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1 Introduction 

 

1.1 Introduction to Hyperthermia 

Most patients with cancer are treated by surgery, radiotherapy and chemotherapy. Based 
on the tumor type, stage and patient condition, these treatment modalities are either 
applied as single treatment or in a multi-modality approach. Since the 80s hyperthermia, 
a treatment modality based on tumor heating, has been introduced in the clinic and 
applied for an increasing number of tumor types. Hyperthermia aims at tumor heating 
in the range of 41–45 ºC. A direct cell killing is observed at temperatures above 43 ºC, 
however, in practice it is very challenging to achieve such tumor temperatures without 
causing excessive heating of normal tissue. Hyperthermia is, therefore, primarily 
administered at moderate temperatures of 41 to 42ºC, at which hyperthermia works as 
a sensitizer in combination with other treatment modalities, i.e. with radiotherapy or 
chemotherapy. Many randomized clinical studies have shown that the therapeutic effect 
of radiotherapy and chemotherapy is significantly enhanced when used in combination 
with hyperthermia. 

1.2 Biological rationale 

The biological rationale of hyperthermia has been studied extensively. Various 
mechanisms are associated with hyperthermia-induced radio- and chemosensitization. 
The main mechanism of radiotherapy is inducing DNA damage in tumor cells. The 
DNA damage repair process that follows is undoing part of the therapeutic effect of 
radiotherapy. Hyperthermia inhibits DNA-repair  and thereby enhances cell kill after  
radiotherapy [1,2]. Furthermore, tumor cells are less affected by radiotherapy during the 
S-phase of the cell cycle [3], while an increased cell killing is observed during this phase 
after combined modality treatment  [4,5]. 
In general, well oxygenated tumors are more sensitive to radiotherapy [6,7]. Since 
hyperthermia increases tumor blood flow, it enhances the oxygenation of hypoxic 
tumors (i.e. oxygen-deprived tumors) and may thereby serve as a radiosensitizer of these 
tumor types [8]. The increased tumor blood flow also leads to an elevated uptake of 
cytostatic agents, thereby enhancing the effectiveness of chemotherapy [9–11].  
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1.3 Hyperthermia in the clinic 

Hyperthermia is currently applied for the treatment of various tumor sites including 
melanoma, breast, cervical, bladder, esophagus and prostate tumors. The hyperthermia 
techniques are categorized in local, superficial, loco-regional and whole-body 
hyperthermia, depending on the target volume and location.  

1.3.1 Local Hyperthermia 

In local hyperthermia the heating volume is restricted to the tumor volume. Heating is 
performed using either intracavitary or interstitial heating techniques. In intracavitary 
hyperthermia a hyperthermia applicator is located adjacent to the tumor through 
existing body cavities, such as the esophagus, rectum, vagina and bladder. A 
disadvantage of intracavitary hyperthermia is  that this technique suffers from low 
penetration depth resulting in steep temperature gradients and thus a rather 
heterogeneous temperature distribution [12].  

In interstitial hyperthermia one or more thin cylindrical applicators are inserted in 
the tumor [13]. This technique can be applied concomitantly  with interstitial 
radiotherapy (i.e. brachytherapy) [14]. As an alternative to interstitial applicators, 
magnetic nanoparticles can be administered, which produce heat when subjected to an 
alternating magnetic field. The clinical use of nanoparticles is still under investigation 
[15–17]. 

1.3.2 Superficial Hyperthermia 

Malignant recurrences of advanced breast cancer and melanoma located at the skin 
surface are commonly treated by superficial hyperthermia with various microwave and 
ultrasound applicators. At the AMC, contact flexible microstrip applicators (CFMAs) 
operating at 434 MHz are used for this purpose [18–20]. Due to the limited penetration 
depth of radiofrequency waves at 434 MHz, these applicators are limted to treatment 
of tumors located within a few centimeters from the skin. To reduce electromagnetic 
reflection at the skin, a water bolus is placed between patient and applicator. To assist 
the heating, water with a temperature of 41 ºC is circulated in the water bolus. An 
example of a system for superficial hyperthermia is shown in Figure 1 together with 
different sizes of applicators used.  

1.3.3 Loco-regional Hyperthermia 

Non-invasive heating of deep seated tumors, such as in cancer of the uterine cervix, 
urinary bladder, and rectum, is technically more challenging and requires more advanced 
techniques. Most current techniques are radiative phased-array devices operating at 
frequencies between 70-120 MHz allowing the necessary penetration depth for those 
deep seated tumors. Furthermore, the wavelength at these frequencies allows for 
sufficient spatial steering. Focused heating is created by constructive interference of the  
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Figure 1. Superficial hyperthermia system (left), contact flexible micro strip applicators 
(top right) and a patient during superficial hyperthermia treatment (bottom right). 
 
 

 
 

Figure 2. a) 70Mhz AMC-4 phased-array waveguide system, b) 70Mhz AMC-8 
phased-array waveguide system, c) ALBA 4D phased-array 70MHz waveguide 
system, and d) BSD2000 3D system with the SigmaEye applicator. 
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electric field generated by a ring of antennas surrounding the patient.  Most systems that 
are currently used consist of 4 up to 24 antennas. 
At the AMC, the 4 and 8 waveguide systems, referred to as AMC–4 and AMC–8, 
respectively, have been developed and implemented in the clinic (Figure 2a and 2b). 
Both systems operate at a frequency of 70 MHz. The main difference is that AMC–8 
consists of two rings, each containing four waveguides, whereas in AMC–4 the 
waveguides are positioned in a single ring. More recently, the commercially available 
Alba4D system (Figure 2c) has been designed which is based on the AMC-4 system. 
Other commercial systems made available by Pyrexar consist of one or three rings, each 
containing eight dipole antennas operating at a frequency of 100 MHz (Figure 2d).  

Tumor specific heating with aforementioned systems is challenging due to the large 
number of degrees of freedom. Due to the complex interaction of electromagnetic 
waves with patient anatomy, spatial steering by intuition becomes impossible with an 
increasing number of antennas. Therefore, loco-regional hyperthermia requires patient-
specific treatment planning to compute the optimal antenna settings to maximize the 
tumor temperature while preventing excessive heating (hot spots) of normal tissue.  

1.3.4 Whole-body Hyperthermia 

Whole-body hyperthermia is applied for the treatment of metastatic disease. The desired 
body temperature is between 39°C and 41.8°C for a duration of approximately 1 hour. 
Body temperature should be strictly limited to 41.8°C to avoid neurotoxicity. As body 
temperatures above 39°C cause significant stress to the cardiac system, continuous 
patient monitoring is essential during this type of hyperthermia. Whole-body 
hyperthermia is usually delivered during patient sedation and is commonly applied in 
combination with chemotherapy [21–23]. 

1.4 Hyperthermia Treatment Planning  

The process of determining the optimal treatment parameters to maximize the 
treatment outcome, by electromagnetic (EM) and thermal modeling, is known as 
hyperthermia treatment planning (HTP). More specifically, HTP consists of the 
following consecutive steps: 
a) Generation of a patient model,  
b) Electromagnetic field simulations and absorbed power computations, 
c) Temperature computations, 
d) Optimization. 
 
Generation of a patient model 
The first step of HTP is the generation of a patient model containing electric and 
thermal properties of all tissues in the volume of interest. In current practice, patient 
models required for HTP are obtained by pre-treatment CT data. These data contain 
tissue density information based on Hounsfield units. Electric and thermal tissue 
properties cannot be derived from the CT measured Hounsfield units. These CT images 
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are therefore only used for tissue segmentation based on intensity thresholding. Due to 
the limited contrast between tissues, only bone, air, fat, and muscle tissue can be 
segmented automatically. Next, electric and thermal property values from the literature 
are assigned to these tissue types, yielding a dielectric and thermal patient model. 
 
Electromagnetic field simulations 
After creation of the dielectric patient model, the next step in HTP is to compute the 
electromagnetic field (E-field) distribution induced by the heating system through 
electromagnetic field simulations. More specifically, the E-field distribution is obtained 
by solving the Maxwell’s equations by numerical simulation techniques such as the 
Finite Difference Time Domain (FDTD) method. The E-field interactions between the 
heating system and the patient are governed by the electric tissue properties. Therefore, 
the accuracy of the dielectric model is very important in this step. Here the computation 
of the Specific Absorption Rate (SAR) plays an important role and is given by  
 

𝑆𝐴𝑅 =
𝜎‖𝐸(𝜎, 𝜀r)‖2

2𝜌
                                                      (1) 

 

with 𝜎 and 𝜀r being the electric conductivity and relative permittivity, respectively, 𝐸 

the electric field, and 𝜌 the tissue mass density. 𝑆𝐴𝑅, expressed in Watts per kilogram 
[W/kg], is a measure of the rate at which energy is absorbed in tissue. 
 
Temperature computations 
The temperature distribution induced by the heating system can be calculated using the 
computed power deposition in the previous step of HTP. To translate the power 
deposition to temperature distribution, tissue thermal properties are required and a bio 
heat model describing the heat exchange between the tissues and the tissue vasculature. 
A commonly used model to compute the temperature distribution is a continuum model 
described by the Pennes’ bioheat equation [24]: 
 

𝑐𝜌
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) − 𝑐𝑏𝑊𝑏(𝑇 − 𝑇art) + 𝑃                                 (2) 

 

where c is the specific heat capacity, 𝜌 the tissue density [kg/m3], k the thermal 
conductivity [W m–1 K–1], cb the specific heat of  blood [J kg–1 K–1], Wb the volumetric 
perfusion rate [kg m–3 s–1], Tart the local arterial or body core temperature (37°C) and P 
the power density [Wm–3] added by the heating system. The power density is directly 
affected by the electric property values as 𝑃 = 𝜎‖𝐸(𝜎, 𝜀𝑟)‖2/2. The term ∇ ∙ (𝑘∇𝑇) 
represents the heat conduction in tissue and 𝑐𝑏𝑊𝑏(𝑇 − 𝑇art) models the perfusion. One 
of  the shortcomings of  the Pennes’ model is that it does not account for pre-heating 
of  blood and the direction of  blood flow. A more accurate but also more complex way 
to compute temperature distributions is by modelling discrete blood vessels [25] which 
requires additional data of the vasculature network in the heated region and information 
regarding the blood flow during hyperthermia.  
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Optimization 
Determination of the antenna settings (amplitude and phase) for most optimal tumor 
heating is not trivial or intuitive due to the large number of degrees of freedom and the 
complex interaction between tissues and the heating system. For this purpose, 
optimization tools have been developed that either compute optimal antenna settings 
on SAR or temperature distribution. Temperature based optimization is preferred rather 
than SAR optimization, since the latter does not include the important physiological 
heating and cooling mechanisms of  the human body. 

The temperature based optimization process aims at a tumor temperature of  43°C 
by minimizing the following objective function: 

∑ (max (43 − 𝑇(𝑥, 𝑦, 𝑧), 0))2

𝑇𝑢𝑚𝑜𝑟

,          (𝑥, 𝑦, 𝑧) ∈ tumor tissue,    (3) 

which minimizes the tumor volume with a temperature below 43°C. To avoid excessive 
normal tissue heating, a maximum tolerable normal tissue temperature of  45°C is 
imposed in this optimization process [26,27]. A high and homogeneous temperature is 
important for achieving tumor control. This goal is achieved by optimizing T90, which 
represents the temperature achieved in at least 90% of the tumor volume and is a 
measure for thermal dose. Thermal dose is commonly defined as the cumulative 
minutes at 43ºC and doubles with each 0.5ºC increase of tumor temperature. Therefore, 
every small increase of tumor temperature is clinically relevant. 

1.5 Outline of this thesis 

Chapter 2 gives a general introduction to imaging of electric properties (EPs) and how 
an MRI system can be exploited for this purpose. Furthermore, the conventional 
electric properties tomography (EPT) method is described and, finally, the novel 
method termed CSI-EPT, which is introduced during this research, is described. 

In Chapter 3 the feasibility of Electric Property Tomography (EPT) is investigated 
in the pelvic region. The feasibility of the EPT method was earlier investigated by other 
research groups for the head region; in this chapter the validity of the ‘transceive phase 
approximation’ is investigated for the pelvic region. For this purpose, electromagnetic 
simulations are performed for a pelvic-sized phantom and a human model. Finally, the 
EPT method is validated by MR experiments of the pelvic-sized phantom and a 
volunteer. 

In Chapter 4 the results of a patient study are presented. In this study, MR 
measurements of 20 cervical cancer patients were conducted and the electric 
conductivity of muscle, bladder content and cervical tumor are reconstructed using the 
EPT method.  

Chapter 5 focuses on the impact of the acquired in vivo electric conductivity values 
on tumor temperatures during hyperthermia treatment. Five patient models are used 
for this purpose. Here, it is investigated what the realized tumor temperatures are if the 
treatment would have been performed with antenna settings that are computed for 
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literature based conductivity values. Furthermore, the impact on tumor temperature is 
also investigated if the optimization is performed using the EPT-based model. 

In Chapter 6 a novel method of reconstructing the electric properties is introduced 
which is based on Contrast Source Inversion (CSI). In this study a new method, termed 
CSI-EPT, is implemented and its performance in general, and more specifically at tissue 
boundaries, is investigated.  

In Chapter 7 the CSI-EPT method, as introduced in the previous chapter, is 

exploited to reconstruct the SAR distribution based on 𝐵1
+ information only. CSI-EPT 

is able to reconstruct all necessary parameters for SAR evaluation, thus electric property 
parameters and the electric field, therefore the potential of CSI-EPT to reconstruct the 
SAR distribution is studied.  

Finally a summary and general discussion is given in Chapter 8 in English and in 
Chapter 9 in Dutch. 
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2 Electric properties imaging 

2.1 Electric properties  

Tissue electric properties determine the behavior of electromagnetic fields in biological 
tissue. Electric properties are tissue dependent and are described by the magnetic 

permeability (𝜇), the permittivity (𝜀) and the electric conductivity (𝜎). Magnetic 
permeability describes the degree of magnetization that a material obtains in response 
to an applied magnetic field. As the magnetization of human tissue is negligible [28], the 

permeability of free space (𝜇0) is assumed for all biological tissue types.  
Tissue conductivity and permittivity are frequency and temperature dependent and are 
determined by blood and water content, ionic concentrations [29] and ionic mobility in 
tissue. Various studies have shown that tumor tissue generally has a higher conductivity 
than normal tissue due to physiological differences between tumor and normal tissue. 
These differences have  been shown for breast tumors and normal breast [31–33], 
normal liver, malignant liver tumors and cirrhotic liver [34,30], bladder tumors [35] and 
gliomas and the normal brain [36].  

Currently used values in patient models are mostly based on ex vivo measurements 
of  animal and human tissues [37,38]. Furthermore, there is a large variation in reported 
values between the different studies shown in a review of the literature [39]. This 
variation can be explained by the inclusion of  tissues of  various species and differences 
in measuring conditions (tissue temperature, in vivo, in vitro and ex vivo). Due to practical 
and ethical reasons, human in vivo electric property (EP) measurements are scarce. Only 
easily accessible tissue types (e.g. skin, tongue) [37] and liver [30] have been measured in 
vivo. Various studies have shown that in vivo conductivity values are higher than ex vivo 
[40,41]. Hence, determination of in vivo electric properties has recently received 
increasing attention since these properties are essential for more accurate SAR 
assessment and subsequent computation of the temperature distribution. In particular 
the use of an MR system is preferred for this purpose as it is a non-invasive technique 
and can be easily integrated in the current clinical workflow.  

2.2 Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) is a non-invasive medical imaging technique which 
is based on the interaction between radiofrequency (RF) fields and certain atomic nuclei 
(i.e. 1H hydrogen) in the body when they are subjected to a strong magnetic field, which 
is referred to as B0 field. In the presence of this magnetic field, the nuclear spins will 

https://en.wikipedia.org/wiki/Magnetization
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precess around the B0 field at the Larmor frequency which depends on the strength of 
the magnetic field as 
 

𝜔 = 𝛾𝐵0                                                                     (1) 

with 𝜔 the Larmor frequency and 𝛾 the gyromagnetic ratio (𝛾1𝐻 = 42.576 MHzT). To 
create an MR image the transmitter RF coil generates a pulse at the Larmor frequency 
of a certain nucleus corresponding to the present magnetic field strength. For instance, 
the Larmor frequency of a 1H hydrogen nucleus is 64, 128, and 298 MHz when 
subjected to a magnetic field strength of 1.5, 3.0, and 7.0 Tesla, respectively. The RF 
pulse is an electromagnetic pulse consisting of an electric and magnetic field 

component. The magnetic field of the RF, which is referred to as the 𝐵1 field, is 
perpendicular to the B0 field and, therefore, flips the alignment of the nuclear spins 

towards the 𝐵1 field. The degree of the flip angle is dependent on the shape of the 
applied RF pulse. For a rectangular RF pulse the flip angle is computed by  

𝛼(𝒙) = 𝛾𝐵1
+(𝒙)𝜏                                                           (2) 

where 𝐵1
+ the magnetic field of the transmit RF coil and 𝜏 is the pulse duration.  

After the pulse, the nuclear spins return to their original state through the longitudinal 
and transverse planes. This process is called relaxation. The relaxation times in each 
plane, referred to as T1 and T2, are tissue dependent and determine the intensity and 
contrast of MR images. The signal generated by the nuclear spins during relaxation is 
received by a receive RF coil, which in some cases is the same RF coil as used for 

transmitting. The received magnetic field is referred to as 𝐵1
−. 

To obtain high quality MR images, a homogeneous B1 field in the volume of 
interest is required. A birdcage coil can produce a homogeneous field over a large 
volume within the coil. The homogeneity of the B1 field decreases with field strength 
and antenna arrays are therefore used to increase the homogenization at higher field 
strengths. Phase and amplitude steering of the RF pulses is used aiming at increasing 
the B1 field homogenization, however, care should be taken to prevent high electric 
fields that might lead to unwanted tissue heating. Therefore, the acquisition of patient-
specific electric tissue properties is valuable not only for hyperthermia, but also for MR 
safety purposes at high field strengths.  

2.3 Electric Properties Tomography 

The interaction between the magnetic component of the RF field and tissue can be 
exploited to determine the electric properties. Electric Properties Tomography (EPT) 
is an MR-based method that uses B1 maps to derive the electric properties at the Larmor 

frequency [42–45]. EPT requires both the amplitude and phase of the 𝐵1
+ field. In MR 

systems the amplitude of the B1 field can be measured by various B1 mapping 

techniques [46–48]. The phase of the 𝐵1
+ field is not directly measurable. However, the 
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measurable MR signal phase (𝜑±) contains contributions from the transmit phase 

(𝜑+ = arg(𝐵1
+)), receive phase (𝜑− = arg(𝐵1

−)) and off-resonance effects. The off-
resonance effects are reduced by using spin echo acquisition [49]. Using the modern 
multi-transmit MR systems it is possible to separate the transmit and receive phases 
[50,51]. Most clinical systems use single or double channel quadrature coil, therefore, 
separation of the transmit and the receive phase is limited. In general, when using such 
systems, the contributions of transmit and receive phases are assumed identical. This 
assumption was investigated for the head at various field strength [43], and was shown 
to hold up to 3T. The central equation of the EPT method is the homogeneous 
Helmholtz equation 

𝛻2𝐵1
+

𝐵1
+ = −𝜇0𝜀0𝜀𝑟𝜔2 − 𝑖𝜇0𝜎𝜔                                           (3) 

 

where 𝐵1
+ is the complex transmit field (𝐵1

+ = |𝐵1
+|𝑒𝑖𝜑+

), 𝜔 is the Larmor angular 

frequency, 𝜇0 and 𝜀0 are the permeability and permittivity of vacuum, respectively, and 

𝜀𝑟 and 𝜎 are the unknown relative permittivity and conductivity of the object of interest, 

respectively. Using the measured |𝐵1
+| and the 𝜑± distribution the conductivity can be 

reconstructed by  
 

𝜎 = 𝐼𝑚 (
𝛻2(|𝐵1

+|𝑒𝑖𝜑+
)

|𝐵1
+|𝑒𝑖𝜑+ )

1

−𝜇0𝜔
                                            (4) 

and the relative permittivity by 
 
  

𝜀𝑟 = 𝑅𝑒 (
𝛻2(|𝐵1

+|𝑒𝑖𝜑+
)

|𝐵1
+|𝑒𝑖𝜑+ )

1

−𝜇0𝜀0𝜔2
 ∙                                    (5) 

 
 

Implementation of EPT involves spatial differentiation of the generally noisy B1 field, 
hence, the quality of the reconstructed electric property maps depends on the Signal-
to-Noise Ratio (SNR) of the MR signal and the kernel size of the differential operator 
[52]. Furthermore, a piece-wise homogenous medium is assumed in the derivation of 
Equation (3) which affects the reliability of EPT at tissue boundaries [42]. To reduce 
the boundary artifacts various ad hoc solutions have been introduced involving gradient 
map of EP profiles in conjunction with a multi-channel transmit/receive array RF coil 
[44] or by using arbitrary-shaped kernels based on voxel position [53]. In Chapters 3-5 
the conventional EPT method is used. A novel approach to solve the boundary issues 
is introduced in the next section and described in more detail in Chapter 6. 
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2.4 Contrast Source Inversion – Electric Properties Tomography 
(CSI-EPT) 

CSI-EPT reconstructs electric properties in an iterative manner and is based on the 
Contrast Source Inversion method by Van den Berg and Kleinman (1997) [54]. This 
method was later applied for oil exploration purposes [55] and tissue properties 
mapping [56] where EM measurements were performed outside the object of interest. 
The unique situation that MR systems are able to measure fields inside the object of 
interest brought us to the idea to use CSI in a completely new MRI inversion setting. In 
this new constellation every measured voxel represents a virtual receiving antenna. The 
large number of “receiving antennas” combined with measured data inside the object 
of interest leads to a “less” ill-posed problem compared to the measuring conditions 
the CSI method is currently applied upon.  

CSI-EPT is based on the global integral representations for the EM field quantities 
and therefore is less sensitive to noise since integral operators act on the measured field 
data. Finally, this method is assumption-free regarding the local variations of electric 
properties. The reader is referred to 6.2 for a more detailed description of the 
implemented algorithm in this study. A more general description of CSI-EPT can be 
found in 7.2. 
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3 Feasibility of Electric Property 

Tomography of Pelvic Tumors at 3T 
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Abstract 
 

Purpose: Investigation of  the validity of  the “transceive phase assumption” for Electric 
Property Tomography of  pelvic tumors at 3T. The acquired electric conductivities of  
pelvic tumors are beneficial for improved SAR determination in Hyperthermia 
Treatment Planning.  
Methods: Electromagnetic simulations and MRI measurements of  a pelvic-sized 
phantoms and the human pelvis of  a volunteer and a cervix cancer patient.  
Results: The reconstructed conductivity values of the phantom tumor model are in 
good quantitative agreement (mean deviation: 1-10%) with the probe measurements. 
Furthermore, the average reconstructed conductivity of a pelvic tumor model was in 
close agreement with the input conductivity (0.86 S/m vs. 0.90 S/m). The reconstructed 
tumor conductivity of the presented patient (cervical carcinoma, Stage: IVA) was 1.16 ± 
0.40 S/m.  
Conclusion: This study demonstrates the feasibility of  EPT to measure quantitatively 
the conductivity of  centrally located tumors in a pelvic-sized phantom and human pelvis 
with a standard MR system and MR sequences. A good quantitative agreement was 
found between the reconstructed σ-values and probe measurements for a wide range 
of  σ-values and for off-axis located spherical compartment. As most pelvic tumours are 
located in the central region of  the pelvis these results can be exploited in Hyperthermia 
Treatment Planning systems. 
 

