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Abstract

Purpose: Alternating magnetic field (AMF) tissue interaction models are generally not validated. 

Our aim was to develop and validate a coupled electromagnetic and thermal model for estimating 

temperatures in large organs during magnetic nanoparticle hyperthermia (MNH).

Materials and methods: Coupled finite element electromagnetic and thermal model validation 

was performed by comparing the results to experimental data obtained from temperatures 
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measured in homogeneous agar gel phantoms exposed to an AMF at fixed frequency (155 ± 

10 kHz). The validated model was applied to a three-dimensional (3D) rabbit liver built from 

computed tomography (CT) images to investigate the contribution of nanoparticle heating and 

nonspecific eddy current heating as a function of AMF amplitude.

Results: Computed temperatures from the model were in excellent agreement with temperatures 

calculated using the analytical method (error < 1%) and temperatures measured in phantoms 

(maximum absolute error <2% at each probe location). The 3D rabbit liver model for a fixed 

concentration of 5mg Fe/cm3 of tumor revealed a maximum temperature ~44 °C in tumor and ~40 

°C in liver at AMF amplitude of ~12 kA/m (peak).

Conclusion: A validated coupled electromagnetic and thermal model was developed to estimate 

temperatures due to eddy current heating in homogeneous tissue phantoms. The validated model 

was successfully used to analyze temperature distribution in complex rabbit liver tumor geometry 

during MNH. In future, model validation should be extended to heterogeneous tissue phantoms, 

and include heat sink effects from major blood vessels.

Keywords

Hyperthermia; magnetic nanoparticles; eddy currents; electromagnetic modeling; bioheat transfer; 
gel phantom; verification and validation

Introduction

Magnetic nanoparticle hyperthermia (MNH) is approved by the European Medicines 

Agency to treat recurrent glioblastoma in combination with RT in 2010 [1] and received 

an investigational device exemption (IDE) approval from US FDA in 2018 to conduct 

prostate cancer clinical trials [2]. MNH is the selective heating of cancerous tissue using 

magnetic nanoparticles which generate heat when exposed to an alternating magnetic field 

(AMF) [3,4]. The potential offered by MNH to produce effective localized heating compared 

to other hyperthermia modalities makes it attractive in clinical scenarios requiring precise 

control of thermal dose [5-7]. Three-dimensional temperature monitoring technologies such 

as magnetic resonance thermal imaging (MRTI) is not compatible with MNH. Current MNH 

treatment planning and monitoring systems use image based bioheat transfer modeling 

and invasive single or multiple point thermometry respectively [5-7]. However, validated 

electromagnetic and bioheat transfer model-based treatment planning, and quality control 

is not a reality for MNH as for radiofrequency, microwave and interstitial hyperthermia 

approaches [8-14].

Treatment planning frameworks for MNH are mostly based on bioheat transfer models with 

magnetic nanoparticle deposits as heating source and ignore the AMF tissue-interactions 

generating tissue heating due to induced eddy currents [1,5,15-19]. Various approaches such 

as pulsed AMF [20,21], relative motion [22] and AMF amplitude modulation [23] have been 

proposed to reduce nonspecific eddy current heating and improve temperature distribution 

in tumors. Implementing the above-mentioned complex algorithms in a clinical setting 

requires a fully coupled electromagnetic and thermal modeling framework accounting for 

AMF-tissue interactions along with the bioheat transfer component.
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Such fully coupled electromagnetic and thermal models should integrate both “absorption” 

based eddy-current heating due to AMF-tissue interaction, ‘loss (hysteresis)’ based magnetic 

nanoparticle heating and thermoregulatory responses such as vasodilation or collapse in 

capillaries, and heat sink effects of larger nearby blood vessels [24-28]. Rigorous validation 

of the fully coupled electromagnetic and thermal treatment planning models are limited 

as only few clinical [15,17] and preclinical [29,30] AMF systems are calibrated and fully 

characterized.

Nonspecific eddy current heating intensifies when large volumes of tissue are exposed to 

a strong AMF to treat deep-seated tumors in pancreas, liver, prostate and rectum [26,31]. 

