
  

  

Abstract— In vitro and in vivo evaluation of magnetic 
nanoparticles in relation to magnetic fluid hyperthermia (MFH) 
treatment is an on-going quest. This current paper demonstrates 
the design, fabrication, and evaluation of an in vivo coil setup for 
real-time, whole body thermal imaging. Numerical calculations 
estimating the flux densities, and in silico analysis suggest that 
the proposed in vivo coil setup could be used for real-time 
thermal imaging during MFH experiments (within the 
limitations due to issues of penetration depth). Such in silico 
evaluations provide insights into the design of suitable AMF 
applicators for AC magnetic field-mediated in vivo MNP heating 
as demonstrated in this study.  

I. INTRODUCTION 

Alternating magnetic field (AMF) mediated magnetic 
nanoparticle (MNP) heating has copious biomedical 
applications [1,2]. Non-contact temperature measurement 
technology, such as infra-red thermal camera and pyrometer 
require direct optical exposure [3,4]. This involves heat loss 
from the sample.  Contamination is also possible when using 
the in-contact temperature measurement probes such as 
thermocouple and fibre optics. 
Furthermore, metals are prone to radio frequency (RF) and 
electromagnetic (EM) interference [5-7]. MRI mediated non-
contact temperature measurement is plausible and suitable, 
but, customisation, accessibility, ease of use and cost involved 
require consideration [8]. Herein, we built an in vivo coil setup 
embedded within a small animal bed, with water jacket and a 
viewing window, for real-time - whole thermal imaging during 
MFH experiments and analysed this setup using in silico 
techniques.  

II. MATERIALS AND METHODS  

A. Flux density simulation and calculation 
     The magnetic flux density (B) was simulated. This was 
done by the Sim 4 Life (ZMT Zurich Med Tech, Zurich) 
platform. The flux distribution was modelled in relation to an 
applied low-frequency magneto-quasi static (LF M-QS) 
algorithm utilising the finite element method (FEM) model. 
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Here, the coil wire was treated as a perfect electric conductor 
(PEC). The curved planar coil was modelled, includes: Dt = 6 
mm, dt = 4 mm, gcu = 1.22 mm, N = 11, l = 1, SN = 4 mm, dc 
= 5 mm, Dc = 60 mm, and Ci (internal curvature) = 90 mm. In 
this case, we presented the coil mathematically as an 
Archimedean spiral then transformed its planar geometry to 
circular geometry so that it would appear to lie on a plastic 
cylinder.  

B. Curved planar coil fabrication 
      Hollow water-cooled coils were fabricated using 18 
standard wire gauge (SWG) copper wire (Maplin, Stoke on 
Trent, UK) and silicon tube (Saint-Gobain, Coventry, UK) 
with dimensions 4 mm ID x 6 mm OD. A curved planar coil 
form was designed (PTC Creo 4.0, Staffordshire, UK) and 
precision engineered (3D printer – Flash forge, London, UK) 
for use in winding and preserving the geometry of the coil. 

C. Single-domain magnetic power losses 
      In addition to the power losses due to the eddy current 
effect, a power dissipation from magnetic nanoparticles 
(MNPs) should be considered in parallel when dealing with 
MFH. When single-domain MNPs in the paramagnetic 
regime are exposed to an AMF with given parameters (H max, 
f), the magnetisation lags behind the external field thus 
specific loss power can be express as 
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where 𝜌 is the density of MNPs and X” is the average out-of-
phase component of the susceptibility given by 

𝜒.. = <=<
>?@&

3ABC
(EF 3ABC G)

		                  (2) 

 
where τ is the Neel-Brown relaxation time kB is the Boltzmann 
constant, T is the temperature, µ is the magnetic moment of 
the magnetic particle defined as µ = MSVM where Ms stands 
for the saturation magnetisation and VM stands for the 
magnetic volume of the nanoparticle (𝜋𝐷6> /6). Taking into 
account, the polydisperse character of MNPs expressed as the 
volume weighted distribution 𝑔 𝜇, 𝜎, 𝑉6  together with the 
Zeeman condition one can find a critical diameter/volume 
above which the MNPs will be blocked. In this case, specific 
loss power can be expressed as 
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where 𝐻S is the coercively [11-13].  

