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Magnetic hyperthermia uses magnetic nanoparticles (MNPs) to generate the heat used for damaging cancer cells
under an alternating magnetic field. In fact, the MNPs tend to gather at the injection center and also occur the clustering
phenomenon at the same time when injecting into tumor tissue, which however can ultimately result in the excessive
concentration of heat in the injection site. Thus, this study aims at improving the MNPs concentration distribution after
the injection behavior by considering the action of a static gradient magnetic field, and finally optimizes both temperature
situation and thermal damage degree for tumor tissue during magnetic hyperthermia. The MNPs distribution inside a
proposed liver tumor is simulated by adopting a Monte Carlo method with adaptive step size, which consists of enough
number of small size particles used to analyze the behavior of migration, diffusion, and chain-like phenomenon. The
research results demonstrate that the introduction of static gradient magnetic field can disperse the MNPs and form a chain-
like distribution inside tumor, and can then expand the distribution range of MNPs, thereby optimizing the thermal damage
degree of tumor tissue. In addition, a PID controller with proper setting coefficients is also proven to be able to improve the
therapeutic effect for hyperthermia by shortening the rising time to the critical temperature when proper coefficients are set
properly during therapy.
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1. Introduction
Magnetic hyperthermia, as an emerging tumor technol-

ogy, can induce the apoptosis of tumor cells when the temper-
ature exceeds the tolerance threshold of tumor tissues.[1,2] The
temperature elevation required for therapy is obtained by the
heat production released from magnetic nanoparticles (MNPs)
after exposing to an alternating magnetic field.[3] Since the
MNPs are transported into tumor area by the injection be-
havior for ferrofluid before magnetic hyperthermia, so their
concentration distributions inside tumor are related to several
elements including the injection behavior and the feature of
nanofluid and biological tissue.[4,5] Thus, the MNPs concen-
tration distribution inside tumor is significantly relevant to the
therapeutic temperature and ultimately lead to the thermal in-
jury of tumor cells during magnetic hyperthermia. Although
previous reports have made the relevant research on mag-
netic hyperthermia, the model for MNPs distribution still lacks
enough attention.

In fact, several researches generally defined a given value
for the power consumption of MNPs used for therapy, and ig-
nored the existence of particles in their models for the sake of
simplicity.[6,7] Wu et al. proposed a bi-layered spherical model

to simulate the biological tissue with tumor during magnetic
hyperthermia, in which the MNPs is constructed as a sphere
inside tumor for therapy.[8] However, this method does differ
significantly from the actual situation. Tang et al. proposed 64
individual MNPs inside tumor to represent the MNPs distribu-
tion for a three-dimensional (3D) biological model, in which
MNPs are designed to three different shapes in order to val-
idate different treatment effects.[9] In order to present more
real situation, researchers simulated the concentration distri-
bution for nanofluid based on an original experimental im-
age according to previous literature.[10] Although these stud-
ies have made significant contributions to the establishment of
MNP models, there still exists several shortages, such as the
number of MNPs and the interaction of different MNPs. In
addition, Zhao et al. studied the characteristics of magnetiza-
tion dynamics and energy dissipation for MNPs in static and
alternating magnetic fields through Brownian dynamics, and
revealed that static magnetic field can improve MNPs dissipa-
tion and enhance heat generation efficiency.[11] Furthermore,
the static magnetic field induces the dipole interactions be-
tween particles, and leads to the formation of chain-like struc-
ture along the direction of magnetic field.[12,13] This chain-
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like structure can not only increase the specific absorption
rate of MNPs, but also may alter the temperature uniformity
of thermal therapy area according to previous literature.[14]

In addition to the chain-like characteristics, a static magnetic
field with gradient can also result in the migration and diffu-
sion towards high magnetic field regions,[15] and the gradient
magnitude can directly affect the migration and aggregation
of MNPs due to the force from gradient difference.[16] Previ-
ous researchers have found that diffusion mainly occurs in low
gradient field, while high gradient field are more conducive
to MNPs aggregation.[17,18] However, few of previous reports
concerned on the effect of static gradient field on the MNPs
distribution inside bio-tissue, and also did not further associate
this influencing factor with the thermal damage behavior dur-
ing magnetic hyperthermia.