Power deposited by eddy currents, per unit volume in tissues, historically reported as 

‘specific absorption rate’ (SAR), increases with AMF amplitude and frequency, and radius 

of the eddy current path [32-35]. Thus, this square-dependence of power deposited by eddy 

currents on the magnetic field amplitude limits the use of high AMF amplitudes to increase 

thermal dose deposited in a clinical setting [15-17,31,36]. Additionally, eddy current heating 

depends on tissue material properties, geometry, tissue interfaces and radius of the eddy 

current path [30-35]. However, the complex geometry and heterogeneity of tissue properties 

makes it difficult to monitor eddy currents and eddy current heating during MNH. The 

safety limits due to eddy current heating vary with anatomical locations. For example, AMF 

exposure of the pelvic region during MNH treatment was limited due to the eddy current 

heating observed in skin folds [31]. Superficial cooling methods such as cooling pads used 

to remove heat from the skin surface are not effective beyond 2 cm due to the conductive 

limits [30-32].

Heat generated by anatomically targeted magnetic nanoparticles is critical for achieving 

required thermal in the tumors. Magnetic nanoparticle heating is often reported as specific 

loss power (SLP) [3,32]. Magnetic nanoparticle SLP exhibits a nonlinear power dependence 

on applied AMF amplitude and generally, a linear dependence on frequency. Significant 

progress has been achieved in improving nanoparticle SLPs [37-41].

In addition to heat generation sources, computational bioheat-transfer modeling considers 

the heat losses due to conduction, convection and perfusion changes in the tumor and 

the surrounding tissue. Power deposition in tissues, and consequent heating can initiate 

a thermoregulatory response in the patient that results in perfusion changes affecting 

temperatures that are realized in both target and off-target regions. Multiple bioheat transfer 

models exist to account for the thermoregulatory response [42-46].

Tissue equivalent gel phantoms and computational modeling are previously used to 

understand eddy current heating [47,48] but were not extensively validated with 

experimental data. Stigliano et al. [48] conducted a partial validation of their model by 

comparing their simulated temperature with measured temperatures in an agar gel phantom 

only at a single time point. Additionally, the effect of input parameter uncertainties on 

the simulated eddy current heating and temperatures was not considered. The primary 

means to assess accuracy and reliability of any computational model is by verification 

and validation [49]. Assessment of the accuracy of a solution to a computational model 

with known solutions (often analytical) is known as verification. Validation, on the other 
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hand, is the assessment of the accuracy of a computational solution by comparison with 

experimental data [49]. It is therefore important to verify and validate a computational 

model before using it for devising treatment strategies or understanding of complex 

phenomena. There is an immediate need to develop a validated coupled electromagnetic 

and thermal modeling framework for reliable treatment planning systems with emphasis on 

AMF-tissue interactions. In this study we developed a coupled thermal and electromagnetic 

model for estimating temperature due to eddy current heating for a homogeneous tissue 

phantom. The model was verified and validated using analytical methods and experimental 

data. Uncertainty analysis was carried out to estimate the uncertainties in the computed 

temperature distributions and to determine the parameters that have the most influence on 

the computed temperature distributions. Previously reported magnetic nanoparticle heating 

(SLP) and the thermal regulatory response models [21,23,29,39] were used in conjunction 

with the validated model to study the contribution of nanoparticle heating and nonspecific 

eddy current heating as function of AMF amplitude in a three-dimensional rabbit liver built 

from computed tomography images.

Materials and methods

Coupled electromagnetic and heat transfer model

Electromagnetic and heat transfer analysis was carried out with commercially available 

multi-physics finite element solver (COMSOL Multiphysics, Natick, MA), on a cylindrical 

geometry shown in Figure 1. The dimensions and tissue properties were chosen to 

approximate a human organ such as the liver (Table 1) [50]. The computational model has 

three concentric cylinders and is built to represent the exposed tissue inside a magnetic coil 

with superficial cooling system, which is representative of the experimental setup described 

previously [30]. The innermost cylinder represents the tissue equivalent gel phantom, 

outermost cylinder represents the region of active uniform applied magnetic field generated 

by an AMF coil [30], and the middle cylinder represents the water jacket, a superficial 

cooling system used in magnetic hyperthermia [30].

