of the tumor where it is con-
sidered the blood vessel. The cooling effect of the blood vessel
is intensified by the higher blood velocity. A smaller value of
blood velocity can maintain the therapeutic temperature in the
tumor. The temperature value on the boundary is smaller if
the blood velocity is higher because of the higher cooling ef-
fect of the vessel. The blood velocity in the vessel does not
influence the time needed to reach the thermal equilibrium on
the boundary.
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Fig. 9. (color online) Variations of temperature (◦C) in the x direc-
tion with tumor diameter for different blood velocities.

In order to optimize the number of the injection sites
within the tumor, the temperature values are computed within
the tumor transited by one significant blood vessel. Consid-
ered is another arrangement of the injection sites, i.e., there

are 4 injection sites in each of plans xoy, xoz, and yoz, so there
are 12 injection sites of 0.9-mm diameter in total. The tem-
perature values in the y direction for different values of power
density are computed and compared for both injection site dis-
tributions (Fig. 10). The temperature in the central part of the
tumor is higher if 16 zones of 0.7-mm diameter are used. Both
configurations heat almost uniformly the tumor in the thera-
peutic temperature range.
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Fig. 10. (color online) Temperature contours (◦C) in the y direc-
tion for different distributions of injection sites in tumor for (a) 12
injection zones each with a 0.9-mm diameter and (b) 16 injection
zones each with a 0.7-mm diameter.

4. Discussion
The model developed in this paper is used to predict and

optimize the temperature field determined by the magnetic
nanoparticles injected into a tumor when the magnetic field
is applied. Elaboration of a model is an important step for
hyperthermia treatment planning. The model can be used as
a planning tool to improve the quality of therapy. For each
patient, an individual therapy planning is necessary in correla-
tion with the tumor location, geometry, shape, and size. The
first step of hyperthermia treatment planning is to elaborate
a patient model by segmentation of images from computer-
ized tomography or magnetic resonance imaging scans. This
segmentation is used to compute the temperature field in the
tumor located in a patient organ. The simulations allow i) the
optimization of the main parameters which influence strongly
the heating of the tumor in the therapeutic temperature range
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and ii) the better control of temperature through treatment pre-
planning.

The FeCrNbB systems have capability to focus the heat
within the volume of the tumor thereby protecting the normal
tissue which surrounds the tumor from being impaired. These
particles with high values of thermal conductivity and specific
heat capacity determine a faster thermal response of the living
tissues. The local and focused heating determines a more ef-
ficient control of the temperature within the tumor than other
particles: maghemite or magnetite.

5. Conclusion
A good temperature control in the tumor can be obtained

by using the magnetic Fe67.7Cr13Nb0.3B20 nanoparticles in hy-
perthermia therapy. For suitable magnetic field parameters
such as intensity, frequency and tissue parameters, these par-
ticles have the capability to focus homogeneously the thermal
field within the therapeutic range of temperature. The tumor
boundary does not exceed the temperature range: 40 ◦C–42 ◦C
and the healthy region is protected from overheating.

The heat absorbed by these particles in an alternating
magnetic field is transferred faster in tissues and the thermal
equilibrium is reached in a shorter time than other magnetic
materials such as magnetite or maghemite. The results sug-
gest a better control of the therapeutic results for the used dose
in the case of these types of particles.

A magnetic field having frequency f = 150 kHz and the
field amplitude H = 5 kA/m is required for a nanoparticle con-
centration of 10 mg/cm3 injected into a tumor of 14-mm di-
ameter to ensure the therapeutic temperature range. The cool-
ing effect of the blood vessels is reduced for the vessels with
smaller diameters. A smaller blood velocity diminishes the
cooling effect.

A distribution of injection sites within the tumor must be
obtained by taking into account the presence of paired vessels,

their size, and blood velocities.
Fe67.7Cr13Nb0.3B20 nanoparticle hyperthermia induced

magnetically is a promising tool which can be used succes-
fully for removing tumors. The treatment efficacy could be
improved by their use in hyperthermia technique.
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