In view of the above situation, this study simulates the
MNPs distribution by introducing a more efficient adaptive
Monte Carlo method for a proposed liver tissue with tumor, in
which the MNPs achieve the clustering and diffusion behav-
ior under a static gradient magnetic field. The thermal dam-
age behavior for tumor cells is investigated between differ-
ent MNPs distributions with and without considering the static
magnetic field with gradient. Compared to traditional Monte
Carlo method, the proposed adaptive method can cover both
converge faster and simulation speed by considers the adap-
tive step size. In addition, a PID controller with proper setting
coefficients is also used to improve the thermal damage degree
by increasing the effective treatment time during magnetic hy-
perthermia.

2. Methodology
2.1. Particle chain-like model

MNPs can form magnetic dipoles under the action of an
applied static magnetic field, which can generally generate
dipole forces on each other. Besides, MNPs should also af-
fected by many other forces, such as the viscous resistance
of magnetorheological fluid, repulsive force, Brownian force,
van der Waals force, gravitational potential energy and also
buoyancy.[19] In addition, the magnetic moment of MNPs
tends to form a chain of particles aligned along the direction of
the magnetic field after applying a static magnetic field, which
is profit to the reduction of the system energy and ultimately
maintains the system to be a more stable state.

In terms of system energies, the main system energies
considered in this method consists of the magnetic interaction
energy from MNPs, EM, the static magnetic field energy, EH,
the resistance energy generated by surfactant molecules, ES,
and the van der Waals potential energy, EV.[20] The magnetic
interaction energy can be expressed as[21]

EM =
µ0
[
𝑚i ·𝑚 j ·D2−3(𝑚i ·𝐷)(𝐷 ·𝑚 j)

]
4πD5 , (1)

where subscripts i and j denote the particle number, constant,
µ0 denotes the vacuum permeability, which is generally taken
as 4π×10−7 H/m. Parameters 𝑚, D, and 𝐷 indicate the mag-
netic moment of particle, the center distance of two particles,
and the centers distance vector of two particles. The static
magnetic field energy have an expression as follows:[22]

EH =−𝑚i ·𝐻, (2)

where 𝐻 denotes the strength of static magnetic field. When
the particle surfaces are too close together, the active agent
molecules on the particle surfaces will repel each other
and then result in the resistance energy with the following
expression:[21]

ES = −2πd2
γ

[(
D
ε
−2
)

ln
(

2− d
D−2ε

)
+

D−d
ε

]
kT0,

(0≤ D−d ≤ 2ε) , (3)

where variables d, γ , ε , k, T0 represent the particle size, the
number of active agent molecules adsorbed per unit of particle
surface, the thickness of active agent molecules, Boltzmann’s
constant (1.38×10−23), the local temperature. In addition, the
van der Waals potential energy can be expressed as[21]

EV =−A
3

[
1

L2 +4L
+

1
(L+2)2 + ln

√
L2 +4L
L+2

]
, (4)

where parameter L is denoted as L = (D−d−2ε)/d, and A is
Hamaker’s constant taken as 10−19.

The total potential energy, E, is the sum of four energies
with the following expression:

E = ∑EM +∑EH +∑ES +∑EV. (5)

2.2. MNPs heat generation model

MNPs can release the heat used for therapy due to the
energy loss after being exposed an alternating magnetic field.
The energy loss of magnetic particles can mainly have two
different mechanisms, hysteresis loss and relaxation loss. The
former will play a leading role for larger particle sizes with
multi-domain structure, and the latter should be in a dominant
position for small particle sizes with super-paramagnetism.
In this study, the particles size is designed to be nano level,
so the heat generation for MNPs can be predicted by relax-
ation loss, which further consists of Brownian relaxation due
to the friction heat between the particle rotating with the mag-
netic field and the medium, and Néel relaxation due to the
magnetic moment change after the magnetic field flip. Thus,
the heat production power by two types of relaxation losses
can be calculated by Rosensweig’s theory with the following
expression:[3,23]

PMNP =
ω2µ0χ0τeffH2

0

2+2ω2τ2
eff

, (6)
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where variables µ0, H0, χ0 represent the vacuum permeabil-
ity, the strength of alternating magnetic field, the equilibrium
magnetization rate, respectively. The angular frequency of
magnetic field can be denoted as ω = 2π fAM, where fAM is
the frequency of magnetic field. The effective relaxation time,
τeff, caused by Brownian and Néel relaxation can be denoted
as[24]

τeff = (τB · τN)/(τB + τN), (7)

where both τB and τN have their further expressions as[25]

τB = (πω̄d3
H)/(2κT0) and τN = τ0 exp(σπd3)/(6κT0). Pa-

rameters ϖ , dH, σ , τ0 represent the kinetic viscosity of mag-
netic fluid, the kinetic diameter of particle, the particle mag-
netic anisotropy constant, the attempt time.

