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Abstract
Due to the strong dependence of tissue electrical properties on temperature, it 
is important to consider the potential effects of intense tissue heating on the RF 
electromagnetic fields during MRI, as can occur in MR-guided focused ultrasound 
surgery. In principle, changes of the RF electromagnetic fields could affect both 
efficacy of RF pulses, and the MRI-induced RF heating (SAR) pattern. In this study, 
the equilibrium temperature distribution in a whole-body model with 2 mm resolution 
before and during intense tissue heating up to 60 °C at the target region was calculated. 
Temperature-dependent electric properties of tissues were assigned to the model to 
establish a temperature-dependent electromagnetic whole-body model in a 3T MRI 
system. The results showed maximum changes in conductivity, permittivity, +B ,1  
and SAR of about 25%, 6%, 2%, and 20%, respectively. Though the B1 field and 
SAR distributions are both temperature-dependent, the potential harm to patients due 
to higher SARs is expected to be minimal and the effects on the B1 field distribution 
should have minimal effect on images from basic MRI sequences.

Keywords: temperature-dependent electric properties, magnetic resonance 
imaging (MRI), radiofrequency (RF) electromagnetic fields, specific 
absorption rate (SAR)
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1. Introduction

With magnetic resonance imaging (MRI) it is possible to map temperature change in vivo non-
invasively (Rieke and Butts Pauly 2008). MRI-guided focused ultrasound surgery (MRgFUS) 
is a relatively new technology (Bradley 2009), used for the thermal ablation of uterine fibroid, 
pancreas tumors, etc (Jenne et al 2012), or used for the palliative treatment of painful bone 
metastases (Gianfelice et al 2008). In this technique, MRI and MR thermography can guide 
and monitor focused ultrasound thermal surgery to ensure that temperature is safely con-
trolled. Based on a recent study of the measurement of dielectric properties of biological tis-
sues, electrical conductivity of some tissues could change more than 20% during the process 
of MRgFUS (Fu et al 2014). Due to the strong dependence of tissue electrical properties 
on temperature (Lazebnik et al 2006, Zurbuchen et al 2010), it is important to consider the 
potential effects of intense tissue heating on the RF electromagnetic fields during MRI, as can 
occur in MRgFUS. Changes of the RF electromagnetic fields resulting from the changes in 
tissue electrical properties during an MR scan may affect, for example, both the efficacy of RF 
pulses and the MRI-induced specific absorption rate (SAR) pattern (Collins and Wang 2011). 
To the best of our knowledge, however, a study of the potential effects of intense tissue heating 
on the RF electromagnetic fields during MRI has not previously been performed.

In this study, an equilibrium temperature distribution inside a body model with a resolu-
tion of 2 mm was calculated as may occur in focused ultrasonic heating for palliative care of 
patients with bone metastases (Gianfelice et al 2008). Simulations of RF electromagnetic 
fields in the body model before and during intense focal tissue heating related to thermal abla-
tion were then performed. Temperature-induced changes of the distribution of RF electromag-
netic fields and SAR in MRI are presented and discussed.

2. Methods

In this work, the temperature distribution in a whole-body model with 2 mm resolution dur-
ing MRgFUS therapy was first calculated using a previously published algorithm (Collins 
et al 2004). Then the temperature-dependent dielectric properties of tissues were assigned 
to the whole-body model according to the calculated temperature distribution to establish a 
temperature-dependent electromagnetic whole body model. Finally, numerical simulations 
were performed to determine the changes of RF electromagnetic fields due to the intense tis-
sue heating. These steps are described in further detail below.

A temperature distribution map from MRgFUS designed for pain palliation in a patient with 
iliac bone metastases was simulated using a 2 mm numerical model of the human body, NAOMI 
(Dimbylow 1997, 1998), by defining a focal region in the iliac bone where the temperature was 
fixed at 60 °C (Gianfelice et al 2008). The focal region was spherical, with a diameter of 75 mm, 
and included only cortical bone. The equilibrium temperature distribution throughout the rest 
of body was calculated using a self-convergent iterative algorithm which considers thermal 
conduction, blood perfusion, and other relevant factors (Collins et al 2004). The algorithm uses 
a finite difference implementation of the Pennes bioheat equation (Pennes 1948):