Electromagnetic and heat transfer simulations were simultaneously carried out by coupling 

Maxwell’s equations and transient heat conduction equation. The effect of alternating 

magnetic field on the cylindrical gel phantom with electrical conductivity, σ, can be 

described by Maxwell’s equations:

Δ × H = J (1)

B = ∇ × A (2)

E = − jωA (3)

J = σE + jωD, (4)

where J is the current density, ω is the angular frequency, H is the magnetic field intensity, 

A is the magnetic vector potential, E is the electric field intensity, B is the magnetic 
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flux density and D is electric flux density. Heat transfer in the gel phantom due the heat 

generated by induced eddy currents can be described by,

ρcp
∂T
∂t = k∇2T + Qeddy (5)

where ρ is the density, cp is the specific heat, T is the temperature, k is the thermal 

conductivity and Qeddy is the heat produced due to eddy currents. The boundary conditions 

for the electromagnetic modeling, given by a uniform AMF field of amplitude H and 

frequency f, was imposed on the surface of the coil. For heat transfer modeling, the surfaces 

of the water jacket were subjected to an external forced convection boundary condition with 

plate averaged heat transfer coefficient, given by

qo = ℎconv (T − Text) (6)

ℎconv = ℎwater(L, U, Text) (7)

where L is the length of the water jacket, U is the water flow velocity and Text is the water 

temperature. The open faces of the water jacket were modeled by free convection boundary 

condition given by,

q = ℎfree(T − T∞) (8)

where T∞ is the ambient temperature and hfree is the free convection heat transfer 

coefficient. The thermal and electrical properties used in the simulations are summarized 

in Table 1.

Equations (1)-(8) were coupled and simultaneously solved using finite element analysis. 

Sensitivity of the solution to grid size and time step size were carried out to ensure choice of 

mesh size and time step had negligible effect on the computed temperature.

Verification with analytical model

The analytical expression for the volumetric power absorbed by a cylindrical tissue of radius 

r exposed to an alternating magnetic field of constant amplitude H and frequency f is given 

by,

Ptissue = π2μ0
2σ
2 f2H2r2 (9)

where μo is the permeability of free space and σ is the electrical conductivity [30,32,51,52]. 

This equation is valid only for constant field amplitude H, uniform tissue electrical 

conductivity σ, and when fσμormax ≪ 1 [29,51,52]. The computational model was verified 

with the analytical model by comparing and plotting the computed temperatures at three 

locations along the radius (Figure 1(c)).
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Validation with experimental model

Alternating magnetic field system—A uniform AMF was generated in the region of 

interest using a 20 cm diameter modified Maxwell coil (AMF Life Systems, Auburn Hills, 

MI) shown in Figure 2, connected to a 120 kW induction heating power supply (PPECO, 

Watsonville, CA) [36]. A commercially available two-dimensional magnetic field probe 

(AMF Life Systems, Auburn Hills, MI) was used to measure the field inside the coil [30]. 

The field was uniform (<10% variation) in a cylindrical region of 10 cm in length and 16 cm 

in diameter for the AMF amplitudes up to ~22 kA/m at 155 ± 10 kHz. A polyacrylic water 

jacket (Figure 2) was inserted into the coil to minimize the heat transfer between the gel and 

the coil. It was connected to a recirculating chiller (ThermoFlex, Thermo Fisher Scientific, 

Newington, NH) which was maintained at 20 °C [30].

Gel phantom model—Cylindrical gel phantoms (Figure 2) were prepared by heating 

a solution of 1% agarose (Type I-A, low EEO, Sigma Aldrich, St. Louis, MO, Lot 

#SLBC0292V), with sodium chloride, crystal (J. T. Baker, Lot K17586) in 750 ml of 

distilled deionized water. The solution was heated using a heating plate and a magnetic 

stirrer until all the agar were dissolved in the solution. The solution was then allowed to 

solidify and cool to room temperature for more than 12 h to ensure uniform temperature 

inside the gel. The dimensions of the gel were then measured using a measuring scale. The 

electrical conductivity of the gel was calculated using [53],

σ S
m = 215 × Grams of sodium cℎloride

solution volume (mL) + 0.0529 (10)