2.3. Thermal damage model based on therapeutic temper-
ature

During magnetic hyperthermia, magnetic nanoparticles
are injected into biological tissues and then generate the heat
for therapy after the action of alternating magnetic field. The
elevation of therapeutic temperature is determined by several
factors, which can usually be predicted by a well-known bio-
logical heat transfer equation by Pennes according to previous
literature[26,27]

ρTcT
∂T
∂ t

= kT∇2T −QB +Qm,T +αQMNP,

ρhch
∂T
∂ t

= kh∇2T −QB +Qm,h,

(8)

where subscript “T” and “h” refer to the corresponding param-
eters for tumor and healthy tissue, respectively. Variables ρ ,
c, k, T , Qm, α are used to represent the density, the specific
heat capacity, the thermal conductivity, the temperature, the
heat of metabolism, and modification coefficient, respectively.
The power release of all MNPs inside tissue, QMNP, can be
converted to the PMNP by the expression as QMNP = φPMNP,
where φ indicates the volume fraction. The convective cool-
ing of blood perfusion is specifically denoted by

QB = ρbcbωb∆T, (9)

where subscript “b” refers to the feature for blood, and ωb is
the blood perfusion rate. Symbol ∆T is the temperature differ-
ence between the tissue and the blood.

Equation (8) can be calculated by using finite element
method, in which proper original and limit conditions will be
helpful to the convergence of results. For example, the ini-
tial temperature of biological tissue should be set to the body
temperature in healthy case, and the boundary temperature of
different tissues should be continuous according to Neumann
boundary condition,[10] as follows:{

TT|t=0 = Th|t=0 = 37 ◦C,
TT|Ψ = Th|Ψ ,

(10)

where Ψ denotes the boundary between tumor and liver tissue.
Generally, the temperature of tolerance threshold for tu-

mor cells is 42 ◦C while is 46 ◦C for healthy tissue. That also
means the temperature scale between 42 ◦C and 46 ◦C can
effectively damage tumor cells but not the healthy bio-tissue
during magnetic hyperthermia. This study considers CEM43
model to quantify the thermal damage for biological tissue,
which can be used to convert the heating time at different tem-
perature into the equivalent time at 43 ◦C with the following
expression:[28]

CEM43 =
∫ t0

0
R43−T (t)dt, (11)

where T (t) refers to the temperature at a specific time t. The
compensation coefficient R is used to indicate the degree of
tissue thermal damage due to different heating temperatures,
which be expressed as{

R = 0.25, T < 43 ◦C,
R = 0.5, T > 43 ◦C.

(12)

2.4. Adaptive Monte Carlo method

This study introduces an adaptive Monte Carlo method to
simulate chain-like distribution for MNPs under the action of
an external gradient magnetic field. Monte Carlo method is a
common mathematical simulation method, which realizes ran-
dom sampling and statistical simulation by randomly repeat-
ing experiments and approximates the real results by proba-
bilistic statistics.[22] This study mainly adopts the acceptance-
rejection sampling method, which is one of three main sam-
pling methods in Monte Carlo method.

Start

Initialize parameters

Set non overlapping MNPs 

within ellipse

Move MNPs position

End

N

Accept new position?

Exceed preset limit?

Calculate the change in potential 
energy

Y

Y

N

Fig. 1. MNPs modeling procedure using Monte Carlo simulation.