3.1 Introduction 

Radiofrequency (RF) deep hyperthermia is a thermotherapy where pelvic tumors (e.g. 
cervical, bladder and prostate tumors) are heated by RF phased antenna arrays operating 
in the 70 to 150 MHz frequency range (1,2). To generate spatially focussed heating in 
the tumor, quantified by the Specific Absorption Rate (SAR), electromagnetic (EM) 
modelling is employed prior to treatment. This procedure is called Hyperthermia 
Treatment Planning (HTP). An essential step in HTP is the assignment of tumor 
electrical conductivity, as this is the main determining factor in the SAR deposition in 
the tumor. Currently, a fixed tumor conductivity (e.g. muscle conductivity of 0.72 [S/m] 
at 128MHz) is assumed for all patients and tumor sites. However, as tumors have 
elevated conductivities varying significantly among patients (3), this assumption leads 
to an unreliable SAR determination. This was illustrated in previous studies (2,4) which 
showed that the use of nonpatient-specific electric properties can lead to 2°C lower 
tumor temperatures during hyperthermia. Therefore, patient specific characterization 
of the tumor conductivity is desirable to improve Hyperthermia Treatment.  

Retrieving information of the electric properties of tumors for characterization and 
diagnostics purposes, has received great attention the last decade (3,5,6). A large 
difference between the conductivity of healthy and malignant tissues has been shown 
for breast (7–9), liver (10,11), bladder tumors (12) and gliomas (13). A non-invasive 
technique to retrieve the tissue electric properties from MR data was proposed by 
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Haacke et.al. (14) already in 1991. In 2003, Wen (15) presented electric property 
reconstruction with phantom and animal experiments at 1.5T and 4.7T. More recently, 
Katscher et.al. built up these initial ideas and introduced Electric Property Tomography 

(EPT) (16,17) to extract EPs from the measured transmit 𝐵1
+ amplitude and phase 

maps. The feasibility of EPT to detect and characterize tumors has been investigated 
for breast tumors (3,18,19) and gliomas (5,6). These studies confirmed the elevated 
tumor conductivity in vivo. Furthermore, in (20,21) the feasibility of EPT to reconstruct 
the conductivity of liver was investigated.  

In this study we investigate the feasibility of using EPT to measure the tumor 
conductivity of hyperthermia patients to be able to use patient specific tumor 
conductivities in the hyperthermia treatment planning. Since there is an overlap in the 
frequency range between MRI and hyperthermia, the values found by MR EPT should 
be representative for the conductivity at the hyperthermia frequency. Here we employ 
a 3T MR scanner to perform EPT retrieving conductivity values at 128 MHz. An 
important aspect will be the evaluation of the impact of the so-called “transceive 
assumption” used in EPT reconstructions at 128 MHz in the human pelvis. This 

assumption arises as the 𝐵1
+ phase is not directly measurable by standard MR sequences. 

This assumption is widely used in most current implementations of EPT (16,22–25). 
Furthermore, it was shown that under additional circumstances the conductivity can be 
reconstructed based only on phase measurements (23,24). 
To date, the validity of the transceive phase assumption was shown to hold in human 
head (16,22–25). However, the phase assumption was shown to be less valid at the 
periphery of the human head at 7T (24). Due to the larger dimensions of the pelvis the 
phase error should be reinvestigated for this particular anatomy. As the ratio of  the axial 
dimension of  the pelvis and the RF wavelength at 3T are in the same regime as this 
ratio for the head at 7T MRI, we expect that the validity of  the transceive phase 
assumption in the pelvis at 3T is similar to the validity of  the transceive phase 
assumption in the brain at 7T. In other words, we expect that this assumption is valid in 
the central region of  the pelvis: the location were pelvic tumors are located. 

In this work, the applicability of the phase assumption at 3T in the pelvis is 
investigated using a pelvic-sized phantom and for various dielectric properties occurring 
in the pelvis anatomy. Furthermore, we present EPT based conductivity measurements 
for a pelvic tumor model over a wide range of tumor conductivities and tumor locations. 

Furthermore, quantitative conductivity reconstructions using 𝐵1
+ as well as using phase-

only information are compared. Additionally, we present in vivo conductivity 
reconstruction results of the human pelvis of a female volunteer and cervix cancer 
patient.  

3.2 Methods 

EM simulations of  a pelvic-sized phantom and human pelvis model were performed to 
study the feasibility of  EPT on the pelvis region. Furthermore, the effect of  object 
asymmetry was investigated by displacing an inner compartment to three different 
locations within the phantom. The electrical conductivity of  the inner compartment of  
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the phantom was varied using different saline concentrations. The complete 
conductivity range that can occur at 128 MHz (26) in human tissue was covered in this 
experiment. 

MR measurements of  the pelvic-sized phantom and female pelvis were conducted 
to validate the EM simulations. Furthermore, in vivo measurements were used to 
reconstruct the electrical conductivity and compare it to the literature values. 

3.2.1 EPT reconstruction  

Assuming that the dielectric properties are piece-wise constant, the tissue electric 
conductivity can be computed by the homogenous Helmholtz equation (23) 
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were in the last part of  Eq.(2), the identity i i
e e i  

     was used (27). In regions 

where the variation of  the 𝐵1
+ is negligible, thus ∇|𝐵1

+ | ≈ 0, or when the following 
condition holds (24) 

∇2𝜙+ ≫
2∇|𝐵1

+ |∇𝜙+

|𝐵1
+ |

                  (3) 

the conductivity can be computed by using phase-only data as 
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𝐵1
+ amplitude can be obtained by various techniques (28–30), however, the 𝐵1

+ phase 

(𝜙+) is difficult to determine from MR measurements. The measurable phase, also 

referred to as the “transceive phase” 𝜙±, of an MR image is a combination of the 

transmit 𝐵1
+ phase (𝜙+) and its counterpart, the receive 𝐵1

− phase (𝜙−). The 

contribution of 𝜙+ and 𝜙− is considered equal for quadrature transmission and reverse 
quadrature detection with a two ports birdcage coil, which is referred to as the transceive 
assumption (16). In addition to requirements with respect to detection, symmetry in the 
object under test is also important (23). Asymmetries can lead to unequal contributions 
of the transmission and reception process in the total transceive phase. The significance 
of this effect becomes larger at higher field strength. See (23) for more details about 
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field strength, geometry, dielectric content and validity of the transceive assumption. As 
in previous studies (16,23,24,31), the transceive phase assumption will be used in this 
work, thus 

2

   


 

    
 

  
.  (5) 

The conductivity maps are computed with Eq.(2) for EPT reconstructions based on 

𝐵1
+ amplitude and phase data, while Eq.(4) is used for phase-only EPT reconstruction.  

 

3.2.2 Phantom 

The pelvic-sized phantom used for simulations and measurements consisted of an 

elliptical cylinder (dmajor=34 cm, dminor=25 cm, length=40 cm), with a spherical 

(𝑟 =5.0cm) inner compartment mimicking a pelvic tumor or an arbitrary tissue type 
(Figure 1a). The interior of the spherical compartment of the phantom was connected 
to the outer surface using a hollow rod, this allowed for easy change of its content 
(Figure 1b). The inner compartment could be positioned on- or off-axis to evaluate the 
effect of asymmetric geometry on the transceive phase assumption and its impact on 
conductivity reconstruction. 

 
 
Figure 1. Pelvic-sized phantom 
used for simulations (a) and 
experiments (b). 

 
 

 
Figure 2. A mid-plane slice of the phantom with the inner compartment positioned 
centrally (a), down right (b), right (c) and top right (d). 

 
 To demonstrate the validity of the phase assumption in a pelvic-sized geometry, 

the phantom was filled with ethelyne glycol in which 64 gr/l NaCl was dissolved. This 
lead to dielectric values (σ=0.44S/m and εr=30) that approach the volumetric average 
of a female pelvis based on literature values (26) and an anatomical female model (32).  

To further validate the feasibility of EPT for the whole range of possible σ–values 
occurring in biological tissue (26), the conductivity of the content of the spherical 
compartment was fixed to σ = 0.01, 0.32, 0.53, 0.67, 1.06, 1.18, 1.34, 1.48, 1.74, 1.81 
S/m. The dielectric properties at 128 MHz were independently verified for all 10 saline 
solutions by acquiring small samples during the MR experiments and measuring them 
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with an impedance probe (85070E, Agilent Technologies). The content of the outer 
compartment remained unchanged for all measurements.  

To test the applicability of the transceive phase assumption for asymmetric 
geometries, the spherical compartment was positioned in three different off-center 
locations (down right, right and top right) as depicted in Figure 2. 

3.2.3 Simulation  

Simulations with the pelvic-sized phantom (see previous section) and the human pelvis 
(Ella, IT'IS Foundation (32)) were performed using in-house developed Finite-
Difference Time Domain (FDTD) tools (33). An artificial cervix tumor model was 

inserted in the female model. The transmit (𝐵1
+) and receive (𝐵1

−) fields were simulated 
for a realistic 3T MRI body coil model based on 3.0T Achieva (Philips, Best, The 
Netherlands) consisting of 16 rods low-pass birdcage coil design. The coil was tuned at 
128 MHz and was driven in quadrature mode. Further details of the used coil model 
can be found in (34).  

The human pelvis and phantom were placed in the center of the body coil. A 
resolution of 2.5x2.5x5mm for the human pelvis and phantom was used for simulations. 
To verify the applicability of the transceive phase assumption, as stated in Eq.(5), the 

true 𝐵1
+ phase (𝜙+) and transceive phase (𝜙±) were compared for the pelvic-sized 

phantom and the human pelvis. 

3.2.4 MR measurements  

All experiments were conducted on a 3.0T scanner (Achieva, Philips Healthcare, Best, 
The Netherlands) using a 16 channel torso receive array. The torso coil set-up consisted 
of an anterior and posterior coil section. The separate section consisted of two rows of 
four overlapping coil-elements. The receiver non-uniformity including the phase 
contribution of the receive array was eliminated by using the so called CLEAR 
technique (35). The net effect of this technique on the phase is that phase of the receive 
array is replaced by the receive phase contribution of the birdcage coil operated in 

reverse quadrature. 𝐵1
+ amplitude map was acquired using the actual flip angle imaging 

(AFI) method (28) (3D, nom. flip angle = 65° TR1 = 50 ms, TR2 = 290 ms, 
2.5x2.5x5mm, 12 slices, scan duration = 6 min.). The transceive phase was acquired by 
a spin echo (SE) sequence (2.5x2.5x5mm, TR = 1200 ms, 12 slices, scan duration = 6 
min.) (36,37) using the uniformity correction method [CLEAR] (35). To correct for 
eddy currents the transceive phase was measured twice with opposing gradients (23). 
Conductivity values were reconstructed using the Helmholtz based reconstruction 

based on 𝐵1
+ field (Eq. 2) and phase-only measurements (Eq. 4).  

First, MR measurements were performed on the pelvic-sized phantom to validate 
the simulation results. To enhance the MR signal, MnCl2•4H2O (95 mg/L) (38) was 
added to the inner and outer compartment of the phantom for all measurements. The 
probe measurements as described in previous section were performed on saline 
solutions containing MnCl2•4H2O. 
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Finally, in vivo MR measurements of a female volunteer and a cervix cancer patient 
(age: 85, Stage: IVA, Cervical carcinoma) were conducted. Due to scan time limitations, a 
more coarse resolution of 5mm isotopic was used. Peristaltic motion was reduced with 
the intravenous injection of Buscopan®. Patient scans for this study were performed in 

accordance with the approval of the Medical Ethics Board. 𝐵1
+ amplitude and phase 

maps of the pelvis were acquired using the same setup and MR sequences used for the 
phantom experiments. To further visually assess the quality of  the EP maps, anatomical 
scans were obtained (T1 weighted Ultra fast GRE, TR/TE=4.0/1.96ms, 1x1x2mm, and 
T2w-TSE, TR/TE=5906/80ms, 0.70x 0.90x3.00 mm). Gross tumor volume (GTV) 
was delineated by a radiation oncologist based on CT and T2-weighted MRI images. 

3.2.5 Postprocessing  

To evaluate the effect of the transceive phase approximation, the phase error 

(𝜙+ −𝜙± 2⁄ ) maps and the corresponding histograms were determined from the 
simulated EM fields. Subsequently, to investigate the effect of the phase error on the 
conductivity reconstruction, EPT reconstructions based on the simulated fields were 

performed using true phase 𝜙+ and transceive phase assumption 𝜙±/2 for a pelvic-
sized phantom and human pelvis model.  

The Laplacian required to evaluate Eq.(2) and Eq.(4) was computed by a kernel-
based method as described in (23) using a kernel size of 7x7x5 voxels. This noise-robust 

kernel was used for convolution of 𝐵1
+ data. As the outcome of a second derivative is 

sensitive to noise it is essential to use noise-robust kernels.  
 The average σ-values for all simulations and measurements were computed as the 

arithmetic mean of all pixels inside a (manually) delineated region. The standard 
deviation was computed assuming that all data was normally distributed. To exclude the 
effect of boundary reconstruction errors, the manually delineated regions excluded the 
boundaries where out-of-range conductivity values might be reconstructed. All 
computations regarding EPT reconstruction were performed using MATLAB® (The 
Mathworks, Natick, MA, U.S.). 

3.3 Results 

3.3.1 Phase error  

The |𝐵1
+ | maps of  phantom and pelvis are shown in Figure 3a and 3b, respectively. In 

Figure 3c the phase error (𝜙+ − 𝜙± 2⁄ ), evaluated by simulations for a homogenous 
phantom, is depicted. This figure shows to what extent the transceive phase assumption 
holds. As expected, the phase error is larger at the periphery of  the phantom, indicating 
that the transceive phase assumption deteriorates there. Furthermore, it is shown that 
the phase error exhibits a left/right antisymmetry. Similarly, Figure 3d shows the phase 
error for the human pelvis. In the human anatomy a larger phase error is observed 
compared to the phantom. Also for the anatomy, the phase error shows a left/right 
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antisymmetry; however, the error is not only confined to the periphery. The distribution 
of  the phase error for the phantom and the human pelvis, are shown in Figure 3e and 
3f, respectively. The mean±standard deviation of  the phase errors are 0.149±2.96° 
(0.0026±0.0517 rad) (Fig. 3e) and -0.395±3.105° (-0.0069±0.0542 rad) (Fig. 3f). 

3.3.2 Phantom simulations and measurements  

Figure 4 depicts the results of homogenous phantom simulations (left column) and 
experiments (right column). The first row shows the reconstruction based on the 

complex 𝐵1
+, thus including the true 𝜙+. As mentioned, the true 𝐵1

+ phase can only be 

simulated at this stage. In Fig. 4c and 4d the conductivity maps are shown using 𝐵1
+ 

amplitude and transceive phase while Figure 4e and 4f show the phase-only conductivity 
reconstruction. In Figure 4c is observed that the conductivity slightly deviates from the 

conductivity reconstruction in Figure 4a implying that the use of 𝜙± 2⁄  instead of 𝜙+ 
mildly affects the quality of the conductivity reconstruction.  

The σ-maps based on measurements (Figure 4, right column) show similar results 
with respect to the σ-maps based on simulations. When using phase-only information 
for EPT reconstruction, see Figure 4 (3rd row), the conductivity values deviate stronger 
at the periphery for simulations as well as measurements. In addition to the local 
overestimated conductivity values just below and above the centre of the phantom in 
measurements and simulations, noticeable disagreement is also observed at the utmost 
left and right part of the phantom. In these peripheral regions the reconstructed values 
are underestimated by approx. 40%. This overestimation and underestimation pattern 
is not observed when using both amplitude and phase information in simulations and 
measurements. However, for the central region of  the phantom, conductivity values are 
shown to correlate well with the actual σ-values for all reconstruction methods including 
the phase-only. The error observed in the peripheral regions of the phantom using the 
phase-only conductivity reconstruction (Fig. 4e,f) are caused by large variations in the 

𝐵1
+ amplitude which lead to violation of the condition as stated in Eq.(3).  

Table 1 summarizes the conductivity values (mean ± standard deviation), 
confirming an overall good agreement with the actual fluid conductivity at the central 
region of  the body coil. The high conductivity value indicating the boundary of  the 
sphere compartment (Fig. 4, right column), is resulting from the piece-wise media 
assumption in EPT combined with the numerical implementation of  the Laplacian.  

Table 1 Reconstructed conductivity values (mean ± standard 
deviation) in S/m based on measurements and simulations as 
presented in Figure 4. Impedance probe measurement: σ = 0.44 S/m. 
 Measurements Simulations 

Outer compartment (|B1
+|, 𝜙±/2) 0.34 ± 0.11 0.44± 0.04 

Inner compartment (|B1
+|,  𝜙±/2) 0.41 ± 0.09 0.44± 0.01 

Outer compartment ( 𝜙±/2)  0.30 ± 0.16 0.39± 0.16 

Inner compartment ( 𝜙±/2) 0.42 ± 0.09 0.48± 0.04 
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Figure 3. The 𝐵1

+ amplitude map for the homogenous phantom (a) and human pelvis 
(b). The phase error map and the corresponding histogram for phantom (c,e) and 
human pelvis (d,f).  
 
 

 
Figure 4. Conductivity reconstruction 
of  the homogeneous phantom. The 
conductivity was reconstructed based 
on simulated or measured RF 
transceive and receive fields. Various 
combinations of  those RF fields were 
used for the reconstruction, namely, the 

full complex transmit field (𝐵1
+, 

simulations only), the amplitude of  the 
transmit field and transceive phase 

(𝜙±⁄2) and the transceive phase only. 

 
Figure 5: a) Reconstructed conductivity map 
of the mid-plane slice of the phantom 

measurements based on 𝐵1
+ amplitude and 

phase data. b) Conductivity values of the 
inner compartment verified by probe 
measurements (white). Reconstructed 
conductivity values based on both amplitude 
and phase (grey) and phase-only data (black), 
Eq.(4).  
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Figure 5 depicts the reconstructed σ-maps, based on 𝐵1
+ amplitude and phase data, of 

10 phantom measurements with increasing σ-value in the spherical compartment. The 
probe measurements of saline solutions are shown in white. The reconstructed average 
σ-values of the spherical compartment were obtained by manual delineation of the 

sphere compartment of the mid-plane slice. The average σ-values using 𝐵1
+ field and 

phase-only data are shown in grey and black, respectively. Based on Figure 5 it can be 
observed that the reconstructed average σ-values are in good quantitative agreement 
with the probe measurements. A deviation between 1% and 10% is observed for the 

average EPT reconstruction based on 𝐵1
+ amplitude and phase compared to the probe 

measurements. However, the phase-only EPT reconstruction shows a higher deviation, 
yielding an overestimation of the reconstructed average σ-value ranging between 1% 
and 25% compared to probe measurements.  

To investigate the effect of asymmetries, the inner sphere compartment was 
positioned in three different off-axis positions. Figure 6 shows the reconstructed σ-

map,based on 𝐵1
+ amplitude and phase data, with the spherical compartment (𝜎 =0.64 

S/m, probe measurement) positioned on-axis (Fig. 6a) and off-axis (Fig. 6b–d). The 
histograms of the inner compartment are shown in Figure 6e-h. The histograms of the 
off-centrally located compartments (Fig. 6f–6h) show no significant disagreement 
compared to a centrally placed spherical compartment (Fig. 6e). The effect of 
asymmetry on conductivity reconstruction is marginal (2–7% deviation of  mean 
conductivity) and is not expected to corrupt tumor conductivity reconstruction of 
tumors located off-centrally. 

3.3.3 In vivo simulations and measurements  

EPT results based on simulations and in vivo experiments with a healthy volunteer and 
a cervical cancer patient are shown in Figure 7. The first row (a-c) shows the simulated 
or measured anatomy. For the simulations the underlying electrical conductivity is 
shown, whereas for the in vivo scans a T1w (b) and T2w (c) scans are shown. 

Furthermore, the 𝐵1
+ amplitude (d–f) and transceiver phase (g–i) are given.  

For the simulation, the electrical conductivity was reconstructed based on the 

complex 𝐵1
+ field (j). This reconstruction showed good agreement with the input 

conductivity (a). Only at conductivity boundaries, large deviations between 
reconstructed and input conductivity are observed. This deviation is caused by the 
piece-wise media assumption in the EPT reconstruction and the kernel-based 
implementation of the reconstruction algorithm. The observed conductivity in the 
tumor region was in close agreement with the input conductivity of  that region (0.86 

S/m vs. 0.90 S/m, resp.). As the 𝐵1
+ phase cannot be measured, this reconstruction is 

not shown for the in vivo scans (k,l). 

Next, the reconstructed conductivity based on the 𝐵1
+ amplitude and the transceive 

phase is shown (m–o). By comparing the simulation results (j and m), it can be observed 
that the conductivity reconstruction is only mildly affected by introducing the tranceive 
phase assumption. This assumption led to overestimation and underestimation in the  
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Figure 6. On-axis (a) and off-axis located inner compartment (b-d). (e-h) The 
histograms of the conductivity values of the inner compartments of a-d, respectively. 
The red line indicates the conductivity value based on probe measurement. 

Reconstructions are based on 𝐵1
+ amplitude and phase data. 

 

 
Figure 7. Simulation (left column) and measurement results of a female volunteer 
(middle column) and cervix patient (right column).  
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Figure 8. Cervix tumor delineation projected on 
the anatomical scan (a) and conductivity map (b). 

periphery of the anatomy. For example in the left bottom part an overestimation of the 
conductivity was seen, whereas an underestimation in the right bottom part was 
observed. This anti symmetric behavior is present in the simulation as well as in the 
measured data. This result is comparable for the phantom experiments (Fig. 4). The 
observed conductivity in the centrally placed tumor, however, remained almost 
unchanged (0.85 S/m). Furthermore, the reconstructed tumor conductivity for slices 
with an offset in the z-direction of 0.5cm and 1cm (not shown here) were in close 
agreement with the reconstructed conductivity values of the mid-plane slice (Figure 7, 
left column), however, an overestimation of 4–12% was observed compared to the 
reconstructed tumor conductivity values of the mid-plane slice. 
This measurement also allowed for in vivo determination of the electrical conductivity 
of the tumor. In this patient (o), an electrical conductivity of 1.16±0.40 S/m was 
observed for the delineated gross tumor volume as depicted in Figure 8. The latter 

conductivity value is based on EPT reconstruction using 𝐵1
+ amplitude and phase data. 

Finally, the reconstructed conductivity based only on the transceive phase is shown 

(p–r). Omitting the 𝐵1
+ amplitude led to a general overestimation of  the electrical 

conductivity. It is observed that the conductivity in the tumor simulation increased to 
0.98 S/m.  

3.4 Discussion 

In this study the feasibility of  conductivity reconstruction of  centrally located pelvic 
tumors was investigated for use in Hyperthermia Treatment Planning systems. Previous 
studies have focused on EPT reconstruction of  the human brain for local SAR 
evaluation for RF safety purposes in MRI. Due to the dependency of  the transceive 
phase assumption on measurement setup (e.g. object size, coil setup, RF frequency, etc.), 
the validity of  the transceive phase assumption in the pelvis anatomy was investigated 
in this study by simulations and MR measurements.  

Reconstruction of conductivity maps by EPT requires 𝐵1
+ amplitude and phase 

maps. Since the 𝐵1
+ phase (𝜙+) cannot be determined directly by MR measurements, 

an estimation of the 𝐵1
+ phase is determined by measuring the transceive phase (𝜙±). 

The transceive phase contains contribution of the transmit field (𝐵1
+) and receive field 

(B1
−). In theory, an equal contribution to the transceive phase is only expected for a 

cylinder or a sphere in case the B1
+ is linearly polarized or in case of a quadrature reversal 

between the two ports (23) in a Tx/Rx quadrature birdcage coil (23). For other 
geometries, the validity of the transceive phase approximation is approximate and 
depends on various factors such as the frequency of the applied fields. This was 
extensively investigated for the human brain in (24). Therefore, in this study the 
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applicability of the transceive phase approximation in EPT at 3T was investigated for 
the pelvis anatomy and elliptical objects of a similar size. 