The gel phantom could equilibrate to room temperature for more than 12 h before inserting 

it into the coil. The gel was then inserted into the coil and exposed to a constant alternating 

magnetic field of amplitude 13.94 kA/m (peak to peak) and at fixed frequency 160 kHz 

(observed) for 15 min. Temperatures were measured radially at three locations (r = 0, rgel/3, 
2rgel/3) where r is the radial distance from gel center, at the center of the gel (Hgel/2) using 

optical fiber temperature probes (accuracy: ±0.3 °C, resolution: 0.1 °C and response time 

<750 ms; FISO Technologies, Ltd., Quebec, Canada). These measurements were then used 

to compare with the computed temperatures for validation of the computational model.

Uncertainty analysis—The root-sum-square (RSS) model [54-56] was used to calculate 

temperature uncertainties in our computational model. The temperature at any time can be 

represented as a function of all input model parameters:

T = g(p1, p2, p3, ……, pn) (11)

here p1, p2, p3, ……, pn are the individual parameters.

Assuming the value of each parameter is independently associated with an uncertainty δ, the 

uncertainty in the temperature distribution can be calculated as,

T ± δT = g(p1 ± δp1, p2 ± δp2, p3 ± δp3, ……, pn ± δpn) (12)
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The uncertainty in the temperature distribution is then given by [54-58],

±δT = ∑
i = 1

n ∂g
∂pi

δpi (13)

The partial derivatives can be computed by:

∂g
∂pi

δpi ≅ T i − T0
Δpi

δpi = [T i − T0]Δpi = δpi ≡ ΔT i (14)

The overall uncertainty can then be calculated as [54-58]:

δT = ∑
i = 1

n ∂g
∂pi

δpi
2

(15)

In our current model, the temperature T generated in the gel due to eddy current heating 

depends on the gel dimensions, such as diameter (Dgel), height (Hgel), thermal properties 

such as density (ρ), thermal conductivity (k) and specific heat capacity (cp), electrical 

conductivity (σ), applied magnetic field conditions like magnetic field intensity (H), 

frequency (f), the gel position inside the coil determined with respect to the coil center 

given by radial distance of the center of the gel from coil center (x_pos) and along the axis 

of the coil (y_pos), and the location of the probe. The mean values of the parameters based 

on recorded data and/or applied conditions are shown in Table 1. The relative permittivity 

for the gel was chosen as 1. The ambient temperature was measured using a standard room 

thermometer and the water jacket temperature was measured using a fiber-optic temperature 

probe [59]. The uncertainty in the temperatures at the three probe locations (±3 mm) was 

calculated by iteration with varying uncertainties of individual parameters while holding 

all others fixed, using parameters and nominal uncertainty values listed in Table 1. A 

5% difference between of the computed temperatures and the measured temperature was 

considered acceptable for the model validation.

Application to three-dimensional (3D) models of rabbit liver obtained from computed 
tomography (CT) images

CT images of rabbit liver—X-ray CT images of a randomly selected rabbit VX2 liver 

tumor model from an ongoing liver cancer study was used to build a 3D liver model for 

simulations. The ongoing liver cancer study used adult white New Zealand rabbits. All 

animals were housed in an Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) - accredited facility in compliance with the guide for the care and 

use of laboratory animals. All procedures were approved by the Johns Hopkins Institutional 

Animal Care and Use Committee (IACUC). At specific time points, each animal was 

selected for VX2 tumor implantation in the liver and subsequently underwent CT imaging to 

monitor tumor growth before experimental intervention.
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The CT images of rabbit were imported into an open-source software, 3DSlicer [60], 

for visualization and medical image computing. Automatic segmentation does not yield 

a desirable result due to the overlapping gray level values of the soft tissue organs. 3DSlicer 

was used to manually segment and differentiate the liver from the other organs using 

the gray level value and apply smoothing algorithms to the region of interest. Manual 

segmentation was performed to differentiate the liver from other organs by choosing the 

lower and higher threshold gray level value. Segmented files were converted into a 3D 

surface geometry CAD (.stl) format. The meshing of the liver CAD geometry was performed 

using a Laplacian mesh smoothing method in MeshLab® [61]. Several iterations of mesh 

smoothing were carried out to ensure a well smoothened geometry. Surface treatment and 

defeaturing were performed to smooth sharp edges and artifacts obtained in reconstructed 

geometries to ensure compliance of the meshed geometry (.stl file) with finite element 

simulation software. The workflow of building 3D models from CT scan images is shown in 

Figure 3.