 ⎜ ⎟
⎛
⎝

⎞
⎠ρ ρ= ∇ ⋅ ∇ + − − +[ ]C

T

t
k T WC T T Q

d

d
( ) ( ) mblood blood core (1)

where ρ is the material density, C is the heat capacity, k is the thermal conductivity, W is the 
perfusion by blood, Qm is the heat generated by metabolism. All the values of the above param-
eters and other details of the algorithm were obtained from the literature (Collins et al 2004).
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After finishing the calculation of the equilibrium temperature distribution with and without 
the region of focal heating, recently-measured tissue-specific temperature-dependent electric 
properties in agreement with published values were assigned to the voxels of the body model 
in the region of high temperature to create a second model with electrical property distribu-
tion as could be expected in the high-temperature state (Fu et al 2014). The temperature-
dependent dielectric properties of three tissues, muscle, fat, and bone, were needed in this 
study. While the temperature dependent dielectric properties of muscle and fat at 128 MHz 
have been reported (Fu et al 2014), data for bone at this frequency is not currently available 
from the literature. Because cortical bone has low water content, it (like fat) is expected to 
have relatively low electric permittivity and conductivity at any frequency or temperature, 
and thus its variation should have relatively little effect on the RF field distribution. In this 
work the temperature-dependent dielectric properties of bone were assigned those of fat. A 
16-rung, low-pass birdcage coil with a diameter of 60 cm and a height of 40 cm loaded with 
the modified whole body model at 128 MHz (3 T) was used in the simulation (figure 1). The 
finite difference time domain (FDTD) method for electromagnetics (Kane 1966) was used to 
determine the steady-state RF electromagnetic field distributions. The spatial resolution of the 
calculation region was 2 mm in all three directions. All FDTD calculations were performed 
using commercial software (XFDTD; Remcom, Inc.; State College, PA) (Trakic et al 2004).

The circularly polarized RF transmit magnetic field +B ,1  was calculated as (Hoult 2000)

 = +∼ ∼+ ( )B Bx By
1

2
i1 (2)

where 
∼
Bx and 

∼
By are the complex magnetic flux density of RF electromagnetic field along 

orthogonal directions in the transverse plane as obtained from the FDTD calculation. SARn 
was calculated at every location in the model as (Collins and Smith 2001)

Figure 1. Top: 3D rendering of the whole-body 3D model with 2 mm resolution loaded 
in birdcage coil. Bottom: coronal slice chosen to show a variety of internal tissues.
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where E, σ, and ρ refer to the RF electric field, tissue conductivity, and density, respectively. 
The subscript n indicates the voxel in the simulation region.

A gradient echo MR image was simulated by multiplying the amplitude of +B1  by a value 
roughly proportional to tissue proton density content. This method assumes that a low excita-
tion flip angle, a reconstruction method which removes the weighting of the RF receive coil 
distribution (Pruessmann et al 1999), and an effective method of fat suppression are used. 
Compared to an excitation flip angle near 90°, this will accentuate effects of B1

+ inhomogene-
ity on the simulated image.

3. Results and discussion

The comparison of temperature, conductivity, relative permittivity, +B ,1  and SAR before and 
after heating is shown in figure 2. A temperature gradient distribution after equilibrium was 
established inside the body centered at the region of interest, extending into the surrounding 
muscle and fat tissues. The difference in temperature between the state with and without the 

Figure 2. Comparison of temperature, conductivity, relative permittivity, amplitude of 
B1

+, phase of B1
+, and SAR before and during heating. The distribution, the absolute 

difference, and the percent of difference of these parameters are shown on a transverse 
plane passing through the middle of the region of maximum temperature increase.
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ultrasonic heating was as high as 23  °C, and the percent of temperature difference on the 
Celsius scale was more than 60% (figure 2). The maximum change in conductivity was more 
than 25%, while that in permittivity was only about 6%. The maximum change in +B1  was 
less than 2%, and that in the phase of the +B1  field was less than 6°, indicating that only minor 
influence of the temperature-dependence of the +B1  field. The maximum relative change of 
SAR was about 20%. This occurred in the defined focal region, as indicated in figure 2. In this 
case the region of ultrasonic heating (also the region of maximum change in SAR) was not 
near the region of maximum local SAR, and had no effect on this measure of RF safety. Even 
in the event that the region of ultrasonic heating would coincide with that of maximum local 
SAR, it is expected that maximal MR-induced heating (on the order of 1 °C) would be a small 
fraction of that due to the ultrasonic heating and would likely not be a major consideration for 
MR safety.