The phase error (𝜙+ − 𝜙± 2⁄ ) is furthermore affected by the dielectric 
properties as was shown in (24) for the human head and head-sized phantoms. In this 
work it was shown in Figure 3 that the phase error in the human pelvis is small in the 
central region suggesting that EPT of  pelvic tumors is possible. To show the feasibility 
of  EPT for conductivity reconstruction of  tumors in the pelvic region, a pelvic tumor 
model was placed in a phantom with pelvic equivalent dielectric properties. 
To this extent, the conductivity of  the inner compartment of  the phantom was varied 
to verify the applicability of  the transceive phase assumption for a complete range of  
conductivity values occurring in biological tissue at 128MHz. Results presented in 
Figure 5 demonstrate the feasibility of  EPT to reconstruct a wide range of  tumor 
conductivity values. The ringing artifacts observed in the outer compartment, Figure 
4d,f and Figure 5, are presumably because of fluid motion caused by mechanical 
vibrations due to gradient switching. These artifacts were not observed in the smaller 
volume of the inner compartment, nor in the in vivo experiments.  

To test the robustness of  EPT reconstruction on asymmetric geometries, the inner 
compartment of  the phantom was displaced to three different off-axis locations. This 
would mimic realistic scenarios in the clinic where the pelvic tumors might be located 
slightly outside the central region. The results presented in Figure 6 show that the 
conductivity reconstruction is reliable despite the introduced asymmetry. The 
quantitative impact of  this effect is small as the average conductivity of  the displaced 
inner compartment deviated only 2-7% compared to the conductivity value of  the 
centrally located compartment. The tested off-center positions cover the range of  
positions we expect for the tumors of  our interest, i.e. cervical, bladder and prostate 
tumors. This indicates that the conductivity reconstruction is reliable for these tumor 
groups.   

As short scan times are desirable in the clinics, the simplified EPT reconstruction 
using phase-only data was considered in this work. Earlier studies in the brain (23,24) 
have shown that conductivity reconstruction at 1.5T and 3T yields better results 
compared to 7T due to the lower phase error and lower noise level at 1.5T and 3T. In 
this study, it was demonstrated that phase only EPT reconstruction yields an 
overestimation of  the conductivity values for which it can be accounted for. In (31) an 
overestimation of  10% was observed for most tissue types for phase-only 
reconstruction based on simulations at 1.5T. Based on the phantom experiments 
presented in this work, an overestimation between 1% and 25% was observed for phase-
only reconstruction compared to probe measurements. Furthermore, in vivo 
conductivity reconstruction based on phase-only measurements (Fig. 7p) does not 
suffer from asymmetries that are observed in Figure 7m. The conductivity error of  the 
phase-only reconstruction, introduced due to omission of  the second term of  Eq.(2), 

cannot directly be related to the |𝐵1
+ | map only as the error is related to the inner 

product of  gradients in |𝐵1
+| and 𝜙±. The asymmetries observed in Figure 7m are 
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introduced due to the inner product of  ∇|𝐵1
+| and ∇𝜙± where the latter one is 

determined by 𝐵1
− as well.  

In vivo conductivity maps of the pelvis are, however, more challenging. This is due 

to a combination of factors. First of all, the 𝐵1
+ amplitude and especially the phase 

measurement can be easily corrupted by bowel and respiratory motion. In the cervix 
and prostate region of the pelvis it was found that respiratory motion is not really 
problematic with regard to phase measurements. Peristaltic motion was found to have 
more impact. We addressed this issue by using an agent (Buscopan®) that minimizes 
peristaltic motion which is a common practice in oncologic MR imaging of the pelvis.  

A more fundamental problem degrading the accuracy, is the corrupted 
conductivity estimates around tissue boundaries which are numerous due to the 
heterogeneous anatomy of the pelvis. This error is caused by piece-wise media 
assumption in the Helmholtz based EPT reconstruction method and the numerical 
implementation of the Laplacian (16,23). Current EPT reconstruction schemes assume 
piece-wise constant dielectric properties, however, this assumption does not hold at 
tissue boundaries. This results in a corrupted conductivity reconstruction at the tissue 
boundary (Fig. 3) or complete blurring in case of small tissue types (e.g. blood vessels) 
as observed in Figure 6 (1st column). Additionally, the kernel-based implementation of 

the Laplacian may also introduce boundary errors as it projects for the local 𝐵1
+ 

curvature estimation spatial information of one tissue into its adjacent tissue. Also the 
intrinsic sensitivity of the Laplacian to noisy measured data affects the quality of the 
reconstructed conductivity maps based on measurements. Boundary errors regarding 
the Laplacian may be reduced by considering backward and forward differentiation or 
by adapting the kernel-size near boundaries. A recent study (39) has introduced a new 
approach based on Contrast Source Inversion method. This approach is free of 
assumptions regarding the piece-wise regions and is based on integral representations 

of the electromagnetic field, avoiding derivatives of 𝐵1
+ fields. This method offers 

improvements of EPT results regarding conductivity reconstruction near tissue 
boundaries.   

As shown in this study, the transceive phase assumption is applicable at 3T for the 
human pelvis. However, simulation results (Fig. 4a and 7j) show that a slight 

improvement may be achieved if  the 𝐵1
+ phase can be determined. Recent studies (40–

43) avoid the transceive phase assumption by using multiple independent 
transmit/receive channels and open up possibilities for EPT reconstruction free of  

assumptions regarding the B1
+ phase. Modern clinical 3T scanners are often equipped 

with 2 transmit channels for RF shimming purposes and thus this new methodology 
might also be introduced here. However, to fully utilize these methods more than two 
transmit channels are preferred as high SNR might be required for the two-channel 
systems. Particularly when the aim is to reconstruct the conductivity of  the whole 
anatomy, this method might be valuable. For central locations, the added value is, 
however, limited. 

Conductivity reconstruction as presented in this work, has various applications 
besides Hyperthermia Treatment Planning. Due to its ability to reconstruct a wide range 
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of  conductivity values, it can be applied for tumor detection and characterization (3). 
Based on previous studies tumors may have elevated conductivity values compared to 
the surrounding healthy tissue. A further application would be the use of  reconstructed 
conductivity vales for RF safety purposes in MRI. However, to fully utilize EPT for MR 
safety and HTP in the complete pelvis region, the reconstruction of  the whole pelvis 
region should be accomplished and the error margins at tissue boundaries should be 
reduced. Also, the reconstruction of  inter-tissue conductivity variation might further 
improve RF safety assessment, and should be subject to further research. 

3.5 Conclusion 

This study demonstrates the feasibility of  EPT to measure quantitatively the electric 
conductivity of  centrally located tumors in a pelvic-sized phantom and human pelvis 
with a standard MR system and MR sequences. A good quantitative agreement was 
found between the spatially-averaged conductivity values and probe measurements for 
a wide range of  σ-values and for off-axis located spherical compartment. The phase-
only conductivity mapping shows a systematic overestimation of  the true conductivity 
values. As most pelvic tumours are located in the central region of  the pelvis these 
results can be exploited in Hyperthermia Treatment Planning systems. In vivo 
measurements illustrated the feasibility of  EPT to reconstruct the conductivity of  
tumors in the pelvic region, however, the reconstruction of σ-map of  the whole pelvic 
region should be subject to further research. 
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Abstract 
 

Purpose: In vivo electric conductivity (σ) values of tissue are essential for accurate 
electromagnetic simulations and Specific Absorption Rate (SAR) assessment for 
applications such as thermal dose computations in hyperthermia. Currently used σ-
values are mostly based on ex vivo measurements. In this study conductivity of human 
muscle, bladder content and cervical tumors are acquired non-invasively in vivo using 
MRI.  
Methods: The conductivity of 20 cervical cancer patients was measured with the MR-
based Electric Properties Tomography method on a standard 3T MRI system.  
Results: The average in vivo σ-value of muscle is 14% higher than currently used in 
human simulation models. The σ-value of bladder content is an order magnitude higher 
than the value for bladder wall tissue that is used for the complete bladder in many 
models. Our findings are confirmed by various in vivo animal studies from the literature. 
In cervical tumors, the observed average conductivity was 13% higher than the literature 
value reported for cervical tissue.  
Conclusions: Considerable deviations were found for electrical conductivity observed 
in this study and the commonly used values for SAR assessment, emphasizing the 
importance of acquiring the in vivo conductivity for more accurate SAR assessment in 
various applications. 

4.1 Introduction 

Accurate tissue electric properties (conductivity and permittivity) are critical for correct 
electromagnetic simulations and subsequent Specific Absorption Rate (SAR) 
assessment for various purposes, such as for safety assessment of  Magnetic Resonance 
Imaging (MRI) [1,2] and telecommunications [3] or for thermal dose computation in 

Hyperthermia Treatment Planning (HTP) [4]. SAR is related to conductivity (𝜎) as 
2

/ (2 )SAR E  , where E is the electric field and 𝜌 is the tissue density. Since many of 

the electric properties used in human models are based on ex vivo measurements of  
animal and human tissues [5,6], the accuracy of the in vivo SAR determination in specific 
applications may be questionable. Furthermore, a review of  those measurements from 
many studies showed a large variation between the reported electrical properties [7]. 
These variations can be explained by the use of  tissues of  various species and variations 
in measuring conditions (tissue temperature, in vivo, in vitro and ex vivo). Based on this 
disparity, we believe that there is sufficient reason to verify the validity of the current 
maintained in vivo electric property values. 

Due to practical and ethical reasons, human in vivo electric property measurements 
are scarce. Only easily accessible tissue types (e.g. skin, tongue) [5] and liver [8] have 
been measured in vivo. Therefore, MR based methods to measure electric properties 
non-invasively have recently received an increased attention. Electric Properties 
Tomography (EPT) [1,9–11] is such a non-invasive technique to reconstruct electric 

properties using 𝐵1
+ field measurements acquired by standard MR techniques. EPT has 
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been previously applied for in vivo electric property reconstruction of  human brain 
tissue [9,12,13] and liver [14,15]. In these studies good agreement was shown between 
the mean reconstructed values and probe measurements reported in the literature, and 
typically a standard deviation of  around 20% is observed. As in general the conductivity 
value of  tumors are elevated compared to healthy tissue, EPT is a potential tool for 
tumor characterization and has recently been utilized to reconstruct the conductivity 
values of  gliomas [16,17] and breast tumors [18,19]. One of  the limitations of  EPT is 
the accuracy at tissue boundaries due to kernel based implementations and use of  
transceive phase assumption, therefore, various studies have investigated these issues 
[9,20–22].  

In this work we utilize this technique to reconstruct the in vivo electric conductivity 
of  tissues in the pelvic region. These results can be used for more accurate SAR 
determination in hyperthermia treatment planning of  deeply seated pelvic tumors. 
Here, we report the conductivity of  muscle, bladder and cervical tumor as reconstructed 
using EPT, based on measurements performed at 3T MRI. Finally, we compare those 
values to conductivity values reported in the literature for those tissue types. 

4.2 Methods 

In vivo MR measurements were conducted on 20 patients with cervical cancer in 
accordance with the approval of the Medical Ethics Board. 18 patients were 
histopathologically diagnosed with squamous-cell carcinoma (SCC) of the cervix, one 
was diagnosed with adenocarcinoma and one with endometrial carcinoma. Peristaltic 
bowel motion during the MRI scan was reduced with the intravenous injection of 
Buscopan® (Boehringer Ingelheim GmbH). 

4.2.1     MR measurements  

All experiments were conducted on a 3T MR system (Ingenia, Philips Healthcare, The 

Netherlands) using a 26 channel torso receive array. The 𝐵1
+ amplitude map was 

acquired using the actual flip angle imaging (AFI) method [23] (3D, nom. flip angle = 
65°, TR1/TR2=50/290ms, 2.5x2.5x5mm, 16 slices, scan duration ≈ 6 min.). The 
transceive phase was acquired by a spin echo (SE) sequence (TR=1200ms, 
2.5x2.5x5mm, 16 slices, scan duration ≈ 6 min.) [24,25]. The receiver non-uniformity 
including the phase contribution of the receive array was eliminated by using the so-
called CLEAR technique [26]. The net effect of this technique is that the phase of the 
receive array is replaced by the receive phase contribution of the system’s birdcage body 
coil operated in reverse quadrature. To correct for eddy currents, the transceive phase 
was measured twice with opposing gradients [27]. Due to scan time limitations, a 5 mm 
isotropic resolution was used for 13 patients. 
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4.2.2.     EPT reconstruction 

The EPT reconstructions were performed using 𝐵1
+ amplitude measurements and the 

transceive phase approximation (𝜙+ ≈ 𝜙±/2) was applied as described in literature 
[1,10,25,27].  

Assuming that the dielectric properties are piece-wise constant, the tissue electric 
conductivity can be computed by the homogenous Helmholtz equation:  
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where 𝐵1
+ is the complex transmit field (𝐵1

+ = |𝐵1
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), 𝜀𝑟 and 𝜎 are the relative 

permittivity and conductivity of  the object of  interest, respectively, 𝜔 is the Larmor 

angular frequency, and 𝜇0 and 𝜀0 are the permeability and permittivity of  vacuum, 
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where in the last part of  Eq.(2), the identity i i
e e i  

     was used [28]. 

The Laplacian required to evaluate Eq.(2) was computed by a kernel-based method 
as described in [27] using a kernel size of 7x7x5 voxels. This noise-robust kernel was 
used to reduce the effect of noise on the second derivative. The applied EPT method 
in this study was validated in a pelvic-sized phantom study in [11] where a good 
agreement was found between EPT based conductivity values and probe measurements 
(Model 85070C, HP/Agilent Corp, Santa Clara CA). 

4.2.3     Quantification of in vivo data  

The tumor volume was delineated by a radiation oncologist based on CT and T2-
weighted MRI images (TR/TE=5906/80ms, 0.70x0.90x3.00 mm). In vivo MR 
measurements were used to reconstruct the electric conductivity and the reconstructed 
values were compared to literature values. 

Average conductivity values were computed for all voxels inside a (manually) 
delineated volume-of-interest. All acquired slices have been used for the computations 
of the average and standard deviation of σ-values. To exclude the effect of boundary 
reconstruction errors related to EPT, the delineated regions excluded the boundaries 
where out-of-range σ-values were reconstructed. Furthermore, the first two pixels 
closest to the boundary were excluded and for a reliable reconstruction only tissues with 
a volume of at least 3.5x3.5x3.0cm3 were considered. At the boundaries the 
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reconstructed values can be twice as high as the expected values and are therefore 
excluded by excluding the first two pixels closest to the boundary. As a consequence 
the bladder and tumor volume of only ten patients were sufficiently large to be included. 
All patients met the inclusion criteria for muscle tissue reconstructions. Computations 
regarding EPT reconstruction were performed using MATLAB® (The Mathworks, 
Natick, MA, U.S.). 

4.3 Results 

In Figure 1a and 1b, an example is depicted of  the measured 𝐵1
+ amplitude and 

transceive phase maps of  a patient, respectively. The reconstructed σ-map based on 
Figures 1a and 1b is shown in Figure 1c. Figure 1c also shows the manual delineation 
of  muscle tissue to exclude EPT-related boundary artifacts from the measurement. The 
T1-weighted image of  the patient, acquired by the AFI sequence, is shown for 
anatomical reference in Figure 1d.  

4.3.1     Muscle 

In Figure 2 the electric conductivity (mean±std) of muscle of each patient is presented. 
The mean conductivity value of muscle found in this study is 0.93±0.26 S/m. In Figure 
2 the literature value as given by Gabriel et al. [6] is also shown, a value widely used in 
human models for SAR assessment in various applications. The mean value found in 
this study is 14% higher than the value reported in [6]. In Figure 3 the distribution of 
the data of the 20 patients is presented along with the mean value and the value based 
on [6]. 

4.3.2  Bladder content/Urine 

The reconstructed electric σ-values of  bladder content of  ten patients are presented in 
Figure 4. The interpatient variation is larger compared to muscle conductivity. The mean 
value based on this study is 1.76±0.42 S/m. The conductivity of urinary bladder wall 
tissue from the literature [5,29] is also shown, which is widely used for the whole bladder 
volume in human models [30–33]. Finally, the porcine urine conductivity value at 
128MHz, based on [34], is also depicted in Figure 4. 

4.3.3 Cervical tumor 

In Figure 5 the reconstructed electric σ-values of tumor tissues are depicted. The σ-
value of adenocarcinoma and endometrial carcinoma is slightly higher than for other 
tumor tissues. The conductivity of cervical tissue at 128MHz as reported in [6] is also 
shown in Figure 5. The mean value of all cervical tumors is 1.02±0.29 S/m which is 
13% higher than the σ-value reported in [6]. 
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Figure 1. 𝐵1

+ amplitude (a) and the transceive phase (b) of  a patient. The 
reconstructed conductivity map (c) based on (a,b) and the corresponding T1 
weighted image (d) acquired during the AFI sequence. The muscle delineation shown 
in black (c) excludes the EPT related boundary artifacts. The outline of  the tumor is 
shown in red (d). 
         

 

 

Figure 2. Muscle conductivity (mean±std) of  each patient and the literature value 
based on [6] at 128 MHz. 
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Figure 3. Distribution of  the 
muscle data of  20 patients. 

 

Figure 4. Bladder content conductivity based on 
this study and the literature value [6] based on 
bladder wall tissue. The last bar represents the 
conductivity value of  porcine urine reported in 
[34]. 

 

 

 

Figure 5. Cervical tumor σ-values observed in this study for squamous-cell 
carcinoma, adenocarcinoma and endometrial carcinoma compared to literature 
value. 
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Figure 6. a) An overview of  the available literature data at 100MHz and 128MHz for 
the conductivity of  muscle along with the mean value based on this study. b) The 
literature data extrapolated to 37ºC by adjusting the conductivity values by 2%/ ºC. 
The horizontal line represents the median values of the ex vivo/in vitro data or the in 
vivo data. 

 

4.4 Discussion  

We have presented in vivo electrical σ-values as reconstructed by the EPT method based 

on 𝐵1
+ data. The presented values correspond to σ-values at 128MHz as this is the 

Larmor frequency of  a 3T MR system.  
Since current implementations of  EPT might show error artefacts at tissue 

boundaries, these regions have been excluded from the calculation of  the mean 
conductivity. However, the performance of  EPT of  relatively large tissue regions is 
reliable as was demonstrated in pelvic-sized phantom experiments in [11] and brain 
studies [9,10,25]. Furthermore, we applied the transceive phase approximation, which 
was shown to hold for the pelvis anatomy in [11]. The standard deviation observed in 
this study and generally observed in EPT in vivo studies is due to the numerical 
implementation of  the method and the heterogeneity of  biological tissue. For instance, 
derivative operators act on typically noisy B1 data which together with the transceive 
phase approximation introduce around 20% standard deviation within a sample volume.  

Various studies have focussed on clinical implementation of  new approaches 
increasing the accuracy by using multi transmit channel systems or avoiding derivative 
operators [9,20,35,36]. However, the close agreement between the reconstructed values 
of 20 patients included in this study demonstrates the high reproducibility of the 
reconstructed conductivity values. Furthermore, we had repeat measurements available 
for three patients as they underwent a follow up MR scan after the treatment. The mean 
reconstructed muscle conductivity values in these three cases deviated less than 5% 
from the initially reconstructed conductivity values confirming the high reproducibility. 
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In general EPT is able to reconstruct the permittivity values as well. However, the 
reconstruction accuracy varies with field strength as shown earlier by van Lier et.al [12]. 
It was shown that the permittivity reconstruction in vivo is most accurate at 7T. Due to 
the limited accuracy of permittivity reconstruction at 3T we have focused on 
conductivity reconstruction only, since the acquisition of the latter contributes more 
substantially to more accurate SAR assessment. This was shown by Restivo et.al. [37] 
for tumor SAR assessment at 7T MRI and in deep hyperthermia studies in [4,38–40]. 

Currently, most electric property values presented in overviews like Gabriel et al. 
[7] are measured under different measurement conditions, hence report a large variance 
in values. We have compared σ-values reported in this study to the ones reported in the 
literature for the relevant frequency range, and included literature data available from 
animal studies at around body temperatures and human data at any temperature 
measured in vivo, in vitro or ex vivo. 

Literature data are mostly presented in tables at distinct frequencies or in graphs. 
The latter necessitate estimation of  σ-values at intermediate frequencies by 
interpolation. We have chosen to consider only studies which presented data for muscle 
tissue at 100MHz. In addition, we have included literature data at 128MHz (ie. Larmor 
frequency for 3T proton MRI imaging) if  this was explicitly given or if  Cole-Cole 
parameters were reported allowing computation of  the value at 128MHz. In general, 
frequency dependence of  tissue conductivity can be described by a Cole-Cole equation 
[41]. 

4.4.1 Muscle 

Comparison of  our measured values to values in the literature is challenging as 
conductivity measurements of  human muscle are reported in just two studies [42] [43]. 
In [42], measurements were performed between 1 and 2 hours after excision at a 
temperature between 23-25°C. No information regarding measuring conditions is 
provided in [43]. Note that the currently used conductivity value for muscle, based on 
[6], is of  ovine origin, measured ex vivo (at 37°C), and within 2h after the animal is 
sacrificed. A larger overview of  literature data for muscle tissue of  different species and 
obtained both in vivo and ex vivo is depicted in Figure 6a. In Figure 6a we have depicted 
the median of  the reported σ-values in [44–46]. All other values shown in Figure 6a are 
mean values as reported in the corresponding studies [47–51]. In Figure 6b the 
temperature dependency of  conductivity values is taken into account, therefore, the 
values of  Figure 6a are extrapolated to 37ºC by adjusting the values with 2%/ºC as 
reported in [52,53]. The mean value found in this study is depicted alongside literature 
values and appears to be in good agreement with the in vivo values reported in the 
literature for different species. 

Thus, based on σ-values reconstructed in this work, it is observed that the mean 
conductivity value of  all patients is approximately 14% higher than the value reported 
in [6]. These findings are in agreement with the animal studies presenting in vivo σ-values 
as shown in Figure 6. We therefore reason that the currently used value for muscle 
conductivity slightly underestimates the true in vivo conductivity value, however, the 
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reported value in [6] falls within the uncertainty range of  data presented in this study. 
Explanation for this 14% difference might be the higher blood and water content in 
living conditions. In [54] and [55] the effect on conductivity change after sacrifice was 
investigated for canine and porcine brain tissue, respectively, and a 15% conductivity 
decrease in the first 15 minutes after sacrifice was observed. Additionally, physiological 
difference between human and ovine muscle tissue may explain the difference between 
the literature values and the values observed in this study. We have, furthermore, noticed 
that the conductivity value reported for muscle in the table in [6] is around 14% higher 
than reported in the online databases [29,56]. We assume this discrepancy is introduced 
due to the use of  Cole-Cole parameters in the latter databases which might lead to a 
mismatch at some frequencies compared to the true measurements [6] on which these 
Cole-Cole parameters are derived from.  

Furthermore, [57] reported a decrease of  conductivity with age for various rat 
tissues, including muscle, in a frequency range of  130MHz to 10GHz, attributed to 
changes in cell sizes, structure, water content and the ratio of  free to bound water. Based 
on the Cole-Cole parameters presented in [57,58], the estimated σ-values at 130MHz of  
a new born and 70 days old rat muscle are 1.46 S/m and 0.68 S/m, respectively. In our 
study the patient age ranged between 30 and 86 years old, however, no significant age 
related conductivity differences were observed in the relatively small patient population 
included in the study.  