Computational liver model—Coupled electromagnetic and heat transfer simulations 

were then carried out on the CT image-based liver model and the geometry considered 

is shown in Figure 4. The computational geometry mainly consists of three domains: (1) 

the extracted liver domain, (2) spherical tumor inside the liver and (3) rabbit torso/tissue 

approximated as a cylinder. The spherical tumor was arbitrarily introduced close to the liver 

domain center. Heat transfer in the tissues were modeled using the Pennes bioheat equation 

[62], given by

ρncn
∂Tn
∂t = kn∇2Tn + ρbcbωb, n ( Tb − Tn ) + Qm, n + Qeddy + Qp (16)

where subscripts n and b represent tissue (liver, n = 1; tumor, n = 2; tissue, n = 3) and blood; 

respectively. ρn, cn, kn, Tn and Qm,n, denote the density, specific heat, thermal conductivity, 

local temperature, metabolic heat generation rate, for either tumor or healthy tissue and t 
is the heating time, Qeddy is the heating rate per unit volume due to eddy currents and 

Qp is the heating rate per unit volume of tumor due to nanoparticles. ρb, cb, ωb,n, and 

Tb denote density, specific heat, perfusion rate and temperature, of blood, respectively. 

Constant perfusion was considered in the current study for ease of computation and to gain 

preliminary insights into the temperature distributions. The thermal and electrical properties 

of the tissues considered in the model were given in Table 2 and Table 3. The nanoparticle 

heating rate was modeled using the previously reported specific loss power (SLP) values of 

magnetic iron oxide nanoparticles [39] and the continuous polynomial approximation given 

by Soetaert et al. [63]. It was assumed that the nanoparticles were only present in the tumor. 

The concentration of nanoparticles was chosen as 5 mg Fe/cc of tumor, to be consistent with 

previous studies [21,23,64,65].

Thermal boundary conditions considered for this model are free convection boundary 

condition at all the outside boundaries of the tissue/torso domain (Equation (17)) and the 

continuity of temperature and heat flux at the domain interfaces.
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q = ℎfree(T − T∞) (17)

where T∞ is the ambient temperature (20 °C) and hfree is the free convection heat transfer 

coefficient (10W/m2-K). For the electromagnetic boundary conditions, magnetic fields of 

4–20 kA/m (peak) at a fixed frequency of 150 kHz are applied on the outer boundaries of the 

tissue/torso layer. Simulations were carried out for a treatment duration of 20 min at constant 

amplitude and the resulting temperature distributions were computed.

Results

Verification and validation of computational model-based treatment planning framework to 

mitigate eddy current heating is required to improve the quality control and assurance of 

MNH in the clinic. In this study, we present a rigorously verified and validated coupled 

thermal and electromagnetic model for predicting temperatures produced due to eddy 

current heating.

Verification with analytical model

The temperature distribution in the computational cylindrical phantom after 15 min exposure 

to a constant alternating magnetic field of 13.94 kA/m at a fixed frequency of 160 kHz is 

shown in Figure 5(a). It can be observed that temperatures increase away from the phantom 

center, with the lowest temperatures at the center and highest at the periphery. Higher 

temperatures simulated generated in regions away from the phantom center is consistent 

with that predicted by the analytical solution (Equation (9)), where the heat generated is 

proportional to the square of the distance from the center of the field.

The constraint for using the analytical expression (Equation (9)), fσμormax ≪ 1, was 

satisfied for the modeled scenario. The computed temperatures at three locations in the 

phantom, center, rgel/3 and 2rgel/3 were compared to the corresponding temperatures 

calculated using the analytical expression and plotted in Figure 5(b). Excellent agreement 

(error < 1%) was seen between the computed temperatures and the calculated temperatures 

using the analytical expression, thus verifying the computational model.