Simulated images from before and after ultrasonic heating are shown in figure  3. As 
expected from the minimal changes in B1

+ alone, the effects on image intensity due to tem-
perature-dependent tissue electrical properties are very small. It is important to note, how-
ever, that this analysis, assuming a strongly proton density weighted image, does not consider 
effects of temperature on T1 and T2 that may affect signal intensity in images from other 
sequences. The effects of heating on the phase of the B1

+ field should also have only a small 
effect on the accuracy of conventional phase-based MR thermography. For example, assuming 
a proton resonance shift based method of MR thermography (Reike and Butts Pauly 2008) 
with a temperature-dependent chemical shift coefficient of −0.01 ppm and a gradient-echo 
sequence with a TR of about 20 ms, a temperature increase of 20 °C should result in a change 
in phase of a little more than 180°. Thus the temperature-induced changes in the RF fields of 
about 6° could produce about an error of about 3% (or 0.6° for the assumed 20 °C change), 
which is close to the uncertainty of in vivo MR thermography itself at 3 T. The size of this 
relative error would be inversely proportional to the length of TE chosen for the MR thermog-
raphy sequence.

This work represents an initial study into the potential effects of intense tissue heating 
on the RF fields and SAR in MRI, and was performed on a single model of a single human 
subject. Though the +B1  field and SAR distribution may vary with different human bodies 
having different morphologies (Liu et al 2005), the scale of temperature dependence should 
be similar. The temperature changes studied here, ranging to about 30 °C, may not cover the 
range for all treatment paradigms. Further study including a larger range would also require 
characterization of the temperature-dependence of tissue dielectric properties at MR frequen-
cies over a larger range than is currently available. Also, while different MR sequences may 
produce +B1  field and SAR with different amplitudes, the distribution patterns will not change 
such that the alterations of +B1  field and SAR in percentage before and after heating will be the 
same for any MR sequence.

Figure 3. Simulated proton density weighted gradient echo images before and during 
focal heating, and the percent difference between them.
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This study does not consider the potential effect of cavitation bubbles, which may be pro-
duced by high intensity ultrasound pules as another treatment strategy. Exploration of the 
possible impact of cavitation on the +B1  field and SAR in MRI would require further study and 
development of different model.

In thermal ablation, some thermally-induced physiological changes, such as those in blood 
perfusion or due to coagulation, will result in alterations of local volume magnetic susceptibil-
ity of tissues (Sprinkhuizen et al 2012). Effects of susceptibility on the +B1  field are only on the 
order of a few parts per million (ppm), and are negligible compared to the changes shown here 
(de Lacheisserie et al 2005). However, the alterations of the static magnetic (B0) field of the 
order of ppm due to the change of local volume susceptibility of tissues cannot be neglected. 
The impact of temperature-dependent volume susceptibility on MR thermometry has been 
noticed and reported (Sprinkhuizen et al 2010).

Usually there are no metal parts of the ultrasound probes that could contact with or be 
inside the human tissues during the MRgFUS process. In rare cases, the MRgFUS surgery 
could be performed in patients who were already implanted metallic devices. MR imaging of 
patients with implanted metallic devices can result in very different SAR distributions than 
seen here (Mattei et al 2008), and is beyond the scope of this work. In the absence of implants 
and for lower temperature increases, field and temperature simulations like those seen here 
are seen to be in reasonably good agreement with measurement in phantoms and in vivo (Oh 
et al 2014).

4. Conclusion

Results show that the B1 field and SAR distributions are both temperature-dependent. The 
potential harm to patients due to higher SAR is expected to be minimal in a situation such as 
MRgFUS, where temperature increase is dominated not by the RF fields of the MR system, 
but by the energy from the intense focused ultrasound system. The effects on the B1 field dis-
tribution should have minimal localized effect on images and even MR thermometry measure-
ments acquired with commonly used MRI sequences.
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