Figure 1 presents the flowchart of Monte Carlo simula-
tion method for MNPs chain-like distribution under the gradi-
ent magnetic field. Initialize all parameters, which consist of
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ellipse tumor size (a× b), particle size (d), particles number
(num), and the upper limit of cycle (N); Set the position of el-
lipse, and makes the initial MNPs have a normal distribution
at the ellipse center while do not overlap with each other and
exceed the elliptical boundary; Move the position of particle i
and save the particles coordinates (xi, yi) before and after mov-
ing; Calculate the difference of potential energy before and
after moving as, ∆E = Eold−Enew; Produce a random num-
ber Z, homogeneously distributed in [0,1], and then obtain the
transfer probability according to Metropolis criterion[29]

P = exp(∆E/kT0), (13)

where T0 is the absolute temperature in unit K. Thus, if P > Z,
the result of displacement is retained; otherwise, the result is
withdrawn, and the cycle number q. In addition, if the number
q, has not reached the preset cycle upper limit N, the particle
will be moved to a new position i+1; Otherwise, jump out of
the cycle and complete the particle distribution simulation.

In fact, the key for Monte Carlo simulation is the step-size
setting of particle movement.[30] This study adopts an adaptive
Monte Carlo method that can dynamically adjust the moving
step-size in order to keep the simulated sampling acceptance
rate to a range between 0.35 and 0.4 under anisotropic target
distribution.[31] The sampling acceptance rate Re is expressed
as Re = m/q, where m and q represent the number of accepted
particle displacements and the current total number of cycles.
The specific steps for adaptive step-size are as follows: assume
that the sampling rate range is set to 30% 50%; the initial step-
size is defined to 0.15 d and 0.2 d in the x and y directions due
to the more energy changes along the displacement of mag-
netic field direction;[32] the step-size is reduced to 0.75 times
of original step-size in the case with the acceptance rate less
than 30%, or is increased to 1.25 times in the case greater than
50%. The acceptance rate is defined as quotient of the number
of accepting displacement and the total number of samples,
which will be calculated once every 100 samples.

3. Results and discussion

In aim to investigate the influence of the MNPs chain-like
structure, this study develops a mouse liver model contained
MNPs distribution for magnetic hyperthermia, in which the
MNPs model is scaled up 2000 times in order to have a better
observation and analysis on results. Meanwhile, the computer
burden during simulation can also be decreased greatly. As il-
lustrated in Fig. 3, the proposed model consists of an outline
of mouse liver with about 30 mm×20 mm in size based on
previous experimental image,[33] an ellipse shape tumor with
10 mm×6 mm, and the MNPs with a particle size of 0.16 mm
inside tumor.

12

8

4

0

-4

-8

-12 -8 -4 0 4 8 12

MNPs
Tumor tissue

Liver tissue

x (mm)

y
 (

m
m

)

16

Fig. 2. Proposed liver model including tumor and MNPs.

The key parameters for simulating MNPs distribution us-
ing the Monte Carlo method are set as follows: T0 = 310 K,
static magnetic field Hs = 20 kA/m, the number of active agent
molecules adsorbed on particle surface, γ = 400, the thickness
of active agent molecules, ε = 1 nm, the long and short axes of
tumor, a = 5 mm and b = 3 mm. In addition, the parameters
required for the bioheat transfer model are also summarized
according to previous reports, as illustrated in Table 1.[34]

Table 1. Parameters of hyperthermia materials.

ρ (kg·m−3) c (J·kg−1·K−1) Kh (W·m−1·K−1) Qm (W·m−3)

Liver 1079 3540 0.52 14414
Tumor 1050 3750 0.59 684.2
Blood 1050 3750 0.59 –
MNPS 5180 670 40 –

3.1. Algorithm analysis

This study considers Monte Carlo method with adaptive
step size to simulate MNPs distribution. The sampling ac-
ceptance rate of proposed method will be analyzed during
the sampling process in order to have a performance compar-
ison to the Monte Carlo method with traditional fixed step.
Figure 3 compares the performance of different Monte Carlo
methods by the sampling acceptance rate during the sampling
process, which are traditional one and an improved adaptive-
step-size one, respectively. As can be observed from Fig. 3, the
sampling acceptance rate in the adaptive step-size case drops
rapidly to about 20% at about 104 cycles, and then stabilizes
at 3× 104 cycles after increasing gradually to about 35%. In
contrast, the fixed-step case presents a relatively slow down-
ward trend in the initial stage with respect to the adaptive step-
size case, which attributes to its relatively slow growth in the
step-size but not the exponentially increasing in adaptive step-
size case. For the fixed-step Monte Carlo method, the step-
size of sampling process always remains constant, and leads
to a slow decrease in the sampling acceptance rate. The re-
sults demonstrate that compared to the fixed-step-size case, the
Monte Carlo method with adaptive step-size can have faster
convergence speed, smaller computational load, and faster cal-
culation rate.
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Fig. 3. Sample acceptance rate in Monte Carlo simulation process.