Uncertainty analysis and validation with experimental data

Potential parameters capable of significantly influencing the simulation outcome were 

identified for estimation of uncertainties. Uncertainty analysis was carried out for the 

identified simulation input parameters reported in Table 1. The uncertainty in computed 

temperatures due to individual parameter uncertainties and the overall uncertainty is shown 

in Figure 6. Temperature uncertainty was plotted at three locations: center of the phantom, 

rgel/3 distance from the phantom center, and 2rgel/3 distance from phantom center.

The computed temperatures were compared with the experimental measurements for 

validation of the computational model. The computed and measured temperatures fall within 

the range of ±5% with all the corresponding uncertainties at all the three probe locations, 

leading to an acceptable validation of the developed computational model. However, we 

tested the model more rigorously by determining the parameter values that fit the computed 
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temperatures at the center to the measured values (difference of <5%) and using these 

parameter values we compared the computed and measured temperatures at the other two 

locations (rgel/3 and 2rgel/3). The parameter values were the mean values reported in Table 

1 for all the parameters, except for H, Cp and ρ. The uncertainty in probe placement was 

still shown as this was independent of the gel properties and coil properties. The computed 

and measured temperatures were then plotted for each of the locations along with probe 

placement uncertainties and shown in Figure S1. Excellent agreement was observed between 

the computed and measured values with the maximum absolute error <2% at each of the 

probe location.

3D models of rabbit liver

The verified and validated coupled thermal and electromagnetic model was then 

implemented on a 3D liver model generated from CT scan images as shown in Figure 4. 

Nanoparticle heating was considered to estimate and understand the temperatures achieved 

in the liver and tumor, because of nanoparticles and eddy current heating. Simulations 

were performed for a range of constant magnetic field amplitudes of 4–20 kA/m (peak) 

at a fixed frequency of 150 kHz for a duration of 20 min, with and without nanoparticle 

heating. The nanoparticle heating was modeled using previously reported SLP values for 

magnetic iron oxide nanoparticles [39,63,66]. The temperature distributions obtained in the 

liver after 100 and 1200s of exposure to a constant applied magnetic field of 20 kA/m with 

no nanoparticle heating are shown in Figure 7(a). Temperature gradients can be observed in 

the liver, with the temperatures closer to the liver center being lower and increasing radially 

away, resulting in the maximum temperatures achieved on the liver edges. After 20 min 

of exposure, considerable heating occurs with a maximum of ~40 °C observed at the liver 

edges. At higher fields, hyperthermic temperatures (41–43 °C) can be obtained in the liver 

due to eddy current heating.

The maximum temperatures achieved in the liver and tumor is shown in Figure 7(b-d). 

In case of the model without nanoparticles, the observed temperatures in the liver rise 

with increase in applied magnetic field due to increased eddy current generation, while 

no significant increase in tumor temperatures is observed. When nanoparticle heating is 

included, higher tumor temperature was observed compared to liver. Additionally, the 

maximum temperature in the liver with nanoparticles is higher (at 16 kA/m, 43.8 °C 

compared to 38.9 °C with no nanoparticles), due to heat transfer from the nanoparticle 

heat sources.

Discussion

MNH offers significant advantages for controlled deposition of heat in a targeted tissue 

region [1,6]. Volume dependent off-target induced eddy current heating is an important 

factor for patient safety. Eddy current heating increases at higher applied field amplitudes 

and frequency limiting the efficacy of MNH especially when large tissue volumes are 

exposed to AMF in the clinic [30,33-35]. Effective methods to manage eddy current heating 

[20-22,30] are critical to treating deep-seated tumors of liver, pancreas and prostate. The 
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complexity in tissue geometries and heterogeneity in tissue properties makes it challenging 

to monitor eddy currents and eddy current heating in humans in real-time during MNH.

A primary challenge in validating a computational model with experimental data arises from 

uncertainties of the simulation input parameters. Neglecting the uncertainties associated with 

the measured data yields incorrect results of either invalidating a correct model or validating 

an incorrect model [54-58,67].