D. Eddy current effect 
      When human tissues are exposed to an alternating 
electromagnetic field, the eddy current effect is observed due 
to non-zero conductivity (𝜎) of the tissues, which ultimately 
leads to their heating [9]. In order to include a volumetric 
power density (𝑃UVVW) produced by an eddy current (𝐽UVVW) 
effect, a magneto-quasi static algorithm was applied [10]. 
𝑃UVVW can be expressed as:  

 𝑃UVVW =
YZ[[\
G

]
		                                (4) 

Discussing the eddy or Foucault currents is essential due to 
their effects on different types of tissues when exposed to a 
time-varying magnetic field. The eddy current effect can lead 
to unwanted non-specific heating of healthy tissues, so must 
be considered in the applicator design.  

E. In vivo numerical modelling 
The thermal properties of the rat tissue model were calculated 
for f = 107 kHz using a 4-Cole-Cole approximation based on 
IT'IS database [15]. The following properties of magnetite 
were used: magnetic saturation 92.0 kA/m, the anisotropy 
constant 30 kJ/m3, the surfactant layer thickness 2.0 nm and 
the density 5180 kg/m3. Log-normal volume weighted 
particle distribution was assumed (median = 10.3 nm, 
standard deviation = 0.16). Volume weighted log-normal 
distribution was used for the MNPs. The spatial distribution 
of the MNPs in the tumour volume was considered 
homogenous, i.e. the volume of the ferrofluid and the volume 
of the tumour tissue were the same. The concentration of 
MNPs in the tumour was raised to 15 mg/ml in order to 
generate the desired temperature in the tumour area.   
 
Table 1: Biological and technical information concerning the 
rat model [16]. 
 
 
   Sex 

 
 Weight 

 
  Length               
  (snout 
  - vent) 

 
 Length     
  (total) 

 
 Properties 

 
 Description 

 
 No. 
  of 
slices 

 
        Slice     
   separation 
         for 
discretization 

 
female 

 
  503 g 

 
 22.5 
cm 

 
 38.5    
 cm 

 
 1 tumour 

 
  Sprague     
   Dawley 

 
738 

 
  1.052 mm 

 
The MNP relaxation times were estimated using magnetic 
field dependent formulas. For Brownian relaxation, the 
viscosity of blood was used instead of water. When 
comparing MNPs suspended in a solution with MNPs 
suspended in the tumour tissue, the Neel relaxation time was 
the same. The biological and technical information 
concerning the rat model can be seen in Table 1. Various 

tissues were added in order to construct a life-like in vivo 
numerical model. 

F. Pennes equation 
      In this case, the heat generation rate, the perfusion and the 
heat-transfer rate were made linearly dependent on the 
temperature (𝑎𝑇 + 𝑏) to account for the strong temperature 
dependence due to bio-regulatory processes. Hence, the 
temperature distribution in the breast model was investigated 
using the modified bio-heat transfer equation formulated by 
[14]:   

𝜌𝑐 c&
cd
= 𝛻 ⋅ 𝜅𝛻𝑇 + 𝜌h𝑐h𝜔 𝑇h − 𝑇 + 𝑃0Ud + 𝑃U2d   (5) 

where 𝜌 is the tissue density [kg/m], c is the tissue-specific 
heat [J/kg/C], 𝜌h is the density of blood [kg/m3], 𝑐h is blood 
specific heat [J/kg/C], κ is the tissue thermal conductivity 
[W/m/C]), ω is the perfusion rate [1/s], 𝑇h is the arterial blood 
temperature [C], T is the local temperature [C], 𝑃0Ud is the 
metabolic heat source [W/m3], and  𝑃U2d = 𝜌6kl 𝑆𝐿𝑃$%& +
𝑆𝐿𝑃MNO + 𝑃UVVW is the external heat due to eddy currents and 
the magnetic nanoparticles power losses [W/m3]. The 
convection boundary condition (Robins type) was used:  

𝜅 c&
cm
= ℎ 𝑇U2d − 𝑇                                (6) 

where h is the heat transfer coefficient, and κ is the thermal 
conductivity. The text stands for external air temperature. The 
same value is used as an initial boundary condition, T (t = 0) 
= Text. 