3.2. Magnetic nanoparticles distribution

There are primarily two methods for MNPs to enter the
tumor region, intravenous injection and direct injection. The
former usually has the disadvantage in low targeting efficiency
and systemic particle retention, which can be improved by
considering the MNPs with markers.[35] Thus, the direct injec-
tion becomes a common practice in most scenarios including
this study. MNPs can be injected into the tumor region through
a needle, which however generally aggregate near the injec-
tion site since they are not easily diffused due to the porous
media properties of tumor.[36] This situation can then lead to
the overheat phenomenon in the MNPs concentration area and
the low power in the MNPs deficiency region during magnetic
hyperthermia. For this reason, this study simulates a static
gradient magnetic field in the x-axis direction with purposed
of optimizing the MNPs distribution for magnetic hyperther-
mia. This gradient magnetic field is constructed using four
matrix coils based on previous literature,[37] as is presented in
Fig. 4. It can be understood that the magnetic field intensity
gradually grows along the x-axis center towards both ends in
Fig. 4(a), which can be observed more clearly in the curve of
Fig. 4(b) for the magnetic field value of centerline case. As can
be shown in Fig. 4(b), the magnetic field value approximately
increases rapidly from the tumor center outward.

Figure 5(a) shows the normal distribution for MNPs in-
side tumor in the initial state, in which most of the MNPs
gather around the injection site of tumor region after the
nanofluid injection behavior. Although this normal distribu-
tion is more real than a uniform case, it still cannot express the
chain-like reaction caused by the cluster behavior. Figure 5(b)
illustrate the MNPs distribution after the migration motion due
to the static gradient magnetic field, in which the Monte Carlo
method is considered for this simulation. As can be seen, the
MNPs will be arranged in a chain-like pattern along the di-
rection of magnetic field and migrate towards high magnetic
field region under the influence of gradient magnetic fields. In
Monte Carlo simulation, the MNPs move randomly at each
sampling, and the moved MNPs have lower energy and more
stable than that of the dispersed particles when they aggre-
gate in chains along the direction of magnetic field. Thus, the
MNPs tend to form a chain-like structure under low magnetic

field area, and prefer to migrate to the high region at the same
time.
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Fig. 4. Gradient magnetic field distribution due to four matrix coils:
(a) in xy plane and (b) along centerline.
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Fig. 5. MNPs distribution inside tumor before and after the static gradient
magnetic field: (a) before and (b) after.

3.3. Therapeutic temperature analysis

The static magnetic field can actually affect the heat gen-
eration efficiency of MNPs, so it will be removed from the
therapeutic target when the magnetic field starts to work.[38]

Different MNPs distribution inside tumor can result in differ-
ent temperature distribution and further different thermal dam-
age for tumor tissue under the same conditions. In order to
validate the advantage of the influence of gradient magnetic
fields, this study predicts the temperature distribution for tu-
mor area with a heating time of 30 min, in which the power
consumption of each MNPs is defined to be a critical value,
2.88×106 W/m3, by an exhaustive method for proposed geo-
metric model. This power for MNPs can guarantee the max-
imum therapeutic temperature of the proposed model under a
critical value, 46 ◦C, in order to damage the tumor cells but
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not the healthy tissue. Figure 6 shows the temperature distri-
bution of biological tissue under the critical power, in which
the MNPs after the injection is the initial state of normal dis-
tribution. The area inside the 42 ◦C isoline of temperature
can be considered as the effective treatment since this value is
the critical value for the damage of tumor cells during mag-
netic hyperthermia. Although figure 6(a) presents the overall
view of therapeutic temperature distribution for the proposed
model, the local enlarged image of tumor area in Fig. 6(b) can
illustrate the results more clearly. Thus, this study will present
all the results using the local enlarged image in the following
text. As can be illustrated from Fig. 6(b), the shape of temper-
ature distribution is almost agreed with the MNPs distribution,
in which both MNPs and heat are concentrated in the central
area and decrease away from the center of tumor area. In ad-
dition, it can be easily obtained that the area with temperature
greater than 42 ◦C accounts for 22.53% of total tumor area at
this time.
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Fig. 6. Therapeutic temperature distribution for biological tissue considering
the MNPs with normal distribution under different views: (a) whole view and
(b) local enlarged view.
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Fig. 7. Temperature distribution for the case considering the static
gradient magnetic field under different heat generations for MNPs:
(a) 2.88×106 W/m3 and (b) 3.68×106 W/m3.