Uncertainty analysis of the developed coupled electromagnetic and thermal model shows 

that the temperature uncertainty was most sensitive to the parameters that affect heat 

generation followed by parameters that affect heat transfer. The parameters that influence 

heat generation are applied magnetic field amplitude H, frequency f, probe location 

(radial distance from phantom center) and electrical conductivity σ. The parameters that 

influence heat transfer are density ρ, specific heat capacity Cp, thermal conductivity k, and 

temperatures of water jacket and ambient. As predicted uncertainties in the parameters that 

influence heat generation had the greatest influence on computed temperatures. The rate 

of heat generation, given by Equation (9), is proportional to the square of the product Hf. 
Hence, variability in either of them had a strong effect on the computed temperatures. Of 

the other parameters, the next sensitive parameter was probe location (radial distance from 

center). This was also expected as the heat generation term is directly proportional to the 

square of the distance (r) from the center. The variability in electrical conductivity σ, had 

the next significant effect on the computed temperatures. Of the parameters that influence 

heat transfer, the variability in specific heat Cp and density ρ, had the most effect on the 

computed temperatures. When the overall uncertainty was compared for each of the three 

locations, the uncertainty increased significantly as we moved away from the phantom 

center.

The tumor location with respect to the eddy current heating zones could be an important 

factor to influencing the delivered thermal dose in the target region. For superficial tumors 

eddy current heating can add to the deposited thermal dose in the targeted region for 

circumferential coil designs (Figure 7(b,c)). This is consistent with several preclinical 

studies reporting a 2–3 °C increase in the animal’s skin surface temperature due to eddy 

current heating [68-72]. The developed model successfully simulates the eddy current 

heating in large organs such as liver and highlights the importance of considering heating 

due to eddy currents when optimizing magnetic nanoparticle hyperthermia for clinical 

studies. Use of a limited number of temperature probes is a limitation in the current 

study. Use of infrared (IR) thermal camera, and multi-point (up to eight probes) gallium 

arsenide (GaAs) fiberoptic temperature bundle (FISO Technologies, Ltd., Quebec, Canada.) 

would allow for a significantly greater number of data points, to enhance temperature 

measurements in more complex (heterogeneous) in vivo tissues and organs. Current 

validated model can be used to develop effective strategies to minimizing the off-target 

eddy current heating and improve safety of MNH.

Validation of coupled electromagnetic and bioheat transfer model is critical to improve 

the quality control and assurance of MNH in the clinic. This study represents the first 

step to developing such validated model. Future studies will focus on verification and 
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validation of the nanoparticle heating and thermal regulatory response components of the 

treatment planning system. Future efforts should also include heterogeneous phantoms 

[73-75] and in vivo models accounting for tissue properties, tumor geometry, nanoparticle 

distribution, blood flow associated with small vessels and capillaries, location of large 

blood vessel [76,77] and AMF tissue interaction at tissue interfaces. These, however, will 

require organ/tissue specific imaging and model parameters, give the substantial differences 

in the various anatomical locations that present with cancer. Heterogenous phantom can 

be based on a soaked porous structure with closed loop flow [78] to simulate the blood 

flow associated with small vessels and capillaries. Limited temperature data is a major 

limitation of the current study. Detailed temperature mapping is critical for the validation 

of future heterogeneous and in vivo models. A combination of multi-point GaAs fiberoptic 

temperature bundle, infrared camera, and/or thermochromic films can facilitate a detailed 

temperature mapping. Heterogeneous and in vivo validation models should focus on 

replicating clinically relevant scenarios such as low magnetic nanoparticle concentration 

in target region, amplitude modulation to reduce nonspecific eddy current heating [21], 

and spatial localization target thermal dose using gradient fields to avoid off-target thermal 

damage [79].

Future FEA models would include hybrid bioheat transfer, (a) conjugate heat transfer 

between large blood vessels to account for the heat sink effect and (b) volume average 

approach based on Pennes bioheat equation for the blood flow associated with small vessels 

and capillaries. Successful development of an MNH treatment planning system will need a 

development of methods to measure patient specific temperature dependent tissue properties 

such as blood perfusion and electrical conductivity.
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Figure 1. 
(a) Schematic of the computational model considered in the study computational model 

consists of three concentric cylindrical domains with the innermost domain being the gel 

phantom, the second layer being the water jacket and the outermost being the magnetic coil. 