III. RESULTS AND DISCUSSION  
In MFH, a low-cost thermal imaging technique has been 
successfully used for obtaining real-time in vitro and in vivo 
surface temperature measurements [17-19]. This is beneficial 
for heat dosimetry and clinical planning. It is possible to 
estimate the power dissipation from MNPs and intratumoral 
temperature increase based on the surface temperature 
measurements [20]. Furthermore, the technique is non-
contact and covers a wide area, which is a significant 
advantage over point-measurement techniques [21]. Thus, an 
efficient applicator design that will enable the performance of 
in vivo AMF exposure and thermal imaging simultaneously is 
required.  
This in vivo coil design was inspired by the shim coil used to 
adjust the homogeneity of a static magnetic field by changing 
the current flowing through it for high-resolution MRI. The 
curvature of the coil will depend upon the in vivo water jacket 
OD, and the geometry of the in vivo coil used for calculations 
is shown in fig.1a. The curved planar coil in vivo set up (the 
CAD model), and the flux density calculations can be seen in 
fig.1. Calculations revealed that the incident flux density is 
non-homogenous and failed to cover the whole of the animal 
model (Fig.1d). The flux density in the z-axis ranged up to 
µ0H = 31.42 mT (Fig.1c).  



  

Magnetic hysteresis modelling is complex, and Linear 
Response Theory (LRT) for correlation with experimental 
data has been under scrutiny, since the characterization of 
bulk and microscopic properties (static and dynamic), such as 
intercore dipole interactions and differences in internal 
magnetic (intracore) structure, will affect the heating 
performance of the ferrofluids. Measurements limited to 
amplitudes lower than saturation usually fail to establish the 
nonlinearity of power loss [22] and stirring-mediated power 
loss due to aggregated nanoparticles in an aqueous suspension 
cannot be neglected [23]. However, in recent years, LRT has 
been evaluated and modified for magnetic hysteresis 
modelling considering the importance of the dispersity index 
and the nanoparticle anisotropy constant [24]. Furthermore, 
high nanoparticle concentrations were found to correlate with 
increasing chain length, and when the magnetic dipolar 
contribution was considered, a decrease in hyperthermia 
efficiency was demonstrated [25]. Moreover, the heat 
dissipation due to susceptibility loss is low and can be 
neglected, with hysteresis loss being the dominant mechanism 
based on the power loss measurements and calculations 
performed on the HyperMAG® particles (Liquids research, 
UK) [23] used in this study. Nonetheless, discrepancies with 
estimated parameters and theoretical predictions arising due 
to particle-particle interactions require normalisation. 
Besides, it must be acknowledged that an accurate prediction 
of SAR is difficult [26-28]. 
 

 
 
Figure 1. The curved planar coil setup for the in vivo experiments: the flux 
density numerical calculations regarding the setup for 56 Amps (RMS); (a) 
geometry of the curved planar coil (b) an anatomically correct 3D rat model 
exposed to AMF generated by the curved planar coil setup with a coil current 
of 56 Amps (RMS) together with the viewing window for thermal imaging, 
and the coil-shaped water jacket for maintaining physiological temperature 
can be seen in the in vivo coil setup - CAD model; (c) Magnetic field strength 
(H) along the main axis with regard to the coil middle; (d) Magnetic field 
strength XY-cross section passing through the middle of the coil (green 
ellipsoidal shape indicates the tumour position).  
 