4.3.2 Bladder content/Urine 

There is a large discrepancy of  an order of magnitude between the often used 
conductivity for bladder volume in human models [30–33] and in vivo reconstructed 
conductivity based on EPT (Figure 4). No study reports human urine σ-values at 
128MHz, but one study [34] reports σ-values of  porcine urine using samples of 21 
animals (at 37°C). These yield, based on the reported Cole-Cole fitting parameters, a 
conductivity value of urine of 1.84 S/m at 128MHz, which is in good agreement with 
the human values found in this study (Figure 5). The reported root-mean-square-error 
of the fits was large [34], indicating a relatively large spread among samples. The results 
of the porcine study [34] were recently included in the online database [56], however, 
various SAR studies have been using the low conductivity value of  bladder wall tissue 
for the whole bladder. There is one study reporting that human urine conductivity at 90 
MHz is 1.81[S/m] [59] measured by an impedance probe (Model 85070C, HP/Agilent 
Corp, Santa Clara CA) which is in good agreement with our findings. 

4.3.3. Cervical tumor 

The only available data on human cervical tissue at 128MHz are found in [6] which is 
based on measurements (at 37°C) on excised non-specified (healthy or tumor) cervical 
tissue. The reported σ-value is 0.91 S/m. In contrast, the cervix conductivity value used 
in, for instance, Virtual Family models [56] and in the online available database [29] is 
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much lower: 0.75 S/m (at 128MHz). The σ-value at 128MHz based on [6] is shown in 
Figure 5.  

To the best of  our knowledge, no data are available regarding cervical tumor σ-
values at 128MHz. The only reports on cervical tumor conductivity are based on 
measurements at 4.8 kHz and 614 kHz [60], where no significant difference in average 
σ-values were observed between healthy and pathological cervix uteri. However, 
Trokhanova et al [60] did observe a higher electrical conductivity value within the zone 
of the external fauces. 

The average conductivity found in cervical tumors in this study is approximately 
13% higher compared to [6]. In our study however, we have not reconstructed the 
conductivity of healthy cervical tissue for comparison. We therefore have insufficient 
evidence to expect that our EPT technique is capable of differentiating this particular 
tumor type. We do not exclude of course that this technique is capable of differentiating 
other types of pelvic tumors provided the tumor is large enough and provided that this 
tumor type has conductivity properties which deviate more significantly from the 
surrounding normal tissue as was the case for the breast tumors evaluated by Katscher 
et al. [18]. A further comparison between healthy and diseased cervical tissue is 
warranted to enable interpretation of the observed differences. 

4.5 Conclusion  

This study indicates that the human in vivo electric conductivity values appear to deviate 
slightly from values provided in the present databases at the investigated frequency and 
conductivity values should therefore be evaluated in a larger in vivo study investigating 
more human tissues. The in vivo values reported in this study were in good agreement 
with available in vivo data from the literature. The presented results have an impact on 
power absorption computations, used among others for hyperthermia treatment 
planning, emphasizing the importance of using in vivo values when incorporating electric 
conductivity data into numerical models.   
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Abstract 
 

Introduction: The reliability of Hyperthermia Treatment Planning (HTP) is strongly 
dependent on the accuracy of the electric properties of each tissue. Currently used 
values are mostly based on ex vivo measurements. In this study, in vivo conductivity of 
human muscle, bladder content and cervical tumors, acquired with MR based Electric 
Properties Tomography (EPT), are exploited to investigate the effect on HTP for 
cervical cancer patients.  
Methods: Temperature based optimization of five different patients was performed 
using literature based conductivity values yielding certain antenna settings, which are 
then used to compute the temperature distribution of the patient models with EPT 
based conductivity values. Furthermore, the effects of altered bladder and muscle 
conductivity were studied separately. Finally, the temperature based optimization was 
performed with patient models based on EPT conductivity values.  
Results: The tumor temperatures for all EPT based dielectric patient models were 
lower compared to the optimal tumor temperatures based on literature values. The 
largest deviation was observed for patient 1 with ∆T90=–1.37°C. A negative impact 
was also observed when the treatment was optimized based on the EPT values. For 
four patients ∆T90 was less than 0.6°C; for one patient it was 1.5°C.  
Conclusions: Electric conductivity values acquired by EPT are higher than commonly 
used from literature. This difference has a substantial impact on cervical tumor 
temperatures achieved during hyperthermia. A higher conductivity in the bladder and 
in the muscle tissue surrounding the tumor leads to higher power dissipation in the 
bladder and muscle and, therefore, to lower tumor temperatures.  
 

5.1 Introduction 

Regional radiofrequency (RF) hyperthermia aims at heating the tumor to a temperature 
of 41°C to 43°C. Several randomized controlled trials [1–3] have shown an increased 
tumor response and overall survival for hyperthermia combined with radiotherapy or 
chemotherapy. However, tumor specific heating without inducing overheating in healthy 
tissue is technically challenging. Therefore, Hyperthermia Treatment Planning (HTP) is 
an essential step to improve the treatment quality. In HTP the optimal antenna settings 
(amplitudes and phases) are computed via electromagnetic (EM) field and thermal 
modeling. However, accurate tissue data acquisition, such as electric conductivity and 
permittivity, are critical for correct EM simulations and subsequent thermal dose 
computation in HTP. Currently used values in patient models are mostly based on ex 
vivo measurements of  animal and human tissues [4,5]. Furthermore, as was shown in a 
review of the literature, there is a large variation in reported values between the different 
studies [6]. This variation can be explained by the use of  tissues of  various species and 
differences in measuring conditions (tissue temperature, in vivo, in vitro and ex vivo). Due 
to practical and ethical reasons, human in vivo electric property (EP) measurements are 
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scarce. Only easily accessible tissue types (e.g. skin, tongue) [4] and liver [7] have been 
measured in vivo.  

Various deep HT studies [8–10] have investigated the impact of inaccurate input 
data on the accuracy of HTP in the cervical region. Van de Kamer et al. [8] found an 
error of 50% in the input data (the physical properties of fat, muscle and bone) resulting 
in an average error of <20% in power deposition (PD) and temperature distribution. 
They furthermore showed that in particular accurate knowledge of the conductivity 
values decreases this error [8]. We previously reported [9] that the sensitivity to 
uncertainty increases with increasing number of antennas and frequency; for all five 
tested clinical HTP-models it was shown that an input data uncertainty might lead to a 
lower tumor T90 (temperature achieved in at least in 90% of the tumor volume) of up 
to 0.6°C and 1.4°C, for 4 and 12 channel systems, respectively. Canters et al. [10] 
investigated 20 patient models wherein they observed a maximum difference from the 
optimal T90 of around –3°C if uncertainties of input data (electric and thermal 
properties) were taken into account. Moreover, these studies showed that input 
uncertainties might lead to the occurrence of ‘hot spots’ in healthy tissue causing patient 
discomfort. In practice, the occurrence of hot spots limits the maximum achievable 
tumor temperatures, which is essential for the clinical outcome. 

Therefore, much effort has been focused on acquiring more accurate electric 
properties for HTP as well as for other applications such as evaluation of safety in 
telecommunications [11] and magnetic resonance imaging (MRI) [12–14]. Some non-
invasive studies focused on acquiring these values based on MRI grayscale intensity 
[15,16] which mainly relates the electric properties to tissue water content. These 
techniques are sensitive to RF field inhomogeneities that influence the grayscale 
intensity. Furthermore, these techniques do not account for other factors that determine 
electric properties, such as blood content, ionic concentrations [17] and tumor specific 
physiological changes. Recently, other non-invasive MR based methods have received 
an increased attention as they reconstruct EP values by exploiting the interaction of 
tissue with the EM fields generated by the RF MR coils. One such technique is Electric 

Property Tomography (EPT) [18–22] which reconstructs electric properties using 𝐵1
+ 

field measurements acquired by standard MR systems.  
Studies wherein the impact of uncertainty of electric property values were 

investigated [8–10] assumed the conductivity of tumor to be equal to muscle tissue. 
However, various studies have shown that conductivity values of tumors of the breast 
[23–25], liver [7,26,27], bladder [28] and gliomas of the brain [29] are elevated compared 
to healthy tissues. Furthermore, these studies did not take into account the high 
conductivity of urine as shown in [30–32]. Therefore, in a previous study, we used EPT 
to determine the conductivity values of muscle, bladder content and cervical tumor in 
vivo [32]. Large discrepancies between the literature values were reported in that study.  

The aim of this study is to evaluate the effect of these discrepancies for HTP. For 
this purpose, we first evaluated the effect of measured conductivity on T50 and T90 for 
a HTP plan optimized using literature conductivity values. Secondly, we evaluated the 
difference between optimized plans based on literature or EPT-based conductivity 
values.  
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5.2 Methods & Materials 

5.2.1 Patient models 

To study the effect of EPT based conductivity values on HTP, real life models were 
derived from CT-scans (voxel size: 0.9375×0.9375×5.00 mm3) from five patients with 
cervical cancer who received regional hyperthermia as part of their treatment. These 
scans were made under same treatment set-up, regarding mattresses and water bolus, as 
during a hyperthermia treatment. Tissue segmentation for bone, fat, inner-air and 
muscle was based on thresholding by Hounsfield units [33], with manual delineation of 
the bladder and the cervical tumor by a radiation oncologist. Finally, the patient models 
were down sampled based on the winner-takes-all principle [34] to 2.5×2.5×5.0 mm 
voxel size and Finite Difference Time Domain (FDTD) simulations [35] were 
conducted using the 70 MHz AMC-4 and AMC-8 system configurations as described 
in [36] and [37], respectively. These two systems are similar except for using 4 and 8 
antennas, respectively. This difference in number of antennas affects the steering 
capabilities and was shown to affect the impact of deviations in conductivity input data 
[9]. 

  

5.2.2 Temperature optimization  
 
Temperature based optimization was performed to determine patient-specific phase-
amplitude settings leading to optimal tumor heating [38–40]. Temperature based 
optimization is preferred over Specific Absorption Rate (SAR) optimization as the 
former takes the relevant heating and cooling mechanisms in the human anatomy into 
account. The tumor temperatures are in the end the determining factor for clinical 
outcome.  

The tissue temperature computations were based on the conventional Pennes’ bio-
heat transfer equation [41]: 

 

𝑐𝜌
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) − 𝑐𝑏𝑊𝑏(𝑇 − 𝑇art) + 𝑃                               (1) 

 

where c is the specific heat capacity, 𝜌 the tissue density [kg/m3], k the thermal 
conductivity [W m–1 K–1], cb the specific heat of  blood [J kg–1 K–1], Wb the volumetric 
perfusion rate [kg m–3 s–1], Tart the local arterial or body core temperature (37°C) and P 
the power density [Wm–3] added by the heating system. The latter one is directly affected 

by the varied conductivity values in this study as 𝑃 = 𝜎‖𝐸(𝜎, 𝜀𝑟)‖2/2. The term ∇ ∙
(𝑘∇𝑇) represents the heat conduction in tissue and 𝑐𝑏𝑊𝑏(𝑇 − 𝑇art) models the 
perfusion. Thermal properties shown in Table 1 are taken from literature [42,43]. The 
blood perfusion reported in the literature, however, is in general based on measurements 
conducted in resting conditions. Therefore, we have used elevated perfusion values to 
account for the thermal stress under hyperthermic conditions [44]. 
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The optimization process aimed at a tumor temperature of  43°C by minimizing 
the following objective function: 

∑ (max (43 − 𝑇(𝑥, 𝑦, 𝑧), 0))2

𝑇𝑢𝑚𝑜𝑟

,      (𝑥, 𝑦, 𝑧) ∈ tumor tissue,    (2) 

 

which minimizes the tumor volume with a temperature below 43°C. To avoid excessive 
normal tissue heating a maximum tolerable normal tissue temperature of  45°C was 
imposed. Constraints were further imposed on the antenna contributions to the total 
delivered power such that for the AMC–4 a single antenna contribution was set to at 
least 10% and a maximum of  40% to the total power. For the AMC–8 the constraints 
were set to 5% and 25%, respectively. This procedure was optimized using CFSQP (C 
routines for Feasible Sequential Quadratic Programming) [45]. The temperature based 
optimization exploited in this manuscript is described in more detail in [40]. 

Tumor temperatures of  the optimized temperature distributions were expressed as 
T50 and T90, representing the temperatures at least achieved in 50% and 90% of  the 
tumor volume, respectively. Moreover, the SAR corresponding to the optimal antenna 
settings was analyzed as well.  
 
Table 1. Thermal properties assigned to different tissue types used for hyperthermia 
treatment planning. Values are based on [42,43]. 

Tissue type Density 𝜌  

[kg m–3] 

Perfusion Wb  

[kg m–3 s–1] 

Thermal 

conductivity k 

[W m–1 K–1] 

Specific heat 

capacity c  

[J kg–1 K–1] 

Air 1.29 0 0.024 10000* 

Bone 1595 0.12 0.65 1420  

Muscle 1050 3.6 0.56 3639 

Fat  888   1.1 0.22 2387 

Cervical tumor 1050 1.8  0.56 3639 

Bladder 1050 3.6 0.56   3639 

*The value of c used for air was ten times too high in order to allow larger time steps 
in thermal computations. This has a negligible effect on the steady-state temperature 
(<2 × 10−5°C). 

 

5.2.3 Impact of EPT based conductivity values  
 

To assess the effect on tumor temperature, electromagnetic field simulations were 
conducted for each patient for five different combinations of dielectric properties. We 
first established the tumor T90 and T50 after optimization with literature values and 
then recalculated T50 and T90 with the same antenna settings but now using EPT-
based data for one or more tissue types. 
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The EPT reconstructions were performed using 𝐵1
+ amplitude measurements and 

the transceive phase approximation (𝜑+ ≈  𝜑±/2) was applied as described in literature 
[19,21,46,47]. The central equation of the EPT method is the homogenous Helmholtz 
equation 

𝛻2𝐵1
+

𝐵1
+ = −𝜇0𝜀0𝜀𝑟𝜔2 − 𝑖𝜇0𝜎𝜔                                              (3) 

 

where 𝐵1
+ is the complex transmit field (𝐵1

+ = |𝐵1
+|𝑒𝑖𝜑+

), 𝜔 is the Larmor angular 

frequency, 𝜇0 and 𝜀0 are the permeability and permittivity of vacuum, respectively, and 

𝜀𝑟 and 𝜎 are the unknown relative permittivity and conductivity of the object of interest, 

respectively. Using the measured |𝐵1
+| and the 𝜑± distribution the conductivity can be 

reconstructed by  

𝜎 = 𝐼𝑚 (
𝛻2(|𝐵1

+|𝑒𝑖𝜑+
)

|𝐵1
+|𝑒𝑖𝜑+ )

1

−𝜇0𝜔
                                     (4) 

and the relative permittivity by  

𝜀𝑟 = 𝑅𝑒 (
𝛻2(|𝐵1

+|𝑒𝑖𝜑+
)

|𝐵1
+|𝑒𝑖𝜑+ )

1

−𝜇0𝜀0𝜔2
 ∙                             (5) 

 
In the first case (I) the tissue properties for muscle, air, bone and fat are based on 

literature [5,42,43,48] and the tumor and bladder are assigned muscle electric property 
values. In the second case (II) the conductivity values were based on EPT [32]. In [32] 
only the conductivity values of muscle, bladder filling and cervical tumor were acquired, 
therefore, other tissue parameters were kept the same as in the first case. In the third 
case (III) the bladder conductivity was higher than in the second case, while other 
properties were the same as in II. Based on [32] the inter-patient variation of  bladder 
content conductivity was higher and the maximum observed bladder conductivity was 
approximately 2.50 S/m; similar values were also observed in [49–51]. Case IV and V, 
consisted of dielectric patient models where the conductivity of bladder or muscle only, 
respectively, was assigned based on EPT [32], while the other values were kept the same 
as in the first case. We have investigated the effect of bladder and muscle separately to 
gain more insights on tissue and organ specific contributions. In [32] the conductivity 
values at 128 MHz (3T field strength) were measured, therefore, 3% lower values were 
used for 70 MHz frequency which is in accordance with the deviation found in this 
frequency range for various tissue types [5]. An overview of all tissue parameters used 
for EM field computations is given in Table 2.  

Temperature based optimization was conducted for the literature based model 
(case I) for all patients resulting in optimized antenna settings for each patient valid for 
literature data. Those antenna settings were then applied to patient models with 
different conductivity values as in case II–V. The T50, T90 and SAR were then 
compared to case I, the model using literature based conductivity values.  
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Table 2. Electrical properties assigned to different tissue types at 70MHz used for 
Hyperthermia Treatment Planning. The values are based [5,42,43,48], whereas, in bold are 
shown the electrical conductivity values based on EPT [32]. 

 Electrical conductivity σ [S/m]  

case I      II III IV V VI Relative permittivity εr 

Tissue type        
  Air 0 0 0 0 0 0 1 
  Bone 0.05  0.05  0.05  0.05  0.05  0.05  10 
  Muscle 0.75  0.93 (±0.14)  0.93 0.75 0.93 0.75  75 
  Fat  0.06  0.06  0.06  0.06  0.06  0.06  10 
  Cervical tumor 0.75  1.00 (±0.15) 1.00 0.75 0.75 1.00 65 
  Bladder 0.93  1.80 (±0.54) 2.50 1.80 0.93 0.93  77 

 
The uncertainty of EPT based conductivity values is around 15% for muscle and 
cervical tumor as reported in [22,32]. The variation of bladder content conductivity was 
larger (30%) as there is also a large variation of sodium content in urine between 
different individuals [30,50]. Therefore, to evaluate the effect of uncertainty of EPT 
values, we have conducted additional simulations for the minimal and maximal 
conductivity values of muscle, cervical tumor, and bladder content, respectively, as 
shown between the brackets in case II (Table 2). 

 

5.2.4 Impact of muscle permittivity variation  
 
Based on the equation for Specific Absorption Rate (𝑆𝐴𝑅 = 𝜎‖𝐸(𝜎, 𝜀𝑟)‖2/2𝜌 [W/kg]) 
one would expect a determinative effect on HTP due to uncertainties in tissue 
conductivity values. However, the electric field is also influenced to some extent by the 
tissue permittivity. As we have previously reported [32] only conductivity values, the 
effect of permittivity uncertainties was investigated by considering the uncertainty of 
muscle permittivity only, as it constitutes of a large volume that has the largest relative 
permittivity value in the pelvic region. Therefore, the largest effect on the temperature 
distribution would be caused by deviations from the literature value for muscle tissue.  

In general, EPT is able to reconstruct the permittivity value as well, however, the 
reliability of the permittivity reconstruction at 3T is less reliable as shown in [21]. EM 
field and thermal modeling were performed for two patients using muscle permittivity 
values deviating 20% from the literature value. More specifically, EM simulations were 
conducted for patient 1 and 5 with conductivity values as described in case II (Table 1) 
while muscle permittivity was fixed for each simulation at 60, 70, 75, 80 and 90. Patient 
1 and 5 were chosen because the effect of muscle conductivity on T90 was lowest and 

highest, respectively, for these patients. We denote these cases as IIε𝑟,𝑚=60−90. All other 

permittivity values remained unchanged. Antenna settings optimized for the literature 
based model (case I) were used to compute the temperature distributions for different 
permittivity values.  
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5.2.5 EPT based versus literature data based temperature optimization  
 
Temperature based optimization was also performed for the patient model using EPT 
based conductivity values (case II) of all patients to compute the tumor temperature 
achievable for EPT conductivity values. These results were then compared to the tumor 
temperature achieved when optimization was conducted using the literature based 
dielectric models (case I). We compared the tumor T90 between optimization with 
literature values (I) and optimization with EPT values (II).  

In Table 3 an overview is given which shows the dielectric case on which the 
temperature optimization was performed (Data set optimization) and for which 
dielectric case these antenna settings were applied (Actual parameters). For example 
label I→II means that antenna settings optimized for case I were applied to dielectric 
case II. 
 
Table 3. An overview of the dielectric data sets used for optimization (2nd row) and the dielectric 
data set on which the optimized antenna setting was applied (3rd row). Data sets are listed in Table 
2. The results are depicted in figures 1–4. 

Label I→I I→II I→III I→IV I→V I→VI I → IIε𝑟,𝑚=60−90 II→II 

Optimization 
dataset 

I I I I I I I II 

Actual 
parameters 

I II III IV V VI IIε𝑟,𝑚=60−90 II 

Figure 1,2,3,4 1,2 1,2 1,2 1,2 1,2 3 4 

 
5.3 Results 

5.3.1 Impact of  EPT based conductivity values  
 
The tumor T90 and T50 for the dielectric cases I–V are shown in Figure 1. The tumor 
temperatures for all EPT based dielectric patient models (cases II–V) are lower 
compared to the literature based model of  the corresponding patients 1–5. The largest 
deviation is observed in patient 1 where ∆T90 = –1.37°C (AMC–8) is observed for the 
EPT based dielectric model (II) and a ∆T90 = –1.81°C (AMC–8) in combination with 
an elevated bladder conductivity value (III). The impact of different dielectric models 
on tumor T90 in patients 2–5 was relatively low (∆T90 ≤ –0.57°C). The lowest impact 
on T90 is observed when EPT conductivity values were assigned only to the bladder 
(IV). This was the case for patients 2–5, however, in patient 1 the T90 was substantially 
influenced by the conductivity of bladder (IV). In Figure 2 the tumor SAR is shown for 
all patient models as presented in Figure 1. A similar trend regarding tumor SAR is 
observed for all dielectric cases. 

Since the conductivity of bladder content, based on [32], is higher than the 
currently used value based on literature, the absorbed power in the bladder is higher 
and, therefore, the average SAR in the tumor is lower, as observed in Figure 2. An even 
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stronger impact on T50 and T90 is observed when assigning an even higher bladder 
conductivity (case III) that might occur as reported in [32] and [49–51]. The same trend 
is observed for the cervical tumor SAR, as more power is dissipated in the bladder. The 
impact of varying only the bladder conductivity was also investigated (case IV) and the 
observed difference in T50 and T90 for patients 2–5 was less than 0.5°C, whereas in 
patient 1 the T90 deviation was 1.32°C. This difference in effect can be compared with 
the difference in bladder volume for patients 1–5 plotted in Figure 2A, an insert in 
Figure 2, where we can see that bladder volume varies between 33 mL for patient 4 and 
5 and 497 mL for patient 1.  

The impact of a higher muscle conductivity was also observed in the case (V) where 
the EPT based conductivity value was assigned only to muscle (Figures 1 and 2). The 
impact due to correction limited to the conductivity values for muscle, differs from 
patient to patient. Because of the high volume of muscle and tumor tissue, the highest 
impact was observed in patient 5 (∆T90 = –0.46°C for AMC-4). The impact of higher 
tumor conductivity (case VI) on tumor temperature was very limited as can be observed 
in Figures 1 and 2. Tumor T90s are very similar to the case I, however, a slight increase 
of T50 by 0.20°C and 0.16°C (for AMC–4) is observed for patients 4 and 5, respectively, 
which have the largest tumor size in this patient population. For AMC–8 the T50 
increase for patients 4 and 5 is slightly higher, 0.25°C and 0.21°C, respectively. An 
increase of tumor SAR is also observed in these two patient models (Figure 2).  

The impact on T50 and T90 of using EPT derived conductivity values (case II) is 
the largest for patient 1 (∆T90 = –1.37°C, for AMC–8), presumably due to the larger 
bladder volume compared to other patients. Furthermore, for all patients ‘hot spots’ 
occurred outside the target region for all dielectric cases (II–V). The local temperature 
exceeded the constraint of 45°C by 1.0–1.7°C for case II, 1.0–2.8°C for case III and 
0.9–1.6°C for case V. Regarding case IV, the local temperature in patient 1 exceeded 
the tolerable temperature by 3.2°C, while three patients had no hot spots for the AMC–
4 system.  

