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Introduction

Over the last decade, magnetic particle hyperthermia has been improved by the advent of “ magnetic fluid hyperthermia’ [1], where colloidal dispersions of
superparamagnetic iron oxide nanoparticles (magnetic fluids) exhibit an extraordinary specific absorption rate (SAR [W/g]) under the AC magnetic field. Moreover,
these superparamagnetic particles provide contrast under MRI and their quantitative distribution can be obtained during an MRI scan. Much work has been done to find
the optimum [1-2] magnetic fluid parameters (particle size, frequency, magnetic field strength, etc.) for hyperthermia, but none of these investigations has considered the
human safety limits at the same time. In this work, we obtained the optimal hyperthermia parameters by considering human safety limits (nerve stimulation and tissue
eddy current heating). The heating potential of the MRI contrast medium, Endorem™, was eval uated both theoretically and experimentally as a hyperthermia mediator
M ethods

The physical principles regarding the heating of superparamagnetic particles in AC magnetic fiel ds have been reviewed by Rosensweig [3]. Basically, the power
dissipation density(W/m') for a monodispersion is given by:

, 2rfr , | where H_isthe magnetic field intensity, f is the frequency of the magnetic field, , isthe actual susceptibility, whichis
P= T, Ho f 2 W/m aso afunction of volume fraction of solids, domain magnetization of the suspended particle, and magnetic particle radius.
1+ (2zf7) 7 isthe effective relaxation time based on the Brownian and Néel relaxations, which is the function of the viscosity

coefficient of the matrix fluid, the hydrodynamic volume of the magnetic particle, and the anisotropy constant., It is known that log normal particle distribution provides
areasonably good fit to the ferrofluid distribution and power dissipation density (P) is modified for the lognormal distribution as below:
where g(R) isthe log normal particle size distribution and R is the particle radius. Finally, the corresponding SAR(W/kg) valueis found

P = J‘ Pg(R)dR by: SAR:F/p where p (kg/m)is the density of the ferrofluid. For the verification of theoretical calculations, anin vitro

hyperthermia experiment is made. A well-known MRI contrast agent, Endorem™, based on magnetite, was used as a hyperthermia
mediator, which has a mean particleradius of 6nm and alognormal size distribution with standard deviation of 3nm[2]. The

experimental setup of the hyperthermia applicator system can be seenin Figurel. Weapplied an H_of 3.1kA/m at various frequencies, ranging from 15 to 35kHz. SAR

measurements were made with the rate of temperature rise method, such that theinitial slope of the temperature versus time graph was multiplied with the specific heat
capacity of Endorem™ according to the formula, SAR=c*( AT / At ). Both theoretical and experimental results are plotted in Figure2. With thein vivo hyperthermia

studies, asafety limit for the magnitude and frequency of the applied AC magnetic field was obtained. According to Reilly estimates[4], H_should satisfy the

inequality (1) so that no nerve stimulation would occur. In addition, for atolerable eddy current heating of body tissues, inequality(2) should be satisfied[5].
1 /135 - Both safety limits are plotted together in Figure 3 to obtain an overall safety limit for the
H <— (_ +7.45%10 3)(A/ m)(l) H o< 4.85x10 (Al m)(2) applied magnetic fields. To satisfy both safety conditions, region under the two graphs

° u f f should be taken. To find the optimum parameters that yield the highest SAR value, we
° have calculated the SAR with respect to frequency and particle radius while staying
below the overall safety limit. Figure 4 shows the resulting graph. The ferrofluid used in this cal culation has the same physical properties as Endorem™ (for example:
magnetite volume fraction, density, domain magnetization, etc.)
Results:
As can be seen from Figure 2, the experimental data closely matched the theoretical cal culations, which demonstrated that theoretical heating cal culations based on the
work of Rosensweig[3] are suitable for actual predictions. Note also that Figure2 shows that Endorem™ is far from being used as a hyperthermia mediator. Heat
deposition of 200mW/ml of tissue is necessary for a successful hyperthermia application. Again, looking at Figure2 , to obtain a heating power of 100mW/ml by using
Endorem™ at nearly 25kHz(where SAR = 5mW/g), 20g of Endorem™ would be required for 1ml of tissue, which is physically impossible,. Figure 4 demonstrates that
SAR resultsin a sharp peak at the particle radius of 7.25 nm and the frequency of 80kHz;
i.e., magnetic fluid, which has the same physical properties of Endorem™ (with the same volume fraction of magnetite, the same anisotropy constant, the same
viscosity coefficient, and the same density, etc. ) provides the maximum SAR for a monodisperse particle size of 7.25nm while staying within the safety limits. With
this magnetic fluid, to obtain heat deposition of 200mW/ml of tissue, nearly 0.171g (of ferrofluid) could be enough for 1 ml of tissue, which demonstrates that, even
with a very dilute magnetic fluid such as Endorem™ (where the magnetite volume fraction is 0.0035), the necessary heatinag rates can be achieved using very small
portions of Endorem™, provided that optimum conditions are satisfied.
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Discussion and Conclusion: Considering human safety limits, optimal hyperthermia parameters( H_, f, R) are obtained for a magnetite-based ferrofluid with the

physical properties of Endorem™. With the optimal parameters, very small amounts of magnetic fluids, even with alow magnetite volume fraction (such as
Endorem™) can be used successfully as a hyperthermia mediator. Future work should focus on obtaining vary narrow magnetic particle size distributions to approach
the optimal particle diameter dictated by the safety limits.
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