(b) Sample mesh plot of the computational domains. (c) Three locations along the radius 

where temperatures were compared.
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Figure 2. 
Experimental setup for the gel phantom experiments. Agar gel phantoms were inserted in the 

center of a 20-cm horizontal modified Maxwell coil inside a water jacket with temperature 

controlled at 20 °C. Temperatures were measured at the center of the gel, rgel/3, and 2rgel/3 

distance along the radius of the gel, where r is the gel radius.
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Figure 3. 
Workflow for building 3 D models of rabbit liver from CT scan images: CT scan images 

of rabbit liver were first imported into Slicer3D and the liver was extracted by manual 

segmentation. The file was then imported into MeshLab for meshing and smoothing of 

sharp edges to allow for import into finite element software for simulations. File was then 

imported into COMSOL via mesh import option and converted into geometry. The geometry 

is then remeshed in COMSOL and multi-physics is added for simulations.
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Figure 4. 
Schematic of the computational model used for simulations. (a) Isometric projection of 

the geometry showing the liver, tumor and rabbit tissue/torso. Thermal and magnetic field 

boundary conditions are shown. (b) Sample mesh for the computational model shown in (a).
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Figure 5. 
(a) Isothermal contours showing the temperature distributions achieved inside the phantom 

after 15 min of exposure to an alternating magnetic of 13.97 kA/m at a fixed frequency 

of 160 kHz, (b) verification of computational model with analytical solution. Comparison 

of computed temperatures with the coupled electromagnetic and heat transfer model with 

temperatures calculated using the analytical expression for power absorption at center of gel 

shows excellent agreement.
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Figure 6. 
Overall uncertainty in temperatures as a function of time measured at the center, rgel/3, and 

2rgel/3, due to uncertainty in individual parameters identified in Table 1. The variation in 

overall uncertainty of temperature with time was plotted for each probe location. Computed 

temperatures are most sensitive to the uncertainties in applied field (H), frequency (f), probe 

placement (Probe), specific heat capacity (Cp), electrical conductivity (σ) and gel density 

(ρ). Note r_1 and r_2 represent rgel/3, and 2rgel/3, respectively.
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Figure 7. 
(a) Temperature distribution in the liver after 20 min of exposure to an AMF amplitude of 

20 kA/m (peak) at a fixed frequency of 150 kHz. Elevated temperatures can be observed 

at the edges of the liver with temperature of ~40 °C at the end of 20 min of exposure. 

(b) Maximum temperatures achieved in the tumor, liver and surrounding superficial tissue 

during 20 min of AMF exposure at 12 kA/m and 50 kHz. Maximum temperatures achieved 

in the liver and tumor after 20 min of exposure to an AMF amplitude of 4 to 20 kA/m (peak) 

at a fixed frequency of 150 kHz with (c) no nanoparticle heating and (d) with nanoparticle 

heating.
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Table 1.

Mean parameter values and their uncertainties considered in the simulations.

Parameter Mean value Uncertainty

Magnetic field amplitude (kA/m) 6.96 ±10% [36]

Frequency (kHz) 160 ±10% [36]

Electrical Conductivity (S/m) 0.3325 [38] ±10% [38]

Density (kg/m3) 960 ±5%

Specific heat capacity (J/kg-K) 3900 [41] ±10% [41]

Thermal conductivity (W/m-K) 0.566 [42] ±5% [42]

Diameter of gel (m) 0.103 ±0.5 mm

Height of gel (m) 0.093 ±0.5 mm

Position along radius of gel (cm) 0 ±5 mm

Position along axis of gel (cm) 7.0 ±5 mm

Probe location (cm) 0.05, 1.85, 3.45 ±3 mm

Water jacket temperature (°C) 20 ±0.5 °C

Ambient temperature (°C) 20 ±1 °C
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Table 3.

Electrical properties of tissue used in the simulations.

Electrical conductivity, σ (S/m) Relative permittivity

Liver 0.0954 [50] 6090 [50]

Tumor 0.0954 [50] 6090 [50]

Tissue/Torso 0.373 [50] 7110 [50]
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