The impact of  uncertainty of  EPT data on tumor T90 is shown in Figure 3. The 
lowest conductivity values for muscle, cervical tumor, and bladder content lead to a 
higher tumor temperature compared to the mean values in case II. The difference 
between planned (I) and lowest conductivity values is then 0.80°C for patient 1, and less 
than 0.18°C for all other patients. On the other hand, the highest conductivity values 
obviously have an even higher negative impact on tumor temperature as indicated by 
the corresponding lower part of the error bars in Figure 3. 

 
5.3.2 Impact of  muscle permittivity variation 
 
In Figure 4 the impact of  muscle permittivity variation (case IIε𝑟,𝑚=60−90) on tumor 

T90 for patients 1 and 5 is shown. For easy comparison, the T90 for case I and II as 
depicted in Figure 1, are repeated in this graph. It is observed that the impact of  
permittivity variation on the tumor T90 is relatively low for patient 1. The maximum 
error in tumor T90 does not exceed 0.11°C (AMC–4) between highest and lowest 
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possible permittivity, whereas the application of  EPT values (case II) on this patient 
lead to a ∆T90 of  –1.26°C (AMC–4). The variation of  permittivity in patient 5 resulted 
in a relatively larger (but still small) error of  0.16°C (AMC–8) whereas the T90 deviation 
due to EPT values (II) was 0.34°C (AMC–8).  
 

5.3.3 Impact of  EPT based patient model on optimized temperature 
distribution  

 
In Figure 5 the tumor T90s for a literature based dielectric model are presented by white 
bars for patient 1–5 as also shown in Figure 1. The gray bars in Figure 5 represent the 
tumor T90 when temperature based optimization is performed using the EPT based 
patient models. It is observed that the tumor T90 is lower for all patients when 
optimized using EPT conductivity values. The difference in T90 varied between –
1.50°C (patient 1; AMC–8) and –0.33°C (patient 5; AMC–8).  
In Figure 6 an example of  a transversal slice of  patient #1 is shown and the resulting 
temperature distribution for the cases (I→I), (I→II) and (II→II). Hot spots arise due 
to application of  antenna settings optimized for literature values to EPT based model 
(I→II, Fig. 6c), these are not visible in the slice shown as they occurred on transversal 
slices outside tumor volume. The corresponding SAR distributions are shown in the 
second row of  Figure 6. 
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Figure 1. Tumor T90 (top) and T50 (bottom) in patients 1–5 for AMC–4 and AMC–
8 system. The white bar represents the optimized case for properties based on 
literature values. Using the same antenna settings, the tumor temperature for different 
cases are computed and represented by other bars.  
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Figure 2. Tumor SAR in patients 1–5 for AMC–4 and AMC–8 system. The white bar 
represents the optimized case for properties based on literature values. Using the same 
antenna settings, the tumor temperature for different cases are computed and 
represented by other bars.  

 

Figure 3. Tumor T90 in patients 1–5 for AMC–4 and AMC–8 system. The white bar 
represents the optimized case for properties based on literature values. The error bars 
represent the minimum and maximum tumor T90s when using highest and lowest 
conductivity values, respectively, as presented in case II (Table 2).  
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Figure 4. Tumor T90 for patient 1 (top) and 5 (bottom) for optimized cases with 
literature value (white) and for EPT based conductivity values of  muscle, cervical 
tumor and bladder filling (black). The other bars represent tumor T90 values for 
different values of  muscle permittivity.  
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Figure 5. Tumor T90 for patient 1–5 based on literature values (white) and on EPT 
based conductivity values (gray). The applied antenna settings were computed for 
both cases separately by temperature based optimization.  

 

 

Figure 6. An example of  the resulting temperature distribution of  patient #1 
corresponding to transverse slice (a) for the case; (b) planned with literature values 
(I→I) and (c) the case where the same antenna settings are applied on the EPT based 
model (I→II). In (d) is shown the distribution resulting for temperature based 
optimization based on EPT model (II→II). The corresponding SAR distributions 
are shown in (e)–(g).  
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5.4 Discussion 

In this study we investigated the difference in planned hyperthermia temperatures 
between electric conductivity values from the literature and values assessed in vivo by 
MRI-based EPT in cervical cancer patients [32]. The impact of EPT values for muscle, 
bladder and tumor values was investigated in CT-datasets of five patients and for both 
the AMC–4 and the AMC–8 system operating at 70 MHz. A lower tumor temperature 
was observed when using EPT based conductivity values both when phase and 
amplitude were optimized for literature values and when they were optimized for the 
actual EPT based values (Figures 1 and 5).  

As cervical tumors are surrounded by muscle tissue, of which the in vivo 
conductivity value is higher [32], more power is dissipated in the muscle, and therefore, 
the tumor SAR is lower, as is shown in Figure 2. This subsequently results in a lower 
tumor T50 and T90 (Figure 1). Based on the used patient models, a large bladder volume 
has a negative impact on the maximum tumor SAR and, hence, on the tumor T50 and 
T90. The negative impact of ‘bladder only’ on T50 and T90 might seem slightly 
counterintuitive as one would expect a bladder with a higher conductivity to reach 
higher temperatures and subsequently, through heat transfer, to lead to a higher tumor 
temperature; but this was not the case for patient models used in this study. However, 
it should be noted that the fluid inside the bladder is modeled as a solid, so that the 
effects of convection are ignored, and the amount of heat transferred is probably 
underestimated [52]. The T90 and the SAR in the bladder (not shown here) were slightly 
lower in most patients. A higher local maximum temperature was, however, observed 
in the bladder in most patients due to elevated bladder conductivity. Finally, in dielectric 
cases (I→II, I→III, I→V) the temperature constraint of 45°C for normal tissues was 
violated for all patients.  

As observed in Figure 5 the tumor T90 is lower in all cases of electric conductivity 
values, even though the temperature optimization is based on EPT conductivity values 
(II→II). The worst case is observed in patient 1 (∆T90 = –1.50°C, for AMC–8), 
whereas for other patients the maximum tumor T90 was less than 0.6°C lower 
compared to literature based model. This indicates that the higher conductivity value of 
muscle limits the maximum tumor temperature that can be achieved. As tissue 
conductivity increases with temperature (for muscle about 2% °C–1) [53] and since the 
EPT measurements were performed at non-hyperthermic temperatures, the power 
dissipation in the muscle may be even higher during hyperthermia. However, the 
additional effect on tumor T90 due to the tissue temperature increase is expected to be 
relatively low since a 24% muscle conductivity increase (case V) leads to ∆T90 ≤ –
0.46°C (see Figure 1). Future studies should, furthermore, focus on the benefit of EPT 
based treatment planning in a clinical setting.  

EPT can be easily incorporated in the current clinical practice as in general all 
cervical cancer patients undergo an MR examination for diagnostic purposes. An MR 
provides higher soft tissue contrast allowing for more accurate definition of tumor 
region and, in addition, MR-only based radiotherapy is feasible [54–56]. Due to the 
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increased utilization of MR in the clinic, acquisition of B1 maps for EPT can be 
efficiently included in the clinical workflow.  

Various studies have demonstrated that the tissue electric conductivity is 
determinative for SAR [8,57], nevertheless, the electric permittivity affects the EM 
behavior inside the human anatomy as well. We have limited the permittivity uncertainty 
to muscle only as it has a relatively high permittivity compared to other tissue in the 
pelvic region, and represents a high tissue volume. Therefore, its uncertainty was 
expected to have the largest impact. As observed in Figure 4, the variation of electric 
permittivity of muscle by 20% around the literature value has a relatively low impact on 
the tumor T90 compared to the impact of conductivity values (Figure 4). The 
uncertainty of 20% for permittivity is quite high, and in practice a lower uncertainty is 
expected. Based on [58] the permittivity of porcine brain tissue drops by 3% after animal 
death (at 900 MHz and 1800 MHz) while the same study reported a 15% drop of 
conductivity value after death. Furthermore, Kraszewski et al. [59] reported an 
approximately 5% higher permittivity value for skeletal cat muscle when measured in 
vivo at 100MHz. Therefore, the lower permittivity uncertainty compared to conductivity 
and its low impact on tumor T90 (Figure 4), indicate that in particular the measurement 
of in vivo conductivity values contributes strongly to a reliable HTP. In contrast to 
conductivity, a slightly higher muscle permittivity seems to have a positive effect on 
tumor T90 (Figure 4) probably due to the higher penetration depth of EM fields at 
higher tissue permittivity [60].  

In this study we have not considered the uncertainty of thermal properties [61], 
however, it has been investigated in other studies [9,62]. We previously studied the 
impact of ±25% uncertainty in perfusion parameters alone (of muscle and fat) [9]. The 
difference between optimal and realized T90 for five patients was on average 0.2°C and 
0.3°C lower, for the AMC–4 and AMC–8 system, respectively. The present paper shows 
that the tissue properties have a profound impact on the amount of energy one is able 
to get into the tumor. This impact remains important, even when the role of perfusion 
is taken into account. Other uncertainties that were not considered include the patient 
position, organ deformation and manual versus automatic tissue segmentation [12,63–
68]. Furthermore, the temperature distributions in this study were based on the Pennes 
bioheat model which is commonly used in the literature. A more accurate but also more 
complex way to compute temperature distributions is by modeling discrete blood 
vessels [69] which requires additional data of the vasculature in the heated region and 
information regarding the blood flow during hyperthermia treatment. Therefore, in 
absence of the additional data we have used the standard thermal model. Regardless, 
the SAR computations are only influenced by electric properties and showed a decrease 
of tumor SAR due to EPT conductivity values.  

In this study we have limited the impact of EPT based conductivity values on 
cervical tumor which is generally located in the central pelvic region. However, the 
impact on pelvic tumors located in the periphery would suffer less from higher muscle 
or bladder conductivity compared to cervical tumors. For instance, if the bladder would 
be the target region [70–72] then it would likely be less affected by the higher muscle 
conductivity. In addition, a full bladder might be more beneficial for the treatment of 
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bladder tumors than an empty bladder, however, additional simulations are required to 
confirm this effect. For the treatment of cervical tumors, however, an empty bladder 
seems to be beneficial as more power is deposited in the tumor. Only patient 1 had a 
completely full bladder, having the largest negative impact on tumor temperature, 
whereas patient 4 and 5 with practically an empty bladder showed the lowest impact.  

We have investigated the impact of EPT values on heating with the AMC–4 and 
AMC–8 systems. However, the impact on tumor temperatures when using a 
configuration with more than 8 channels and/or systems operating at higher 
frequencies is expected to be even higher, as also shown in [9] for a 12 and 18 channel 
system. Since the penetration depth of EM fields decreases with increasing frequency, 
it should be investigated to which extent the EPT based values impede tumor heating. 
As the conductivity of urine is much higher [42,43,48] than currently considered in 
models it should be explored if an empty bladder would be beneficial for the tumor 
temperature. Results in this study suggested that a small bladder volume has a positive 
impact on the tumor T90, but this should be investigated in a larger population and 
verified by measurement during hyperthermia. Finally, as a higher muscle conductivity 
had a determinative effect on tumor T90 for four out of five patients (Figures 1 and 2), 
research should also be focused on how to circumvent the higher power dissipation 
outside the target region.  
 

5.5 Conclusion 

Electric conductivity values acquired by EPT are higher than the literature values used 
until now, which has a substantial impact on cervical tumor temperatures achieved 
during hyperthermia. A higher muscle conductivity value surrounding the tumor leads 
to higher power dissipation in the muscle and, therefore, lower tumor temperatures. 
This effect is observed when the treatment is performed using the optimized antenna 
settings for a literature based dielectric model, as well as for the case where the treatment 
is optimized based on the EPT values. For four patients the difference between the 
optimal tumor T90 and realized with EPT values (II→II) was less than 0.6°C; for one 
patient it was 1.5°C. A large bladder volume also leads to a lower tumor SAR and T90, 
therefore, an empty bladder is beneficial for treatment of cervical tumors. Application 
of amplitude/phase settings optimized for the literature based model lead in most cases 
to treatment limiting hotspots, confirming the necessity for optimization based on 
correct input data.  
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Abstract
Electric properties tomography (EPT) is an imaging modality to reconstruct

the electric conductivity and permittivity inside the human body based on B+
1

maps acquired by a Magnetic Resonance Imaging (MRI) system. Current imple-
mentations of EPT are based on the local Maxwell equations and assume piecewise
constant media. The accuracy of the reconstructed maps may therefore be sensitive
to noise and reconstruction errors occur near tissue boundaries. In this paper, we
introduce a multiplicative regularized CSI-EPT method (Contrast Source Inversion
- Electric Properties Tomography) where the electric tissue properties are retrieved
in an iterative fashion based on a contrast source inversion approach. The method
takes the integral representations for the electromagnetic field as a starting point
and the tissue parameters are obtained by iteratively minimizing an objective
function which measures the discrepancy between measured and modeled data
and the discrepancy in satisfying a consistency equation known as the object
equation. Furthermore, the objective function consists of a multiplicative Total
Variation factor for noise suppression during the reconstruction process. Finally,
the presented implementation is able to simultaneously include more than one B+

1
data set acquired by complementary RF excitation settings. We have performed
in vivo simulations using a female pelvis model to compute the B+

1 fields. Three
different RF excitation settings were used to acquire complementary B+

1 fields
for an improved overall reconstruction. Numerical results illustrate the improved
reconstruction near tissue boundaries and the ability of CSI-EPT to reconstruct
small tissue structures.

666...111... IIInnntttrrroooddduuuccctttiiiooonnn

ELECTRIC properties (EPs) of biological tissues, consisting of the conductivity
(σ) and permittivity (ε), are essential to determine the Specific Absorption Rate

(SAR) and radiofrequency (RF) electromagnetic fields that play an essential role
in MR imaging and hyperthermia treatment [1]. EPs may also provide diagnostic
information related to physiological and pathological conditions of tumors and healthy
tissues [2]–[8]. Previous studies have shown the feasibility of retrieving the electric
tissue properties from measured B+

1 field maps. A first paper appeared in 1991 by
Haacke [9], where he proposed a non-invasive technique to retrieve the tissue electric
properties from MR data. Later, electric properties reconstruction with phantom
and animal experiments at 1.5T and 4.7T were presented in [10]. More recently,
Electric Properties Tomography (EPT) [11] was introduced as a means of retrieving
the conductivity and permittivity of different tissue types based on measured transmit
B+

1 amplitude and phase maps. Furthermore, the feasibility of EPT in the human
head using B+

1 phase only information has been demonstrated in [12], [13] and in [14]
the so-called Local Maxwell Tomography (LMT) technique was introduced, which
is free of assumptions regarding the B+

1 phase. A similar phase assumption-free
approach was also described in [15]. Finally, the feasibility of EPT of pelvic tumors was
recently shown [16] for use in Hyperthermia Treatment Planning. These currently used
methods are based on local field equations (either Maxwell’s equations or Helmholtz’s
equation) for tissue parameter retrieval and most of them assume piecewise constant
media. Since the electromagnetic boundary conditions are not explicitly taken into
account, the reconstructed dielectric maps are unreliable near tissue boundaries.
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Furthermore, the currently used methods are sensitive to noise, since spatial dif-
ferentiation operators act on generally noisy B+

1 data. It has been shown that the
boundary error is fundamental and can lead to misinterpretation of EPT images of
inhomogeneous objects [17]. Recent studies have focused on minimizing the boundary
error by obtaining the gradient of EPs using multi-channel transmit/receive array RF
coil [18] or by using arbitrary-shaped kernels based on voxel position [19] instead of
using a Gaussian-filtered Laplacian. In [20], an EPT method based on convection-
reaction equation is introduced which is solved using a triangular mesh based finite
difference method. However, these studies are based on differentiation operators as
well. For an improved overall reconstruction and specifically at tissue boundaries, a
novel approach (CSI-EPT: Contrast Source Inversion - Electric Properties Tomogra-
phy) to tissue parameter retrieval was recently presented in [21]–[23]. This approach
is based on the Contrast Source Inversion (CSI) method as introduced in [24]. The
CSI method has been applied for oil explorations purposes [25] and later for tissue
properties mapping in [26] where a 2.33-GHz circular microwave scanner was used. In
these applications, CSI is based on EM measurements performed outside the object
of interest. An MRI system, however, offers the unique situation in which the B+

1
fields within the object of interest can be measured. Here, every measured voxel can
be considered as a virtual receiving antenna and consequently CSI-EPT was able
to reconstruct high-accuracy dielectric tissue maps of interior parts of the human
body based on noiseless B+

1 data [22]. As opposed to the local methods mentioned
above, CSI-EPT takes the global integral representations for the electromagnetic field
quantities as a starting point. The boundary conditions are then automatically taken
into account and the method is less sensitive to noise since integral operators (instead
of differential operators) act on the measured field data.
In this work, a multiplicative regularized CSI-EPT method is introduced which

exploits the abundance of magnetic field information. The effects of noisy B+
1 data are

suppressed by the introduction of a multiplicative regularization term in the objective
function. Furthermore, the possibility of including multiple B+

1 field data sets in the
iterative process has been implemented. The various B+

1 field data sets are acquired
by complementary antenna RF excitation settings and can be simultaneously used in
the iterative CSI-EPT process leading to an overall improvement of the reconstructed
dielectric values. The current work is a theoretical evaluation in which we consider
a two-dimensional configuration without RF shield and assume a known distribution
of the B+

1 phase. According to [32], a two-dimensional configuration provides a good
approximation of the fully vectorial three-dimensional field inside a pelvic region that
is situated in the midplane of a 3T and 7T body coil. The CSI-EPT method presented
here is applicable for electric properties mapping at arbitrary magnetic field strength,
however, in this work we present the results for a 3T MRI.
Throughout this paper we use subscript notation and the Einstein summation

convention applies (implicit summation over repeated subscripts). Subscripts refer
to spatial indices and do not label channel numbers, for example. The conductivity
σ(x) and permittivity ε(x) at the Larmor frequency ω are assumed to be isotropic
and dependent on the position x = (x1, x2, x3). We have ignored relative permeability
(µr) variations as they are considered small for biological tissue [28]. Furthermore, a
time factor exp(−iωt) was used in this paper in order to conform with current practice
in MRI engineering.
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Let us start by considering the RF field that is present within an MRI scanner in

absence of a dielectric object or body. We call this field the electromagnetic back-
ground field and denote it as {Eb

r , H
b
j }. The medium parameters of the background

are given by the conductivity σb, permittivity εb, and permeability µb = µ0.
We subsequently place a dielectric object within the scanner. The object occupies

a bounded subdomain D of R3 and is characterised by a conductivity σ(x), permit-
tivity ε(x), and permeability µ = µ0. The total RF field that is now present within
the scanner is written as {Er, Hj} and the scattered field is introduced as

Esc
r = Er − Eb

r and Hsc
j = Hj −Hb

j (1)

for all x ∈ R3. In other words, the dielectric body serves as a source for the scattered
electromagnetic field. Explicitly, by using the linearity of Maxwell’s equations, we find
that the scattered magnetic field strength due to the object is given by the integral
representation [30]

Hsc
j (x) =

∫
x′∈D

GHJ
j,r(x,x′)wr(x′) dV, x ∈ R3, (2)

while the scattered electric field strength is given by

Esc
k (x) =

∫
x′∈D

GEJ
k,r(x,x′)wr(x′) dV, x ∈ R3. (3)

In these representations, GHJ
j,r and GEJ

k,r are the electric current to magnetic field and
electric current to electric field Green’s tensors given by

GHJ
j,r(x,x′) = ηbεjmr∂m

exp(−γ|x− x′|)
4π|x− x′| (4)

and
GEJ
k,r(x,x′) = (∂k∂r − γ2δkr)

exp(−γ|x− x′|)
4π|x− x′| , (5)

where δkr is the Kronecker delta, εjmr the completely anti-symmetric Levi Civita
tensor, ηb = σb − iωεb the so-called per-unit-length admittance of the background
medium, and γ = [−iωµ0ηb]1/2 with Re(γ) ≥ 0. Furthermore, wr is the contrast
source given by

wr = χEr, (6)

where χ(x) = η/ηb − 1 is the contrast function and η(x) = σ(x)− iωε(x) is the per-
unit-length admittance of the object. Obviously, the contrast function χ is unknown
and our goal is to reconstruct this function by inverting measured B+

1 data.
To this end, we first introduce a so-called data operator that relates B+

1 scattered
field data to the contrast source wr. Using the integral representation of Eq. (2)
and assuming that B+

1 measurements are carried out within a bounded measurement
domain S, we find

Bsc;+
1 (x) = Bsc

1 (x) + iBsc
2 (x)

2 = GS{wr}(x), (7)
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where we have introduced the B+
1 data operator GS as

GS{wr}(x) = µ0

2

∫
x′∈D

[
GHJ

1,r(x,x′) + iGHJ
2,r(x,x′)

]
wr(x′) dV, (8)

with x ∈ S. Equation (7) relates the scattered B+
1 field to the contrast source wr

via the electric current to magnetic field Green’s tensor GHJ
j,r of the background

medium and is known as the data equation. In practice, the background field can
be obtained through field measurements in an empty coil or via simulations. In both
cases, the background field is not known exactly, of course. Measurements are affected
by measurement errors and noise, for example, while in simulations the model that is
used to determine the background field should be sufficiently accurate. In this paper
and in [23], a simple line source model is used to simulate the background field in
the midplane of an empty coil, which is sufficient so long as the field in the midplane
is considered (as demonstrated in [32]). Variations due to noise can be taken into
account by regularizing the CSI objective function as described below.
By definition, the contrast source consists of the product of the contrast function

and the total electric field strength inside the object (see Eq. (6)). This electric field
strength is unknown, of course, but we do have the integral representation of Eq. (3)
at our disposal. In particular, by restricting the observation vector to the object
domain D and by using the definition of the scattered electric field, we know that the
total electric field inside the object must satisfy the equation

Ek(x)−
∫

x′∈D
GEJ
k,r(x,x′)wr(x′) dV = Eb

k (x) (9)

with x ∈ D. Observe that for a given contrast χ this is an integral equation for the
total electric field strength Er inside the object domain D. Multiplying the above
equation by the contrast function χ, we arrive at the so-called object equation

wk(x)− χ(x)
∫

x′∈D
GEJ
k,r(x,x′)wr(x′) dV = χ(x)Eb

k (x), (10)

with x ∈ D, which can also be written as
wk(x)− χ(x)GD;k{wr}(x) = χ(x)Eb

k (x), with x ∈ D, (11)
where we have introduced the object operator as

GD;k{wr}(x) =
∫

x′∈D
GEJ
k,r(x,x′)wr(x′) dV (12)

with x ∈ D. To summarize, the data equation (7) relates the contrast source to
scattered B+

1 data collected on a measurement domain S, while the object equation
of Eq. (11) must be satisfied for the exact contrast function and the corresponding
total electric field strength. Finally, for later reference we introduce an inner product
on the measurement domain S as

〈f, g〉S =
∫

x∈S
f(x)g(x) dV, (13)

where the overbar denotes complex conjugation. This inner product induces a norm
given by ‖f‖S = 〈f, f〉1/2

S . Similarly, for two vector functions uk and vk defined on
the object domain D, we define their inner product as

〈uk, vk〉D =
∫

x∈D
uk(x)vk(x) dV. (14)
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This inner product induces a norm ‖uk‖D = 〈uk, uk〉1/2
D .