When the same condition is applied to the case consider-
ing the application of static gradient magnetic field, the tem-
perature distribution for therapy will change with the migra-
tion of MNPs inside tumor, as is described in Fig. 7(a). As can
be understood from Fig. 7(a), the highest temperature drops
to a lower value, 44.2 ◦C, and the percentage of tumor area
above 42 ◦C drops to 19.61% with the 42 ◦C isoline changing
from the approximately circular shape to an almost elliptical
shape. In order to improve the therapeutic effect for this case,
this study appropriately increases the heat generation power
for MNPs while does not damage the healthy tissue. As is il-
lustrated in Fig. 7(b), the maximum tissue temperature for the
case considering the static gradient magnetic field is increased

to the critical value, 46 ◦C, again after improving the power
dissipation for MNPs to 3.68×106 W/m3. It is worth mention-
ing that the effective percentage of treated area to tumor area
significantly improved to 33.69%, which is increased by about
50% with respect to the case presented in Fig. 6.

3.4. Thermal damage analysis

Continuous heating with specific therapeutic temperature
can effectively damage the tumor cells, and the degree of this
irreversible damage can generally be evaluated by CEM43
value during magnetic hyperthermia. Figure 8 shows the
CEM43 value situation considering the initial normal distri-
bution, which is basically consistent with the trend of thera-
peutic temperature distribution illustrated in Fig. 6. As can
be observed, the maximum value of CEM43 in this case in
239 min, which is far greater than the critical value for the liver
damage, 9.9 min, based on previous report.[36] In addition, the
irreversible thermal damage area greater than 9.9 accounts for
20.44% of total tumor area at this time.
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Fig. 8. CEM43 profile for biological tissue considering the MNPs with
normal distribution under different views: (a) whole view and (b) local
enlarged view.

Similarly, figure 9 describes the CEM43 value situa-
tion for the MNPs distribution considering the static gradi-
ent magnetic field, in which the maximum value decreases
from 239 min for the initial case to 74.5 min and the effective
area percentage of irreversible thermal damage drop sharply to
17.09%. Therefore, the migration and cluster behavior due to
the static gradient magnetic field disperses the heat for biolog-
ical tissue and decreases the irreversible damage to the tumor
tissue at the same time when the same input power of MNPs is
considered for therapy during magnetic hyperthermia. Similar
to the therapeutic temperature, this adverse situation for ther-
mal damage can also be effectively improved when the heat
power for MNPs is defined to a new threshold value. As can
be observed from Fig. 9(b), the maximum CEM43 increases
from 74.5 min to 368 min, and the effective area percentage of
irreversible thermal damage effectively increases to a greater
value, 30.54%, at this time. This area percentage is about 1.5
times more than the case without considering the static gra-
dient magnetic field. Thus, it can be concluded that the mi-
gration behavior due to the static gradient field can lead to the
heat dispersion and further the damage reduction, which can
in fact be optimized by increasing the proper heat production
for MNPs.
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Fig. 9. CEM43 profile for the case considering the static gradient magnetic
field under different heat generations for MNPs: (a) 2.88× 106 W/m3 and
(b) 3.68×106 W/m3.