The physical evaluation of the prototype using a high-
frequency magnetic field probe did correlate with the 
magnetic field calculations. Furthermore, as an example 
application, the magnetic field strength on the tumour surface 
was calculated as it is shown in Fig. 1d. This magnetic field 
can be considered as the effective one which leads to a further 
phenomenon like the eddy currents (see Fig. 2b), the magnetic 
power dissipation (see Fig. 2c) and finally to the temperature 

distribution within the tumour tissues (fig.2d). One should 
notice that the phenomenon mentioned above take place in the 
whole rat model and can be considered as the whole-body 
hyperthermia. Only the magnetic power losses can be 
controlled when magnetic nanoparticles are injected into the 
tumour in order to emphasise the temperature rise in the target 
area. In the case of presented setup, which was designed for 
in vivo experiments, it was able to heat a 5 mg /ml aqueous 
suspension of DMSA stabilized 10.3 nm sized magnetite 
nanoparticles by 3 - 5º C within 5 minutes, when a 2ml sample 
containing tube was placed in proximity to the centre of the 
coil. However, on the base of computer modelling, it was 
found that 5 mg/ml of magnetic nanoparticles concentration 
was too small to raise the temperature within the tumour. 
 

 
 
Figure 2. Numerical calculations are relative to the tumour from Fig. 1d: (a) 
Magnetic field strength on the tumour surface; (b) power density due to the 
eddy currents; (c) magnetic power loss density and (d) temperature 
distribution on the tumour surface after 1000 seconds of exposure.   
 
That is why the concentration was increased to 15 mg/ml 
leading to magnetic power losses up to 1.4 MW/m3, and the 
temperature rises to 47 0C in the tumour (see Fig. 2c-d). The 
following data were used in order to calculate the total 
magnetic power: the volume weighted log-normal 
distribution 𝑔 𝜇 = 10.3, 𝜎 = 0.16, 	𝑉6 , the magnetic 
saturation 92.0 kA/m, the anisotropy constant 30 kJ/m3, the 
surfactant layer thickness 2.0 nm and density 5180 kg/m3 
which are equivalent to the physical properties of the 
magnetite. Moreover, the tumour tissue with MNPs was 
treated as a homogeneous composite. Even though the 
proposed design would be ideal for real-time full body 
thermal imaging while simultaneously maintaining 
physiological temperature within the animal chamber, the 
heating efficiency of the curved planar coil, and the 
homogeneity of the incident flux density was low when 
compared to the aforementioned 17 turn solenoid coil (11 º C 
within 5 minutes). Hence, further investigation of the coil 
design is required in order to improve its efficiency for such 
experiments. Though, the numerical calculations performed 
in this study will help researchers in planning in-vivo 
experiments using such anatomically correct female-rat 
models with tumours.  
Fig. 2 shows the numerical calculations relative to the rat 3D 
model placed within the curved planar coil setup. Studies 
based on nanoparticles with equal saturation magnetisation 
but varying magnetic anisotropy, suggest that the latter 
parameter plays a crucial role in the transition from the linear 
to the non-linear regime when the flux density is increased. 
Calculations based on Linear Response Theory, the 
Stochastic Landau-Lifshitz method and kinetic Monte-Carlo 



  

models have been used to understand the effect of material 
properties and inter-particle interactions on specific heat 
power. Such studies help us engineer magnetic fluids with 
better magneto-thermal properties for hyperthermia 
applications. However, discrepancies with estimated 
parameters and theoretical predictions arising due to particle-
particle interactions need to be accounted for. Moreover, we 
need to acknowledge that accurate prediction of SAR is 
difficult [26-28]. 

IV. CONCLUSION 

The instrumentation developed and described here, i.e. in vivo 
coil setup does require further development. Nevertheless, 
such in silico evaluations will provide knowledge to design 
suitable AMF applicators for AC magnetic field-mediated in 
vivo MNP heating as demonstrated in this study [29]. 
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