6.2.1. The Contrast Source Inversion Method
Having introduced the necessary operators and inner products, we are now in a

position to set up the CSI method.
For an arbitrary contrast function χ and contrast source wr, we start by defining

the data and object residual as

ρ(x) = B+;sc
1 (x)−GS{wr}(x), x ∈ S, (15)

and
rk(x) = χ(x)Eb

k (x)− wk(x) + χGD;k{wr}(x), x ∈ D, (16)

respectively. Note that using Eq. (9), the object residual can also be written as rk(x) =
χ(x)Ek(x)−wk(x). Both residuals are used to measure the discrepancy in satisfying
the data and object equation. Specifically, for the data equation we use the objective
function

FS(wr) = ‖ρ‖2
S

‖B+;sc
1 ‖2

S
, (17)

while for the object equation we use

FD(wr, χ) = ‖rk‖2
D

‖χEb
k‖2

D
. (18)

In Eq. (15) the B+;sc
1 is the scattered B+

1 field obtained via measurements and
GS{wr} is the estimated modeled data. In practice, B+;sc

1 is obtained by subtracting
the background field from the total B+

1 field. In the CSI method, the total objective
function

F (wr, χ) = FS(wr) + FD(wr, χ) (19)

now serves as a starting point to iteratively obtain reconstructions of the true contrast
function and true contrast source. In particular, suppose that at the start of the nth
iteration of the CSI method we have available a contrast source w[n−1]

r and contrast
function χ[n−1]. At every iteration, the CSI method updates both the contrast source
and the contrast function using a two-step updating procedure. Specifically, in the
first step the contrast function remains fixed (χ = χ[n−1]) and the contrast source is
updated using the conjugate-gradient update formula

w[n]
r = w[n−1]

r + α[n]v[n]
r , (20)

where α[n] is the step length and the v[n]
r are the so-called Polak-Ribière [27] update

directions given by

v[n]
r = g[n]

r + Re〈g[n]
r , g

[n]
r − g[n−1]

r 〉D
‖g[n−1]
r ‖2

D

v[n−1]
r , (21)

with v
[0]
r = 0. In the above equation, g[n]

r is the gradient of the objective function
with respect to the contrast source wr evaluated at wr = w

[n−1]
r and χ = χ[n−1]. This

gradient can be computed in a straightforward fashion and an explicit expression can

Chapter 6 

78 



be found in [29], for example. Having the gradient and new update direction available,
the step length α[n] is determined as

α[n] = argmin
α∈R

F [n](w[n−1]
r + αv[n]

r , χ[n−1]) (22)

and an explicit expression for α[n] can be found in [29] as well.
In the second step of the CSI method, we use the updated contrast source w[n]

r to
obtain a new contrast function χ[n]. In particular, we first compute the electric field
strength that corresponds to the newly obtained contrast source using the formula
(see Eq. (9))

E
[n]
k = Eb

k +GD;k{w[n]
r } (23)

and subsequently determine the contrast function by minimizing

F
[n]
D (w[n]

r , χ) = ‖rk‖2
D

‖χ[n−1]Eb
k‖2

D
(24)

with respect to χ with Ek = E
[n]
k . The new contrast is then obtained as

χ[n] =
w

[n]
k E

[n]
k

E
[n]
k E

[n]
k

. (25)

We have now completely described our initial version of the CSI method. Further
refinements with a focus on an MRI setting are given below. Before doing so, however,
first observe that apart from the contrast, the method also reconstructs the electric
field strength via Eq. (23) which is extremely important in determining the Specific
Absorption Rate. Furthermore, the method should start with a nonzero initial guess
for the contrast function χ, since the second term of the objective function is undefined
at χ = 0. A common choice is to use the contrast function that is obtained by simple
backpropagation (see [31]), but any other nonzero initial guess, such as an original
EPT reconstruction, may be used as well. Simply backpropagation essentially amounts
to applying the adjoint of the data operator on the data and is described in [24], [26],
and [31], for example.

6.2.2. Multiple Antenna Settings and Multiplicative Regularization
Having described the basic CSI method, we now introduce two further refinements

that allow us to apply the method in a practical MRI setting. First, we like to incor-
porate possible complementary antenna settings as used in a single MRI experiment.
This adjustment is fairly straightforward to implement. Specifically, to incorporate
J ≥ 1 different antenna settings in the CSI method, we again use an objective function
of the form Fn = FS + FD,n at every iteration, but this time FS and FD,n are given
by

(26)

and

F
[n]
D =

∑J
j=1 ‖rk(j)‖2

D∑J
j=1 ‖χ[n−1]Eb

k (j)‖2
D
, (27)
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∑J
j=1 ‖ρ(j)‖2

S∑J
j=1 ‖B

+;sc
1 (j)‖2

S



where ρ(j) and rk(j) are the data and object residuals for the jth antenna setting,
respectively, while B+;sc

1 (j) denotes the corresponding scattered B+
1 field and Eb

k (j)
the corresponding background electric field strength. Gradients, update directions,
and step lengths can now be computed in essentially the same manner as in the
single antenna setting case.
As second refinement, we incorporate a multiplicative regularization term to sup-

press the effects of noise on the reconstruction results. In particular, we follow [29]
and minimize the objective function

F [n] =
[
FS + F

[n]
D

]
· F [n]

TV(χ), (28)

at the nth iteration, where ∫
x∈D

(
|∇χ(x)|2 + δ2

[n−1]

)
dV∫

x∈D

(
|∇χ[n−1](x)|2 + δ2

[n−1]

)
dV

(29)

is our multiplicative regularization term and FS and F [n]
D are given by Eq. (26) and

(27), respectively. In the above expression, the parameter δ2
[n−1] is chosen as (see [29])

δ2
[n−1] = FD,n−1∆2, (30)

where ∆ is the reciprocal of the mesh size used to discretize the object domain D.
Furthermore, since FTV

n (χ[n−1]) = 1, we observe that the first step of the CSI method
is unaffected by the inclusion of the total regularization term and only the second step
needs to be modified. In particular, the second step of the CSI method now consists
of updating the contrast function according to the update formula

χ[n] = χ[n−1] + α[n]
χ d[n], (31)

where the Polak-Ribière [27] update directions for the contrast are given by

d[n] = g[n]
χ + Re〈g[n]

χ , g
[n]
χ − g[n−1]

χ 〉D
‖g[n−1]
χ ‖2

D

d[n−1] (32)

with d[0] = 0 and g[n]
χ is a preconditioned gradient of Fn with respect to the contrast

function χ evaluated at wr = w
[n]
r and χ = χ[n−1] (see [29]). Note that by following

this approach, the above updating scheme for the contrast reduces to the standard
CSI method in case total variation regularization is switched off (F [n]

TV = 1). Finally,
with the gradients and update directions at our disposal, the step length α[n]

χ can be
determined as

α[n]
χ = argmin

α∈R
F [n](w[n]

r , χ[n−1] + αd[n]). (33)

With these two refinements, we have arrived at our final CSI method. The method is
summarized below and we are now in a position to apply the method in a practical
MRI setting.
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TV(χ) =



CSI Method with regularization

• Given an initial contrast source w[0]
r and a nonzero initial contrast χ[0]

• For n=1,2,...
– Step 1: Update the contrast source

1) Compute the gradient of the objective function with respect to wr at wr =
w

[n−1]
r and χ = χ[n−1]

2) Compute the Polak-Ribière update direction v[n]
r

3) Compute the step length α[n]

4) Determine the new contrast source w[n]
r = w

[n−1]
r + α[n]v

[n]
r

– Step 2: Update the contrast function
1) Compute the preconditioned gradient of the objective function with respect to

χ at wr = w
[n]
r and χ = χ[n−1]

2) Compute d[n], the Polak-Ribière update direction for the contrast
3) Compute the step length α[n]

χ

4) Determine the new contrast function χ[n] = χ[n−1] + α
[n]
χ d[n]

– Stop if F [n] < user specified tolerance level
OR
Stop if n = user specified number of iterations

• End

666...333... NNNuuummmeeerrriiicccaaalll RRReeesssuuullltttsss
The results presented in this paper are based on a two-dimensional configuration

in which only Hx, Hy and Ez are excited (E-polarized fields). Simulations were
performed using 16 RF line sources driven at 128MHz, which corresponds to an
operating frequency of the RF body coil in a 3T MR system. The line sources were
located on a circle (r = 0.34 m) symmetrically positioned around a slice of a female
pelvis model (Ella model, IT’IS Foundation [33]) with an isotropic voxel size of
1.0 mm. A homogeneous medium is taken as a background model (no RF shield is
taken into account) and the assigned conductivity and permittivity values are based
on [34] at 128 MHz. Three different RF excitation settings were used to acquire the
EM fields as illustrated in Figure 1a–c. In Fig. 1d–f and 1g–i are shown the |B+

1 |-
maps and the |E|-fields, respectively, for the electric conductivity and permittivity
maps of the pelvis model as depicted in Figure 2a,b. The presented fields in Fig. 1
are noiseless and only the  B+

1    fields (amplitude and phase) were used as an input
to CSI-EPT. To test the presented CSI-EPT algorithm, the B+

1 fields with additive
Gaussian noise (SNR 20) were used as input.
In Figure 3a,b and 3c,d, the reconstructed maps obtained after 1000 and 10000

iterations, respectively, are shown based on noiseless B+
1 data using a quadrature

phase setting (see Fig. 1a). We observe that the conductivity and permittivity profile
reconstructions after 1000 iterations are fairly accurate, but the reconstructed values
of small tissue structures (e.g. vessels) are underestimated. Furthermore, there is
a reconstruction error around the central part of the anatomy and a noticeable
overestimation is observed under the diagonal of the anatomy. The reconstructed
maps after 10000 iterations, however, are highly accurate and in good agreement with
the actual model. Fine structures are resolved and reliable results are produced near
interfaces between different tissue types. Continuing the iterative process for more
than 10000 iterations did not further improve the results and, in practice, the stopping
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 1. Three different RF excitation modes (top row) and the corresponding amplitude of B+
1 fields

(middle row) and the amplitude of electric fields (bottom row). The color bars indicate normalized
field values.

condition can be set in terms of a tolerance level on the the objective function or in
terms of the number of iterations. The reconstructed maps after 1000 iterations based
on noisy B+

1 data for the quadrature phase setting (Fig. 1a), are shown in Fig. 4a,b.
Here, the basic implementation of CSI-EPT was used, thus without the multiplicative
regularization term. In the next row (Fig. 4c,d) the reconstructed maps based on the
same phase setting are presented, however, here the multiplicative regularized CSI-
EPT, as introduced in this paper, was used. It is observed that the reconstructed
values on the diagonal of the pelvis region show deviation from the true values. This
region coincides with the low |E|-field strength associated with quadrature excitation
as observed in Figure 1g. When using B+

1 data acquired in a linear excitation mode
(Fig. 1b), the observed artifacts are positioned on the other diagonal of the pelvis
as depicted in Figure 5a,b. Similarly, there is a correlation between the region of
less reliable reconstruction and the region of low |E|-field as observed in Figure 1h.
Reconstructions based on a complementary antenna setting (Fig. 1c) show that the
artifacts (Fig. 5c,d) are located on a different region compared to reconstructions
based on previous two RF excitation settings. By using the complete B+

1 data set,
acquired by these three excitation settings, as input to the presented algorithm, the re-
constructed maps, as shown in Figure 6a,b, are obtained (again after 1000 iterations).
If the iterative process is continued up to 5000 iterations, then the reconstruction
results, as depicted in Fig. 6c,d are obtained. It is observed (Fig. 6c,d) that the edges
are sharper compared to the reconstruction results after 1000 iterations.
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To visualize the performance of CSI-EPT on tissue interfaces, line profiles of the
reconstructed maps of Figure 3a–3d, 4a–4d, 6c and 6d have been depicted in Figure 8.
The mean±standard deviation of the reconstructed electric properties of four tissue
types (muscle, bladder, fat and bone) are presented in Figure 9. Calculation of the
mean±standard deviation is based on true model tissue segmentation where all voxels
of the forementioned tissue type are included. In Fig. 9 it can be observed that the
reconstructed mean values after 10000 iterations (light blue) are in better agreement
with true values compared to the reconstructed mean values after 1000 iterations
(green). Furthermore, it is observed that the standard deviation is smaller after 10000
iterations. The reconstructed mean values based on noisy data (red) are in good
agreement with the true values as well, and the standard deviation is relatively low
due to the use of the multiplicative term (TV-term). Finally, the results using three
B+

1 data sets and increased number of iterations show an improvement in terms of
standard deviation for all tissue types (purple).
In Figure 7 the reconstruction results after 1000 iterations are shown in case reg-

ularized CSI-EPT is applied on B+
1 amplitude and transceive phase data. The input

data was acquired using the three different excitation modes and additive Gaussian
noise (SNR 20) was added. The reconstruction results show a deviation from the true
maps around the central region of the slice. Moreover, the reconstructions suffer from
a loss of resolution, since small structures are not completely resolved.
The computational time for 1000 iterations of a Matlab implementation of the

presented method, with a grid size of 1.0 mm, is around 90 seconds on an Intel Core
i7 operating at 1.9GHz.

666...444... DDDiiissscccuuussssssiiiooonnn aaannnddd CCCooonnncccllluuusssiiiooonnn
In this paper, we have presented a multiplicative regularized Contrast Source Inver-

sion approach for improved MRI based electric properties mapping. The method takes
the integral representations for the electromagnetic field as a starting point and the
tissue parameters are obtained by iteratively minimizing an objective function which
measures the discrepancy between measured and modeled data and the discrepancy
in satisfying a consistency equation known as the object equation. Furthermore,
the objective function consists of a multiplicative Total Variation factor for noise
suppression during the reconstruction process. Finally, the presented implementation
of the CSI-EPT method is able to simultaneously utilize more than one B+

1 data set
acquired by complementary RF excitation settings.
Numerical results illustrate that fine structures can be resolved and the method

performs well at tissue boundaries as shown in Figures 3–9. The reconstructed electric
properties based on noiseless B+

1 data are in good agreement with true electric
properties already after 1000 iterations (Fig. 3a,b and 8c,d). The good performance
of the presented method is observed after 10000 iterations where the reconstructed
maps (Fig. 3c, d) are in very good agreement with the true model. The line profiles
presented in 8e,f confirm the ability of CSI-EPT to reconstruct EPs near tissue in-
terfaces. These results clearly illustrate the improvement of CSI-EPT reconstructions
at tissue boundaries compared to the currently used reconstruction algorithms. For
a comparison, see [16] (Fig. 7) where boundary artifacts are observed in EPT-results
of a similar slice of the Ella model.
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(a) (b)

Fig. 2. Electric conductivity (a) and permittivity (b) map of the actual female pelvis model.

(a) (b)

(c) (d)

Fig. 3. The reconstructed conductivity and permittivity maps based on noiseless B+
1 data after 1000

iterations (a,b) and after 10000 iterations (c,d).

(a) (b)

(c) (d)

Fig. 4. Reconstructions based on noisy B+
1 data associated with quadrature RF excitation mode

using the basic CSI-EPT (a,b) and the presented implementation with Total Variation factor (c,d)
after 1000 iterations.
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(a) (b)

(c) (d)

Fig. 5. (a,b) Reconstruction results based on fields acquired with linear RF excitation mode as
depicted in Fig. 1b. (c,d) Reconstructed maps based on fields using linear RF excitation mode as
shown in Fig. 1c. These reconstructions are obtained after 1000 iterations.

(a) (b)

(c) (d)

Fig. 6. The reconstructed maps after 1000 (a,b) and 5000 iterations (c,d) using three B+
1 data sets

as input to the presented algorithm.

(a) (b)

Fig. 7. The reconstructed maps after 1000 iterations using three B+
1 data sets with transceive phase

as input.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)
Fig. 8. (a,b) Line position w.r.t. the true model. (c,d and e,f) Line profiles of the reconstructed maps
as depicted in Fig. 3a,b and 3c,d, respectively. (g,h and i,j) Line profiles of the reconstructed maps
of Fig. 4a,b and 4c,d, respectively. (k,l) Line profile of the reconstruction results as depicted in Fig.
6c,d. The x-axes in these figures correspond to the line in Figures 8a and 8b, while along the y-axes
the conductivity [S/m] (left column) or the relative permittivity (right column) is shown.
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Reconstructed maps based on noisy B+
1 data (Fig. 4a,b), using the basic imple-

mentation of CSI-EPT without noise suppression capabilities show an overall reliable
reconstruction of average electric property values as shown in Figure 9 (red bar).
However, the reconstructed values were less reliable in a region that coincided with a
region of low |E|-fields. The line profiles (Fig. 8g,h) show a larger deviation from the
true values on the right part of the line profiles, due to the artifacts on the diagonal
of the anatomy (Fig. 4a,b). It is observed that the reconstructed maps are improved
when Total Variation term is added to the CSI-EPT algorithm (Fig. 4c,d). In this
figure, the unreliable region is smaller and the reconstructed maps are less noisy
compared to Fig. 4a,b. The line profiles (Fig. 8i,j) confirm the improvement where

(a)

(b)

Fig. 9. Average conductivity (a) and permittivity values (b) for various tissue types (muscle, bladder,
bone, fat) based on quadrature excitation (green, light blue, red) and based on three RF excitation
settings (purple). Green bar corresponds to Fig. 3a,b, light blue to Fig. 3c,d, red to Fig. 4c,d and
purple to Fig. 6c,d. The values based on literature are depicted in dark blue.
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it can be observed that the deviation of the reconstructed values from true values is
smaller compared to the case where the TV-term was not included in the algorithm
(Fig. 8g,h). However, some artifacts are still observed on the diagonal of the anatomy.
As the induced current is low in this region, due to a low |E|-field, there is less infor-

mation available to reconstruct the property maps. The region of low |E|-fields can be
positioned elsewhere by using a one-port RF excitation mode as shown in the 2nd and
3rd column of Fig. 1. In practice, a complementary |E|-pattern can also be achieved by
varying the phase difference between the available channels of an RF transmit array.
Reconstructed maps based on these input B+

1 data, therefore, show artifacts located
in other regions (Fig. 5a–d) compared to reconstructed maps using quadrature RF
excitation. When using B+

1 -fields of three different RF excitation modes (Fig. 1a–c)
simultaneously, an overall improvement is observed in the reconstructed maps (Fig.
6a,b) where the region sensitive to noise has been reduced to a few pixels around
the central part of the anatomy. Sharper edges are reconstructed if the iteration
procedure is continued to 5000 iterations as shown in Fig. 6c,d. An improvement is
also observed in terms of average and deviation of the reconstructed values for various
tissue types as observed in 8k,l and Fig. 9 (purple bar). Furthermore, reconstruction
results based on transceive phase data (Figure 7) show local deviations from the actual
property maps and loss of resolution (small structures are not completely resolved).
A modification of the CSI objective function, which takes uncertainties in the phase
of B+

1 into account, may resolve these problems (cf. [31]).
In its present form, however, CSI-EPT does not include the RF shield in the

Green’s function. Future work will therefore focus on use of the Green’s function
in which the RF shield is included analytically or numerically as presented in [35].
Finally, we mention that uncertainties in the B+

1 phase may also be taken into account
by modifying the objective function that is minimized in the CSI-EPT method. In
practice, measurements of the B+

1 phase are based on assumptions regarding the
object and coil geometry [11], [13]. The transceive phase assumption can be considered
as an uncertainty in the B+

1 phase, and, therefore, be incorporated in the objective
function. Recent studies [14], [15], [36]–[40] avoid the transceive phase assumption
by using multiple independent transmit/receive channels and open up possibilities
for EPT reconstruction and local SAR estimation [36], [39], [40], free of assumption
regarding the B+

1 phase. Modern 3T clinical MRI systems are often equipped with
at least two independent transmit channels for RF shimming purposes, therefore
field patterns as shown in Figure 1 can be generated. Desirable field patterns can
be achieved such that low |E|-field regions do not overlap with the low field regions
acquired by the complementary phase settings. As the artifacts in the reconstruction
results based on three different B+

1 -fields were reduced to a few pixels, additional B+
1

data might not be required for the current possible applications of CSI-EPT.
The applicability of the EPT method to electric properties mapping has recently

been confirmed in a series of phantom and in vivo experiments with MRI systems [11]–
[19], [12], [38] and it is certainly our intention to extend the current implementation
of CSI-EPT towards a practical MRI setting. Much effort is still needed, however.
Specifically, the method needs to be extended to 3D and the effect of the RF shield
needs to be taken into account either numerically or analytically. A 3D implementa-
tion requires the implementation of the fully vectorial 3D scattering operators and
will obviously increase CPU processing time due to an increase in the number of
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unknowns and the use of 3D FFTs. Finally, perturbations in the phase of the B+
1

field can be taken into account by modifying the CSI objective function in a similar
manner as in [31]. Given the promising results presented in this paper, we think
that CSI-EPT may prove an important step forward and may greatly improve the
reliability of EPT as a functional mapping technique. Furthermore, since the method
is also able to reconstruct the electric field, it can in principle provide all relevant
information for local SAR estimation as well.
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Abstract 

Specific Absorption Rate (SAR) assessment is essential for safety purposes during MR 
acquisition. Online SAR assessment is not trivial and requires, in addition, knowledge 
of the electric tissue properties and the electric fields in the human anatomy. In this 
study, the potential of the recently developed CSI-EPT method to reconstruct SAR 
distributions is investigated. This method is based on integral representations for the 
electromagnetic field and attempts to reconstruct the tissue parameters and the electric 

field strength based on B1
+ field data only. Full three-dimensional FDTD simulations 

using a female pelvis model are used to validate two-dimensional CSI reconstruction 
results in the central transverse plane of a 3T body coil. Numerical experiments 
demonstrate that the reconstructed SAR distributions are in good agreement with the 
SAR distributions as determined via 3D FDTD simulations and show that these 
distributions can be computed very efficiently in the central transverse plane of a body 
coil with the two-dimensional approach of CSI-EPT.  
 

7.1 Introduction 
 
Assessment of the Specific Absorption Rate (SAR) due to electromagnetic (EM) fields 
in human tissue is relevant in many applications such as hyperthermia [1]–[3], 
telecommunications [4] and high field MRI [5]–[9]. However, for reliable SAR 
assessment knowledge of the electric properties (EPs) of biological tissues is required 

(in particular the conductivity 𝜎 and permittivity 𝜀) and the electric field strength must 
be known as well. This information is usually not directly available and therefore has to 
be determined by other means. In MRI, various implementations of Electric Properties 
Tomography (EPT) methods have been developed to extract this information from the 

𝐵1
+ field [10]–[17]. This field is accessible to measurement and present day EPT 

methods attempt to reconstruct the electric tissue parameters from measured 𝐵1
+ field 

maps, while the corresponding electric field strength is determined by forward modeling 
in which the reconstructed conductivity and permittivity profiles serve as a model for 
the patient’s anatomy.   

One of the drawbacks of the EPT methods mentioned above is that these methods 
typically suffer from reconstruction artifacts especially near tissue boundaries. These 
artifacts occur mainly because currently used EPT methods are based on local field 
equations (either Maxwell's equations or Helmholtz's equation) and do not take the 
electromagnetic boundary conditions into account. Furthermore, these methods are 
very sensitive to noise or other perturbations in the data, since differential operators act 

on measured 𝐵1
+ field data. Different studies have focused on minimizing the 

reconstruction artifacts by using either the gradient of EP profiles in conjunction with 
a multi-channel transmit/receive array RF coil [18] or by using arbitrary-shaped kernels 
based on voxel position [19]. However, these ad hoc solutions are still based on a local 
differential operator approach, which may yield less accurate SAR predictions due to 
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potential reconstruction errors in the EP profiles that immediately affect the computed 
electric field strength in the forward modeling step. 