3.5. Proposed optimization method for therapeutic tem-
perature

As described above, the therapeutic effect can be im-
proved effectively by the proposed optimization method con-
sidering the static gradient field and the critical power at the
same time. Nevertheless, the treatment time can in fact be
optimized further to improve the thermal damage for tumor
cells since too excessive time is harmful to human body. The
ideal situation for hyperthermia is to have as much time and
temperature as possible, while this point has not been con-
cerned in previous discussion. Thus, this study considers a
PID controller for the magnetic hyperthermia system, which
can quickly increase the temperature of malignant area to the
specified critical value 46 ◦C, in order to simultaneously in-
crease both the effective time and the temperature. The PID
algorithm is a classic control strategy including proportional,
integral, and derivative, which achieves the precise control by
feeding back data errors to the control system. The output of
PID controller is represented as

u(t) = Kp (Tset−T (t))+Ki

∫ t

0
(Tset−T (τ)) dτ

+Kd
d (Tset−T (t))

dt
, (14)

where parameters Kp, Ki, Kd, Tset, T (t) represent proportional,
integral, and differential coefficients, the critical temperature,
and the current temperature value, respectively. In addition,
the u(t) is used to regulate the treatment temperature of tumor
center by the power dissipation of MNPs, QMNP, in Eq. (8). In
order to obtain a set of proper parameters, the trial-and-error
method is considered for this study during the debugging pro-
cess. These three coefficients with an initial state of zero are
regulated to a proper value sequentially according to improve
the response speed, the steady-state error, and the stability of
system, which corresponding to different coefficients, Kp, Ki,
Kd, respectively. Thus, the temperature of center tumor with
maximum value can be controller below a safety value by this
proposed PID method. Figure 10 illustrates the temperature
change of tumor center over time with and without the PID al-
gorithm, in which three sets of coefficients are taken into con-
sideration for adjusting. As can be observed, when both Kp

and Kd are determined, parameter Ki can affect the degree of

oscillate and overshoot. In this situation, the time required for
the temperature to reach a stable state is shortened from 225 s
before PID to about 40 s. in addition, the overshoot is 6.63%
in Ki = 1, is 3.69% in Ki = 0.5, and a more ideal 0.2% in the
case of Ki = 0.1. Thus, when the PID algorithm with proper
coefficients is considered, the thermal damage of tumor tissue
can be improved by effectively raising the effective treatment
time for therapy.
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Fig. 10. Tumor center temperature over time under different PID coef-
ficients.

4. Conclusion
This study simulates the MNPs distribution under the

static gradient magnetic field, and investigates the effect of
MNPs migration behavior on both therapeutic temperature sit-
uation and thermal damage degree during magnetic fluid hy-
perthermia. The analysis results show that MNPs can migrate
towards the high magnetic field region and form chain-like
structure along the direction of magnetic field when are ex-
posed to the gradient magnetic field before magnetic hyper-
thermia, which has also been confirmed in the experimental re-
sults presented in previous references.[15,16] Furthermore, this
migration and diffusion behavior can then result in a decrease
in the overall temperature and an increase in the range of tem-
perature elevation during therapy, which however reduce the
overall therapeutic temperature value due to the MNPs diffu-
sion with the gradient magnetic field at the same time. In this
process, the area percentage of therapeutic temperature greater
than 42 ◦C decreases from 22.53% in the initial case to 19.61%
in the case considering the gradient field, and the effective per-
centage for thermal damage reduces from 20.44% in the initial
case to 17.09% in the case after the diffusion behavior accord-
ingly. The emergence of this situation can also be foreseen
from the core content described in Ref. [17]. In addition, the
results also demonstrate that the proper elevation in the power
dissipation for MNPs can effectively improve the treatment ef-
fect by both treatment temperature and thermal damage for tu-
mor region during therapy. Meanwhile, the PID controller can
also be used to decrease the rising time to 46 ◦C from 225 s to
40 s under 0.2% of the overshoot rate for the maximum tem-
perature, thereby achieving a significant improvement for the
thermotherapy effect. This study investigates the distribution
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structure of MNPs under the gradient magnetic field from a
microscopic perspective and further analyzes the influence of
MNPs distribution on magnetic hyperthermia, which provides
a new idea for magnetic hyperthermia in the improvement of
treatment effectiveness. Unfortunately, this article was unable
to conduct the physical experiments for verification due to lim-
ited condition, and the same experimental method as this study
has also not been reported in previous clinical trial of mag-
netic hyperthermia. The subsequent experimental verification
for this study is expected to further confirm the correctness and
effectiveness of this method.
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