As an alternative to local EPT methods, we have recently proposed an iterative 
Contrast Source Inversion EPT method (CSI-EPT) [20], which is based on global 
integral representations for the electromagnetic field [20], [21]. The electromagnetic 
boundary conditions are then automatically satisfied and reconstruction results near 
tissue interfaces are significantly improved [20]. Furthermore, CSI-EPT is less sensitive 
to noise since in CSI-EPT integral operators act on measured field data (instead of 
differential operators as in local EPT methods) and CSI-EPT reconstructs the electric 
field strength inside the region of interest as well. This latter property makes CSI-EPT 

an ideal candidate for SAR reconstructions based on 𝐵1
+ field data, since it attempts to 

simultaneously reconstruct the EP profiles and the electric field strength within the 
human anatomy.   

The electromagnetic wave field inside the human body is obviously a fully vectorial 
three-dimensional wave field. However, as earlier described by van de Bergen (2009) 
[22], the electromagnetic field in the central transverse plane of a 3T or 7T body coil 

can be treated as a two-dimensional wave field where only 𝐻𝑥, 𝐻𝑦, and 𝐸𝑧, are present. 

The case where only 𝐻𝑥, 𝐻𝑦, and 𝐸𝑧 are considered is also referred to as the TM 

polarized case. Reconstructing the SAR distribution based on two- instead of three-
dimensional fields obviously leads to significant speed ups in computation time and may 
even allow for online SAR reconstructions. Our approach is therefore to reconstruct 
the SAR distribution in the neighborhood of the central transverse plane of a body coil 
using a two-dimensional CSI-EPT reconstruction method. To validate our approach, 
we compare the reconstructed profiles, electric fields, and SAR distributions with 3D 
models and fully vectorial 3D FDTD simulations. We use a static field of 3T in all 
numerical experiments. The approach is equally applicable for 7T or other static 
background field strengths, as long as the two-dimensional field approximation in the 
central slice remains valid. 
 

7.2 Methods 

 
7.2.1 The CSI-EPT Method 
 
In this section we briefly discuss the main features of the CSI-EPT method. The method 
is fully described in [20] and further mathematical details can be found in [23] and [24].  

As a starting point, we first write the RF field {𝐸, 𝐵1
+} that is present in the MR 

system as a superposition of the electromagnetic background field and the scattered 

field. The background field {𝐸𝑏, 𝐵1
+;𝑏

} is the field that is present within the MR system 

in absence of a dielectric object or body, whereas the scattered field {𝐸𝑠𝑐 , 𝐵1
+;𝑠𝑐

} is the 

field induced by the object or body. The object occupies a bounded domain 𝐷 and is 

characterized by a conductivity 𝜎(𝑟), a permittivity 𝜀(𝑟), and a permeability 𝜇(𝑟), with 

𝑟 = (𝑥, 𝑦, 𝑧) the position vector. In this work we have ignored relative permeability 
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variations as they are considered negligible for biological tissue [25]. In practice the 

background field {𝐸𝑏, 𝐵1
+;𝑏

} can be acquired by forward modeling.  
Using the linearity of Maxwell’s equations, the scattered electric field at a point 

with position vector r can be written as [23] 

𝐸𝑠𝑐(𝑟) = ∫ 𝐺𝐸𝐽(𝑟, 𝑟′)

𝑟′∈𝐷

𝑤(𝑟′)𝑑𝑉,                                        (1) 

 

while the scattered 𝐵1
+;𝑠𝑐

 can be written as 

𝐵1
+;𝑠𝑐(𝑟) = ∫ 𝐺+;𝐻𝐽(𝑟, 𝑟′)

𝑟′∈𝐷

𝑤(𝑟′)𝑑𝑉.                                    (2) 

 

In these equations 𝐺𝐸𝐽 denotes the Green’s tensor relating the electric current to electric 

field and the tensor 𝐺+;𝐻𝐽 relates the electric current to the 𝐵1
+ field. Furthermore, 𝑤 

is the contrast source given by 
 

𝑤 = 𝜒𝐸,                                                                  (3) 
 

where 𝜒 = 𝜂/𝜂𝑏 − 1 is the contrast function, with 𝜂(𝑟) = 𝜎(𝑟) − 𝑖𝜔𝜀(𝑟), and 𝜂𝑏 =
−𝑖𝜔𝜀0. 

Obviously the goal is to reconstruct the contrast function 𝜒 and the electric field 𝐸 

based on 𝐵1
+ data. A solution to this inverse problem is formulated by iteratively 

minimizing the cost function given by 
 

𝐹 = 𝐹𝑑𝑎𝑡𝑎 + 𝐹𝑜𝑏𝑗                                                       (4) 

where 

𝐹𝑑𝑎𝑡𝑎
[𝑛]

=
‖𝐵1

+;𝑠𝑐 − Ĝ+;𝐻𝐽{𝑤[𝑛]}‖

‖𝐵1
+;𝑠𝑐‖

                                          (5) 

and 

      𝐹𝑜𝑏𝑗
[𝑛]

=
‖𝜒[𝑛]𝐸[𝑛] − 𝑤[𝑛]‖

‖𝜒[𝑛−1]𝐸𝑏‖
                                                (6) 

 

where we have introduced the operator Ĝ+;𝐻𝐽{𝑤} as  

Ĝ+;𝐻𝐽{𝑤}(𝑟) = ∫ 𝐺+;𝐻𝐽(𝑟, 𝑟′)

𝑟′∈𝐷

𝑤(𝑟′)𝑑𝑉.                              (7) 

The subscript [𝑛] in (5) and (6) represents the iteration number. The CSI method 

updates both the contrast source (𝑤[𝑛]) and the contrast function (𝜒[𝑛]) using a two-

step updating procedure. In the first step the contrast function is fixed (𝜒 = 𝜒[𝑛−1]) 

while the contrast source (𝑤[𝑛]) is updated by minimizing Eq.(5). In the second step, a 
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new contrast function (𝜒[𝑛]) is obtained by using the updated contrast source 𝑤[𝑛] from 

the first step. Moreover, the electric field corresponding to the updated 𝑤[𝑛] can be 
computed by  
 

𝐸[𝑛] = 𝐸𝑏(𝑟) + Ĝ𝐸𝐽{𝑤[𝑛]}                                        (8) 

with  

Ĝ𝐸𝐽{𝑤}(𝑟) = ∫ 𝐺𝐸𝐽(𝑟, 𝑟′)

𝑟′∈𝐷

𝑤(𝑟′)𝑑𝑉.                            (9) 

Finally, the contrast function is then obtained by minimizing Eq.(6) with respect to 𝜒, 
hence, the new contrast function is computed as 
 

𝜒[𝑛] =
𝑤[𝑛]�̅�[𝑛]

𝐸[𝑛]�̅�[𝑛]
.                                                (10) 

 
The overbar in Eq. (10) denotes the complex conjugate. The iterative process is 
terminated once the cost function, Eq. (4), reaches a user specified tolerance level. 
Elsewhere we reported a more detailed description of the CSI-EPT algorithm [20] 
which includes the multiplicative Total Variation factor for noise suppression and the 
ability to include more than one B1 data set in the iterative process. 

 
7.2.2 3D and 2D electromagnetic modeling 

 
We have performed 3D field simulations using in-house developed Finite-Difference 
Time Domain (FDTD) tools [26] and the 3T body coil model as described in [27]. The 
coil was tuned at 128 MHz (i.e. the Larmor frequency at 3T) and was driven in 
quadrature mode. The female body model (Ella) from the Virtual Family provided by 
IT’IS [28] has been used and the assigned conductivity and permittivity values are based 
on [29] at 128 MHz. The tissue density values reported in [30] were used for SAR 
computations. The computed SAR by 3D field simulations serves as a benchmark to 
which the 2-D simulations will be compared. 

The 2D simulations (for a TM-polarized configuration) were conducted using the 
integral equation method. In the TM-polarized configuration, the electric field vector is 
parallel to the invariance direction. The fields were generated by 16 RF line sources 
driven at 128MHz, which corresponds to an operating frequency of the RF body coil 

in a 3T MR system. The line sources were located on a circle (𝑅 = 0.34m) 
symmetrically positioned around the female pelvis model with an isotropic voxel size 
of 2.5 mm. A homogeneous medium (free space) is taken as a background model. In 

the current implementation we have assumed exact knowledge of the 𝐵1
+ phase.  

The CSI-EPT algorithm is implemented as we previously described in [20]. The 
CSI-EPT software code was implemented in MATLAB (MathWorks, Natick, 
Massachusetts, USA). The computational time for 5000 iterations of the presented 
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method, with a grid size of 2.5 mm, is around 110 seconds on an Intel Core i7 operating 
at 1.9GHz. Furthermore, SAR1g and SAR10g, representing the average SAR over a mass 
of 1g and 10g, respectively, are computed based on [31] and take approximately 20 and 
10 seconds, respectively.  

We have compared the results for the midplane slice (𝑧 = 0 cm) as the 2D 
modeling is likely to be a valid approximation in this region. However, we have also 

explored the reconstruction at two off-central slices (i.e., 𝑧 = +7.5 cm and 𝑧 =
−2.5 cm). 
 

7.3 Results 

 
To test the SAR reconstruction results of our algorithm, we first compute the fully 
three-dimensional electromagnetic field inside the 3D Ella body model using FDTD 

and focus on the field and SAR distributions in three slices located at 𝑧 = 0 cm 

(midplane), 𝑧 = +7.5 cm, and 𝑧 = −2.5 cm. The conductivity and permittivity profiles 
within these three slices are shown in Figure 1, while the magnitude of the Cartesian 
components of the corresponding 3D electric field strength is shown in Figure 2. In 

these figures, the amplitudes of the field components 𝐸𝑥  and 𝐸𝑦 are normalized with 

respect to the maximum amplitude of the 𝐸𝑧 field of the corresponding slice. We 

observe that 𝐸𝑧 is the dominant field component in all three slices indicating that it is 
reasonable to assume a two-dimensional E-polarized field structure in and around the 
midplane of the body coil. The field is not exactly two-dimensional, of course, which is 
particularly noticeable for the x-component of the electric field strength (first column 
of Figure 2). This component vanishes for a two-dimensional E-polarized field, but it 
clearly does not in the fully three-dimensional case especially around the center of the 

slices and within the slice located closed to the legs (slice at 𝑧 = −2.5 cm). These 

deviations from 2D are due to anatomical variations in the longitudinal 𝑧-direction, 

which are especially large around the slice located at 𝑧 = −2.5 cm, since here we 

transition from the torso to the upper legs. Finally, the 3D and 2D normalized |𝐵1
+| 

maps of the midplane slice are shown in Figure 3a and 3b, respectively. We observe that 
both maps have a similar field pattern, apart from some local differences mainly at the 
central region. This observation again confirms that it is reasonable to assume that the 
electromagnetic field essentially has a two-dimensional E-polarized field structure in the 
midplane of the body coil.  

In practice, the measured 𝐵1
+ field is not known exactly, of course, and we 

therefore contaminate the 2D simulated 𝐵1
+ field with additive Gaussian noise (SNR 

20). This field now serves as an input for our CSI-EPT algorithm. The reconstructed 
conductivity and permittivity maps obtained after 5000 iterations of the CSI-EPT 
algorithm are shown in Figures 4a and 4b, respectively. We note that these results were 
obtained by incorporating multiplicative total-variation regularization into our CSI-EPT 
algorithm (for details see [20]) to suppress the effects of noise in the data. From Figures 
4a and 4b, we observe that the conductivity and permittivity reconstructions are in good 



B1 based SAR reconstruction 

 

 99 

agreement with the target maps of Figure 1a and 1b. Furthermore, in Figure 4c the 

reconstructed |𝐸𝑧|–field is shown which is used together with the reconstructed 
conductivity map of Figure 4a to determine the SAR distribution as reconstructed by 
CSI–EPT.  

Figure 5a shows the voxel-wise SAR distribution based on 3D field simulations, 
while the SAR10g and SAR1g are depicted in Figures 5d and 5g, respectively. In Figures 
5b, 5e, and 5h (second column of Figure 5), the computed SAR distributions based on 
the 2D field simulations are shown, which are in good agreement with the distributions 
based on the 3D simulations (1st column of Figure 5). Only slight deviations are 
observed on the right bottom part of the anatomy. Finally, the CSI SAR reconstructions 

using only 𝐵1
+ field information are shown in Figures 5c, 5f, and 5i (third column of 

Figure 5). As mentioned above, this 𝐵1
+ field is contaminated with additive Gaussian 

noise (SNR 20). Comparing the different reconstructed SAR distributions with the 3D 
(first column of Figure 5) and 2D (second column of Figure 5) SAR distributions, we 
observe that the CSI SAR reconstructions are in good agreement with the 3D as well as 
2D modeled SAR distributions. The relative error between the reconstructed SAR 
distributions based on CSI-EPT and 3D FDTD are shown in the fourth column of 
Figure 5.  

The SAR distributions within the non-central slices are depicted in Figure 6 (slice 

at 𝑧 = +7.5 cm) and Figure 7 (slice at 𝑧 = −2.5 cm). The reconstructed SAR 

distribution of the transversal slice at 𝑧 = +7.5 cm, where |𝐸𝑧| is the dominant field, is 
in good agreement with the SAR distributions calculated by 3D and 2D forward 
modeling as shown in the 1st and 2nd column of Figure 6, respectively. In the fourth 
column of Figure 6 the relative error between the reconstructed SAR distributions based 
on CSI-EPT and 3D FDTD are shown. However, the SAR reconstruction within the 

slice located at 𝑧 = −2.5 cm, where the transverse electric field components were not 
negligible, shows a discrepancy in the central region in a comparison between the 1st 
and 3rd column of Figure 7. The discrepancy is due to the fact that transverse electric 
fields are not considered in a 2D approach, and discrepancies in reconstructed SAR may 
therefore appear in regions where these transverse fields are not negligible. However, 
comparison of the 1st and 3rd column of Figure 7 still shows a good agreement outside 
the central region as confirmed by the relative error shown the fourth column of Figure 
7. 
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Figure 1. Target electric conductivity (left) and permittivity maps (right) of the mid plane 

slice (top row), the slice at 𝑧 = +7.5 cm (middle row) and the slice at 𝑧 = −2.5 cm 
(bottom row). 

 

 

Figure 2. |𝐸𝑥|, |𝐸𝑦|, and |𝐸𝑧| (left to right) distributions in the midplane slice (top row), 

the slice at 𝑧 = +7.5 cm (middle row), and the slice at 𝑧 = −2.5 cm (bottom row). The 

|𝐸𝑥|, |𝐸𝑦| field distributions are normalized with respect to the maximum amplitude of 

the corresponding |𝐸𝑧| field distribution. 
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Figure 3. Normalized |𝐵1
+| field distribution in the midplane slice based on 3D FDTD 

(a) and the 2D integral equation method (b). 

 

 

Figure 4. The reconstructed conductivity (a) and permittivity (b) maps after 5000 

iterations of the CSI-EPT algorithm. (c) The normalized |𝐸𝑧|. 
 
 

 

Figure 5. The normalized voxel-based SAR distribution (top row), the normalized 
SAR10g distribution (middle row), and the SAR1g distribution (bottom row) of the 

midplane slice (𝑧 = 0cm). The distributions based on 3D FDTD field simulations are 
shown in (a,e,i), while the distributions based on a 2D integral equation approach are 
shown in (b,f,j). The reconstructed SAR distributions based on CSI-EPT are presented 
in (c,g,k). The relative error between the reconstructed SAR distributions based on CSI-
EPT and 3D FDTD are shown in (d,h,l). 
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Figure 6. The normalized voxel-based SAR distribution (top row), the normalized 
SAR10g distribution (middle row), and the SAR1g distribution (bottom row) of the slice 

at 𝑧 = +7.5 cm. The distributions based on 3D FDTD field simulations are shown in 
(a,e,i), while the distributions based on a 2D integral equation approach are shown in 
(b,f,j). The reconstructed SAR distributions based on CSI-EPT are presented in (c,g,k). 
The relative error between the reconstructed SAR distributions based on CSI-EPT and 
3D FDTD are shown in (d,h,l). 

 

Figure 7. The normalized voxel-based SAR distribution (top row), the normalized 
SAR10g distribution (middle row), and the SAR1g distribution (bottom row) of the slice 

at 𝑧 = −2.5 cm. The distributions based on 3D FDTD field simulations are shown in 
(a,e,i), while the distributions based on a 2D integral equation approach are shown in 
(b,f,j). The reconstructed SAR distributions based on CSI-EPT are presented in (c,g,k). 
The relative error between the reconstructed SAR distributions based on CSI-EPT and 
3D FDTD are shown in (d,h,l). 
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7.4 Discussion and Conclusion 
 
Hot-spots are a potential risk of high field clinical MRI; prediction of SAR distribution 
may help to reduce this hazard, and is thus essential for MRI quality assurance and 
patient safety. In this paper, we have exploited the CSI-EPT method to reconstruct 
electric field and tissue properties and investigated the performance to reconstruct SAR 

distributions based on B1
+ information only. This method takes the integral 

representations for the electromagnetic field as a starting point and the electric field and 
tissue parameters are obtained by iteratively minimizing an objective function which 
measures the discrepancy between measured and modeled data and the discrepancy in 
satisfying a consistency equation known as the object equation.  

Numerical results illustrate that SAR distributions can be reconstructed based on 

𝐵1
+ information using a 2D implementation of CSI-EPT. In general, a good 

performance was observed for slices where the transverse components of the electric 
field were negligible. These results clearly illustrate the ability of CSI-EPT to reconstruct 

SAR distributions within slices where 𝐸𝑧 is the dominant field component, which is in 
general the case for the midplane slice of an RF body coil model [22]. Our studies 
indicate, however, that a two-dimensional field approximation may also be applied for 
off-central transverse slices (see Figure 6). In such cases a 2D implementation of CSI-
EPT would yield reliable SAR reconstruction as well. Unfortunately, it is not a priori 
known on which off-central slices the transverse components of the E-field are 
negligible and we therefore restrict ourselves to the midplane slice when we use a 2D 
implementation of CSI-EPT. Despite this restriction, the current 2D implementation 
of CSI-EPT seems to be a promising tool to improve current SAR assessment, since a 
good agreement was observed between reconstructed SAR distributions and 3D FDTD 
based SAR distributions. As can be seen from Figs. 5 to 7, the reconstructed voxel-
based, 10g, and 1g SAR distributions show a good overall agreement. To quantify the 
error in all three cases, we have computed the relative error between the two-
dimensional reconstructed SAR based on CSI-EPT (third column in Figs. 5 to 7) and 
the true SAR distribution as determined by the full 3D FDTD model (first column in 
Figs. 5 to 7). We observe that the error is small throughout the slice except in some 
highly isolated regions. These error regions occur mainly because the size of the hot 
spots is not precisely predicted by our 2D model. Our model does indicate, however, 
where hotspots can be expected and gives a good overall qualitative indication of the 
SAR distribution within the slices of interest. Moreover, CSI-EPT is applicable at all 
fields strength and is not limited to the demonstrated performance at 3T. 

In its present form, the CSI-EPT algorithm takes perturbed 𝐵1
+ field as input and 

effects due to noise are suppressed by incorporating multiplicative total variation 

regularization into the CSI-EPT algorithm (see [20]). Additional uncertainties in the 𝐵1
+ 

phase may also be taken into account [20]. In practice, measurements of the 𝐵1
+ phase 

are based on assumptions regarding the object and coil geometry [32], [33] and this 

transceive phase assumption can be considered as an uncertainty in the 𝐵1
+ phase as 

well. These uncertainties can be taken into account in CSI-EPT by modifying the 
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objective function in a similar manner as in [34]. However, in a number of recent studies 
[14], [15], [35], [36] the transceive phase assumption is avoided by using multiple 
independent transmit/receive channels. This opens up possibilities for EPT 
reconstruction and local SAR estimation [35]–[37] free of assumptions regarding the 

𝐵1
+ phase. Although we have presented reconstruction results for a quadrature coil 

configuration only, CSI-EPT is actually suitable for various antenna settings and can 
therefore benefit from multiple independent transmit/receive systems as exploited in 
[35]–[37] for assumption-free phase data.  

The applicability of the EPT method to electric properties mapping has recently 
been confirmed in a series of phantom and in vivo experiments with MRI systems [12], 
[18], [32], [38]. Present work is therefore focused on extending the current 
implementation of CSI-EPT towards a practical MRI setting using both 2D and 3D 
field models. Three-dimensional models obviously do not suffer from a restriction to 
the midplane of the body coil and will provide more accurate reconstruction results in 
regions where two-dimensional field approximations fail. On the other hand, 
computation times in 3D will be significantly larger than in 2D due to an increase in the 
number of unknowns and the application of 3D FFTs. If possible, it is therefore 
beneficial to use 2D CSI-EPT, which may even provide online SAR reconstructions in 
the midplane of a body coil.  

Whether a two- or three-dimensional CSI-EPT method is applied, the CSI-EPT 
method reconstructs, besides the electric properties, also the electric field at no 
additional computational costs. Given the promising results presented in this paper, we 
believe that CSI-EPT may prove an important tool towards MR based SAR 
reconstruction. In future work we will therefore focus on developing an efficient 
implementation of 3D CSI-EPT that allows for complete local SAR assessment inside 
and outside the mid-plane of the RF transmit coil. 
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8 Summary, general discussion and 

future work  

8.1 Summary  

In this thesis the feasibility of reconstructing the electric tissue properties has been 
investigated with the purpose to improve the reliability of hyperthermia treatment 
planning. This project was initiated to acquire in vivo electric tissue properties because 
the values reported in the literature show large variations for normal tissue. 
Furthermore, the electric properties of tumor tissue are scarcely reported in the 
literature. These uncertainties in electric tissue properties limit accurate assessment of 
delivered thermal dose.  

In Chapter 1 a general introduction to hyperthermia is given and different types of 
hyperthermia techniques are described. A high and homogeneous temperature is 
important for achieving tumor control. This goal is achieved by optimizing T90, which 
represents the temperature achieved in at least 90% of the tumor volume and is a 
measure for thermal dose. Thermal dose is commonly defined as the cumulative 
minutes at 43ºC and doubles with each 0.5 ºC increase of tumor temperature. Therefore, 
every small increase of tumor temperature is clinically relevant. The treatment of deep 
seated tumors is performed using phased array systems of multiple antennas emitting 
electromagnetic waves. Achieving good tumor heating while avoiding normal tissue hot 
spots is challenging as it requires careful arrangement of the phase and amplitude 
settings of the individual antennas. For this purpose treatment planning systems have 
been developed in the last decade but their accuracy is strongly dependent on the electric 
and thermal patient model. Thus more accurate tissue properties information is needed 
than the presently used values from the literature. 

In Chapter 2 the electric properties and their impact on the behavior of 
electromagnetic fields is described. Magnetic Resonance Imaging (MRI) is proposed as 
a means to acquire the electric properties. As this electromagnetic field behavior can be 
assessed by acquiring the magnetic component of the RF coil signal (referred to as the 
B1 field), one would be able to reconstruct the electric properties. Electric Properties 
Tomography (EPT) is a well-established method and provides reconstructed maps at 
all field strengths. Its accuracy is however limited at high field strengths (>3T) as the 
transceive phase assumption is less valid. Furthermore, EPT assumes locally (piece-
wise) constant properties and its accuracy at tissue boundaries is therefore limited. To 
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overcome these shortcomings various modified EPT methods have been introduced 
recently such as including gradient maps of EP profiles in conjunction with a multi-
channel transmit/receive array RF coil [1] or by using arbitrary-shaped kernels based on 
voxel position [2]. In this chapter, a new approach was shortly introduced which 
considers EPT as a full electromagnetic inversion problem which inherently solves the 
boundary problem. This approach is based on the Contrast Source Inversion method 
and is therefore termed CSI-EPT. In Chapters 3 to 5 the EPT method is used, and in 
Chapter 6 the CSI-EPT method is introduced and its performance is demonstrated. In 
Chapter 7 the CSI-EPT method is exploited for SAR reconstruction.  

In Chapter 3 the feasibility of EPT in the pelvic region is investigated through 
phantom MR experiments and in vivo simulations studies. The validity of the transceive 
phase approximation was earlier shown to hold for the head. In this study its validity in 
the pelvic region was assessed first by computing the phase error based on phantom 
and in vivo modeling. The phase error was sufficiently low to allow for reliable 
conductivity reconstruction. By conducting phantom experiments, the ability to 
reconstruct conductivity values up to 1.8 [S/m] was investigated, as these values occur 
in most biological tissues at the Larmor frequency of 128 MHz. The reconstructed 
conductivity values based on EPT corresponded within 10% with values acquired by 
probe measurements. Next, the reconstruction of tumor conductivity was tested based 
on in vivo modeling. A tumor conductivity of 0.86 S/m was reconstructed whereas the 
input tumor value was 0.90 S/m. Finally, in vivo experiments were conducted with a 
healthy volunteer and the reconstructed conductivity map was presented. 

In Chapter 4 a conductivity measurement study in 20 patients with cervical cancer 
is reported. The conductivity of muscle, bladder content and cervical tumors were 
reconstructed using the EPT method. The conductivity of muscle tissue of all 20 
patients was reconstructed. Ten patients met the inclusion criteria regarding tissue size 
for reliable reconstruction of the conductivity of bladder content and cervical tumor. It 
was noted that the reconstructed conductivity of muscle and cervical tumor was, 
respectively, 14% and 13% higher than reported by Gabriel et al. (1996) using probe 
measurements on ex vivo samples. The value reported in the literature for bladder is 
based on conductivity measurements of bladder wall tissue which is almost an order of 
magnitude lower than the conductivity of urine which constitutes the major part of the 
bladder volume. Recent studies based on porcine urine report conductivity values which 
are in good agreement with values found in our study.  

In Chapter 5 the impact of using EPT based conductivity values on hyperthermia 
treatment was investigated. Patient models were used of five patients treated with 
hyperthermia. The tumor temperatures were optimized for the case where conductivity 
values from literature were used. The same antenna settings were then applied on 
patient models wherein the EPT based conductivity values from the previous chapter 
were assigned to muscle, bladder content and cervical tumor. The impact on tumor 
temperature differed from patient to patient with a worst case of 1.60°C lower tumor 
T90 for one patient. The impact was lower than 0.60°C for the other four patients. The 
influence and contribution of individual tissues was investigated by correcting only the 
conductivity values for muscle or bladder. This shows that due to the higher 
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conductivity value for muscle and bladder, more power was dissipated in tissues 
surrounding the tumor volume resulting in lower dissipation in the tumor leading to 
lower tumor temperatures. Maintaining an empty bladder might therefore be beneficial 
to avoid unwanted power dissipation outside the target volume. Patient models, wherein 
only muscle conductivity has been assigned based on EPT, showed tumor T90 estimates 
that were at most 0.46°C lower than compared to the planned case. It was also 
investigated to which extent these higher conductivity values affect the tumor 
temperatures if the treatment was optimized for EPT based patient models. In the worst 
case the tumor T90 was 1.50°C lower compared to the optimized case with literature 
values. The lowest impact was observed in one patient with tumor T90 being 0.33°C 
lower than the optimized case with literature values.  

In Chapter 6 a novel method for reconstructing electric properties is introduced. 
This method is based on the Contrast Source Inversion method and is therefore called 
CSI-EPT. This is an iterative method which minimizes an objective function which 
measures the discrepancy between measured and modeled data and the discrepancy in 
satisfying a consistency equation known as the object equation. In addition, this 
objective function consists of a multiplicative Total Variation factor for noise 
suppression during the reconstruction process. The implemented algorithm is also able 

to use multiple 𝐵1
+ data sets in the iterative process. These data sets can be acquired by 

complementary RF excitation settings. The great advantages of this method are 1) the 
ability to reconstruct accurate electric property values at tissue boundaries, 2) the lower 
sensitivity to noisy data as this method is based on volume integral approach avoiding 
application of (second-order) differential operators on measured data, and 3) the ability 
to reconstruct the electric field which is essential for SAR assessment. A 2D 
implementation of this method was described in this chapter and its excellent 
performance was demonstrated. The field behavior in the mid-plane of an MR system 
can be modeled by 2D modeling, therefore, current application of CSI-EPT is 
theoretically limited to slices in the mid-plane region.  

In Chapter 7 the proposed CSI-EPT method is exploited for SAR assessment 

based on 𝐵1
+ data only. SAR assessment in high field MR systems is essential to avoid 

unwanted tissue heating. However, it is difficult in current practice due to lack of 1) 
accurate values for electric tissue properties and 2) non-measurable electric field during 
MR measurements. In this chapter the SAR reconstruction possibility of CSI-EPT was 
investigated. The reconstructed SAR distributions were compared to SAR distributions 
acquired by 3D FDTD modeling and a good agreement was found for the central 

transversal slice (𝑧 = 0 cm). In addition, two other off-central slices were considered at 

an offset of 𝑧 = +7.5 cm and 𝑧 = −2.5 cm. It was noted that with the current 
implementation of CSI-EPT a reliable SAR reconstruction is achievable at off-central 

slices as long as the |𝐸𝑧| is the dominant field. The reconstructed SAR deviated from 

the SAR computed by 3D modelling in the central region of the off-central slice (𝑧 =
−2.5 cm) due to the non-negligible transverse components of the electric field. The 

reconstructed SAR of the other off-central slice (𝑧 = +7.5 cm) was in good agreement 
regardless of its larger distance from the central slice. As CSI-EPT reconstructs the 
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electric fields at no additional cost, it is a potential method for online SAR assessment, 
however, a 3D implementation of the method is required for SAR assessment in the 
complete volume of interest.  

8.2 General discussion and future work 

Acquisition of patient-specific electric properties is essential for reliable hyperthermia 
treatment planning. As observed in earlier animal studies, the in vivo measured 
conductivity values are slightly higher than measured ex vivo/in vitro due to loss of water 
and blood content. This was confirmed in this study for human muscle. Higher muscle 
conductivity values enhance the probability of exceeding the SAR limits during MR 
procedures and will also be associated with a slight reduction in tumor temperatures for 
centrally located tumors during regional hyperthermia.  

There are very few data reported in the literature for in vivo tumor conductivity 
values. This information is of course essential for hyperthermia treatment to assess 
more accurate delivered thermal dose to the tumor. For MR safety reasons, information 
regarding tissue properties is also essential for accurate SAR assessment. Our results 
confirm the necessity for acquiring in vivo tumor conductivity values as they appear to 
be elevated compared to the normal tissue values presently used in models and these 
higher values enhance the probability of exceeding the SAR limits during MR 
procedures. Therefore a larger in vivo multicenter study should be conducted using 
emerging modified EPT methods and CSI-EPT as introduced in this thesis. Future 
work should therefore be focused on further increasing the accuracy of reconstruction 
results such that even small tissue structures can be reconstructed reliably.  

Future work should also focus on hyperthermia treatment planning systems based 
on more detailed anatomical models. MR provides superior soft tissue contrast and 
therefore more tissue types can be included in the dielectric and thermal models. 
Methods for semi-automatic segmentation based on intensity MR images have already 
been proposed in [3,4] and others have proposed atlas-based segmentation algorithms 
for this purpose [5]. Opportunities of combining EPT or CSI-EPT with such 
segmentation algorithms should be further explored.  

For each tissue type a large range of tissue properties is reported in the literature, 
however, the electric property values of certain tissue types used in most human models 
are based on one study only and appear to be based mostly on ex vivo measurements. It 
was noted that our findings regarding muscle tissue and bladder content are confirmed 
by available literature data based on in vivo measurements. Therefore, more care should 
be taken when using values available in the online databases especially for applications 
where accurate values are critical. One might look into the available data in the literature 
for specific tissues of interest and at certain working frequencies. However, these 
uncertainties should be reduced by implementing the EPT techniques discussed in this 
thesis.  

In this thesis we have used the transceive phase assumption which was shown to 
be valid in the pelvic region at 3T allowing for reliable conductivity reconstruction as 
shown in phantom experiments in Chapter 3. However, as reported in [6] the noise 
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related error was larger for permittivity mapping at 3T which we also encountered at 
the pelvic region. A more reliable permittivity mapping was shown to be feasible at 7T 
[6]. Even though the impact of permittivity uncertainty on tissue SAR and temperature 
is limited compared to conductivity, a more reliable permittivity reconstruction at 3T 
and lower field strength would further improve the accuracy of SAR and temperature 
computations in hyperthermia treatment planning. Future research should hence focus 
on exploiting the opportunities in multichannel systems to avoid the transceive phase 
assumption allowing for accurate electric properties imaging at all field strength.  

One of the limitations of the conventional EPT method is its inaccuracy at tissue 
boundaries. This is due to the kernel based implementation and due to application of 
derivative operators on generally noisy B1 data. This limits the usefulness of EPT to 
property reconstruction of relatively large homogenous tissue volumes. The introduced 
CSI-EPT approach in Chapter 6 inherently corrects for the boundary error. Therefore, 
the current 2D implementation should be expanded to 3D to reconstruct electric 
property maps of the complete volume of interest.  

In this thesis AFI and SE sequences have been used for amplitude and phase 
measurements, respectively, due to the low susceptibility to B0 variations. However, 
faster sequences are currently available and have been used for EPT purposes. For 
instance, bSSFP (balanced steady-state free precession) has been applied for phase 
measurements by Stehning et.al. [7,8] and Kim et.al. [9], which can be performed in a 
single breath hold. In general these methods display a high sensitivity to noise, therefore 
large size smoothing filters are applied resulting in a larger standard deviation. 
Furthermore, bSSFP suffers from banding artifacts which appear as black bands in 
magnitude images and stair-like pattern in phase images. Phase unbanding techniques 
should therefore be considered [9].  

Another interesting sequence for fast B1 amplitude measurement is the so-called 
DREAM sequence (Dual Refocusing Echo Acquisition Mode) [10]. This technique 
provides the transceive phase as well at no additional cost, however, it has a higher T1 
and T2 dependence compared to the AFI sequence used in this thesis. For real-time 
electric properties mapping the aforementioned techniques should be further studied 
and incorporated in, for instance, MR-Hyperthermia hybrid systems which would 
benefit from real-time acquisition of electric properties for improved SAR assessment.  

Inaccuracies in electric properties should be avoided in treatment planning. 
Currently, elevated perfusion values occurring in response to hyperthermic conditions 
are already taken into account in planning systems. The temperature dependency of  
electric properties of  tissues should also be taken into account in treatment planning 
systems. In general a significant increase of electric conductivity is observed at elevated 
temperatures. For muscle this increase is estimated to be 2%/°C [11,12]. This yields 
differences of 10% or more over the hyperthermic range which translates in 20% 
changes in temperature elevation which is clinically relevant as there is a strong 
temperature dose relationship in hyperthermia [13]. Ideally, real-time updated electric 
properties information during hyperthermia would yield more accurate online adaptive 
treatment planning. This might be achievable in a hybrid MR-Hyperthermia system 
which furthermore provides other useful imaging functionality such as non-invasive 
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temperature monitoring [14]. Such a combination can also overcome some of  the 
challenges of  current hyperthermia treatment regarding patient positioning and organ 
deformation which might differ compared to the pre-treatment CT scan on which the 
planning is based. Currently, the pre-treatment CT is conducted in the same patient 
position as during hyperthermia treatment, however, organ deformation is not yet taken 
into account in current practice, which has an impact on the reliability of  dielectric and 
thermal patient models. Any change of  patient model internal structure, which differ 
from the model the planning is based upon, causes changes in the temperature 
distribution and may be associated with new hot spots not predicted in pretreatment 
planning. This effect is more significant in systems using more antennas and operating 
at higher frequencies [15].  

Currently, hyperthermia treatments are assisted by treatment planning systems 
which provide the optimal antenna settings. However, due to occurrence of hot spots 
not predicted by treatment planning the antenna settings need to be adapted manually 
during the treatment to suppress these hot spots. Pre-treatment planning based on more 
accurate dielectric models acquired by EPT should yield more accurate predictions of 
the magnitude of hot spots and thus may help to decrease the occurrence of hot spots 
during treatment. Future studies should therefore focus on the benefit of EPT based 
treatment planning in a clinical setting. 
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9 Samenvatting, algemene discussie en 

verder onderzoek 

9.1 Samenvatting 

In dit proefschrift worden de onderzoeksresultaten beschreven naar de haalbaarheid 
van de reconstructie van de elektrische eigenschappen van weefsel, met als doel het 
verbeteren van de betrouwbaarheid van de planning van hyperthermie. Dit project werd 
gestart om de in vivo weefsel eigenschappen te verkrijgen omdat de waarden voor het 
gezonde weefsel die in de literatuur gerapporteerd worden grote verschillen laten zien. 
Bovendien worden de elektrische eigenschappen van tumorweefsel in het algemeen 
nauwelijks gerapporteerd in de literatuur. Deze onzekerheden in elektrische 
weefseleigenschappen beperken de nauwkeurige voorspelling van de gegeven 
thermische dosis. 

In Hoofdstuk 1 wordt een algemene inleiding tot hyperthermie gegeven en worden 
de verschillende hyperthermietechnieken beschreven. Een hoge en homogene 
temperatuur is belangrijk voor het bereiken van tumorcontrole. Dit doel wordt bereikt 
door het optimaliseren van de T90; dat is de bereikte temperatuur in ten minste 90% 
van het tumorvolume en is een maat voor de thermische dosis. In het algemeen wordt 
de thermische dosis gedefinieerd als het aantal cumulatieve minuten bij 43ºC en 
verdubbelt bij elke 0.5°C verhoging van de tumortemperatuur. Daarom is elke kleine 
toename van de tumortemperatuur klinisch relevant. De behandeling van diep gelegen 
tumoren wordt uitgevoerd met behulp van phased array systemen van meerdere 
antennes die elektromagnetische golven uitstralen. Het bereiken van een goede tumor 
verwarming zonder overmatige verwarming van normaal weefsel is een uitdaging omdat 
het een zorgvuldige instelling vereist van de fase en amplitude van de afzonderlijke 
antennes. Hiervoor zijn in het afgelopen decennium planningssystemen ontwikkeld, 
maar de nauwkeurigheid van die systemen is sterk afhankelijk van de nauwkeurigheid 
van het elektrische en thermische patiëntmodel. Dus zijn er waarden voor weefsel-
eigenschappen nodig die nauwkeuriger zijn dan de momenteel gebruikte waarden uit de 
literatuur. 

In Hoofdstuk 2 worden de elektrische eigenschappen en hun invloed op het gedrag 
van elektromagnetische velden beschreven. Magnetic Resonance Imaging (MRI) is 
voorgesteld om de elektrische eigenschappen te meten. Omdat het gedrag van een 
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elektromagnetisch veld kan worden geëvalueerd door het bepalen van de magnetische 
component van het RF spoelsignaal (ook bekend als het B1 veld), zou men daarmee de 
elektrische eigenschappen moeten kunnen reconstrueren. Electric Properties 
Tomography (EPT) is een bewezen bruikbare methode die het mogelijk maakt om de 
elektrische eigenschappen te reconstrueren bij alle magnetische veldsterktes. De 
nauwkeurigheid is echter beperkt bij hoge veldsterktes (>3T) omdat dan de ‘transceive 
fase benadering’ minder geldig is. Bovendien wordt bij de EPT methode uitgegaan van 
lokaal constante eigenschappen; dat betekent dat de nauwkeurigheid bij 
weefselovergangen beperkt is. Om deze tekortkomingen aan te pakken zijn er onlangs 
verschillende aangepaste EPT methoden geïntroduceerd, zoals het opnemen van 
gradiëntinformatie van weefselovergangen in combinatie met een meer-kanaals zend-
ontvang RF spoelstructuur [1] of door gebruik te maken van aangepaste kernel vormen 
op basis van voxel positie [2]. In dit hoofdstuk werd een nieuwe aanpak kort 
geïntroduceerd waarbij EPT beschouwd wordt als een volledig elektromagnetisch 
inversie probleem waarmee het probleem bij weefselovergang inherent wordt opgelost. 
Deze benadering is gebaseerd op de Contrast Source Inversion methode en wordt 
daarom aangeduid als CSI-EPT. In hoofdstukken 3 tot en met 5 wordt de EPT methode 
gebruikt. In hoofdstuk 6 wordt de CSI-EPT methode geïntroduceerd en worden de 
resultaten daarvan gepresenteerd. In hoofdstuk 7 wordt de CSI-EPT methode toegepast 
voor het reconstrueren van het geabsorbeerde vermogen (Specific Absorption Rate, 
SAR). 

Voor Hoofdstuk 3 werd een haalbaarheidsstudie gedaan naar EPT in het 
bekkengebied met MRIs van een fantoom, van een gezonde vrijwilliger en van een 
patiënte met baarmoederhalskanker. De geldigheid van de transceive fase benadering 
werd eerder al aangetoond in het hoofd-hals gebied; in deze studie werd de geldigheid 
van deze benadering aangetoond voor het bekken door het berekenen van de fasefout 
op basis van fantoommetingen en in vivo simulaties. De fasefout was voldoende laag 
voor een betrouwbare reconstructie van de elektrische geleiding. In de 
fantoomexperimenten werd onderzocht of geleiding tot 1.8 [S/m] correct kon worden 
gereconstrueerd, dit omdat deze waarden voorkomen in de meeste biologische weefsels 
op de Larmor-frequentie van 128 MHz. In dit fantoom waren de gereconstrueerde 
geleidingswaarden gebaseerd op de EPT met een foutmarge van 10% in 
overeenstemming met de direct gemeten waarden. Vervolgens werd in het fantoom 
ongeveer op de plaats waar de baarmoeder zich bevindt een ‘modeltumor’ gestopt met 
een geleidingswaarde van 0.90 S/m. Met EPT werd een tumorgeleiding gevonden die 
daar slechts weinig van afweek: 0.86 S/m. Daarna zijn er in vivo experimenten 
uitgevoerd met de vrijwilliger en de patiënte, waarmee de in vivo geleidingswaarden van 
organen en de tumor in het bekkengebied in kaart werden gebracht. 

Voor Hoofdstuk 4 werd een studie uitgevoerd in 20 patiënten met 
baarmoederhalskanker. De geleidbaarheid van spierweefsel, blaasinhoud en 
baarmoederhalstumoren werd gereconstrueerd met de EPT-methode. De 
geleidbaarheid van spierweefsel van alle 20 patiënten werd gereconstrueerd. Bij tien 
patiënten was het weefselvolume voldoende groot voor een betrouwbare reconstructie 
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van de elektrische geleiding van de blaasinhoud en baarmoederhalstumor. Opgemerkt 
werd dat de gereconstrueerde geleiding van spierweefsel en baarmoederhalstumor 
respectievelijk 14% en 13% hoger waren dan de door Gabriel et al. (1996) ex vivo 
gemeten geleiding. De geleiding van de blaas zoals die in de literatuur wordt 
gerapporteerd is gebaseerd op metingen van de blaaswand die bijna een factor tien lager 
is dan de geleiding van urine, dat in patiënten het grootste deel van het blaasvolume 
uitmaakt. In recente studies met varkensurine werden geleidingswaarden gerapporteerd 
die overeenkomen met de waarden die wij hebben gevonden in onze studie bij 
patiënten. 

Voor Hoofdstuk 5 werd is de impact onderzocht van het gebruik van met EPT 
bepaalde geleiding op hyperthermie. Modellen van vijf patiënten zijn gebruikt bij wie 
hyperthermie onderdeel was van de behandeling. De tumortemperaturen werden eerst 
geoptimaliseerd voor de situatie waarbij geleidingswaarden uit de literatuur werden 
gebruikt. De zo verkregen antenneinstellingen werden vervolgens toegepast op de 
patiëntmodellen waarbij de op EPT gebaseerde geleidingswaarden uit het vorige 
hoofdstuk voor spierweefsel, blaasinhoud en baarmoederhalstumor werden gebruikt. 
Het effect op de tumortemperatuur verschilt van patiënt tot patiënt met in het slechtste 
geval een 1.60°C lagere tumor T90 voor één patiënt. Het effect was minder dan 0.60°C 
voor de andere vier patiënten. De invloed en de bijdrage van de afzonderlijke weefsels 
werd onderzocht door het corrigeren van alleen de geleidingswaarden van spier of 
blaasinhoud. Hieruit blijkt dat als gevolg van de hogere geleiding voor spier en 
blaasinhoud meer vermogen werd geabsorbeerd in weefsels rond het tumorvolume. Dit 
leidt tot lagere vermogensabsorptie in de tumor met als gevolg lagere 
tumortemperaturen. Een lege blaas zou daarom gewenst zijn om vermogensverlies 
buiten het doelvolume te vermijden. Patiëntmodellen waarbij slechts de 
geleidingswaarde van spier op basis van EPT werd gebruikt, gaven als resultaat een 
tumor T90 die ten hoogste 0.46°C minder is dan verwacht op grond van het 
geoptimaliseerde plan. Tevens werd onderzocht in hoeverre deze verhoogde geleiding 
invloed heeft op de tumortemperatuur als de behandeling werd geoptimaliseerd voor 
de op EPT gebaseerde patiëntmodellen. In het slechtste geval was de tumor T90 1.50°C 
lager dan het optimale geval met literatuurwaarden. Het meest geringe effect werd 
waargenomen bij één patiënt bij wie de tumor T90 0.33°C minder was dan als 
geoptimaliseerd werd met literatuurwaarden. 
In hoofdstuk 6 wordt een nieuwe methode voor het reconstrueren van elektrische 
eigenschappen geïntroduceerd. Deze methode is gebaseerd op de Contrast Source 
Inversion methode en wordt daarom CSI-EPT genoemd. Dit is een iteratieve methode 
die een doelfunctie minimaliseert met daarin het verschil tussen de gemeten en de 
gesimuleerde data en de discrepantie in het voldoen aan een consistentie vergelijking die 
bekend staat als de object vergelijking. Daarnaast bevat deze doelfunctie een Total 
Variation vermenigvuldigingsfactor voor ruisonderdrukking tijdens het 

reconstructieproces. Het algoritme kan ook meerdere 𝐵1
+ data gebruiken in het 

iteratieve proces. Deze datasets kunnen door complementaire RF excitatieinstellingen 
worden verkregen. De CSI-EPT methode heeft drie grote voordelen. 1) CSI-EPT biedt 
de mogelijkheid om nauwkeurige elektrische waarden te reconstrueren bij weefsel-
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overgangen. 2) CSI-EPT heeft een lagere gevoeligheid voor ruis door de integrale 
volumeaanpak en daarmee vermijding van de noodzaak (tweede orde) 
differentiaaloperatoren op de gemeten data toe te passen. 3) Met CSI-EPT kan het 
elektrische veld gereconstrueerd worden wat dat essentieel is voor SAR berekeningen. 
In dit Hoofdstuk 6 wordt een 2D implementatie van deze methode beschreven en 
worden de fraaie prestaties ervan aangetoond. Het veldgedrag in het middenvlak van 
een MR-systeem kan worden gemodelleerd door 2D modellering, daarom is de huidige 
toepassing van CSI-EPT theoretisch beperkt tot het middenvlak gebied. 

Voor Hoofdstuk 7 werd de bovengenoemde CSI-EPT methode toegepast voor 

SAR bepaling op basis van alleen 𝐵1
+ data. SAR-bepaling in MR-systemen met hoge 

veldsterktes is essentieel om ongewenste weefselverwarming te vermijden. Dit is echter 
moeilijk in de huidige praktijk, wegens 1) gebrekkige kennis van nauwkeurige elektrische 
weefseleigenschappen en 2) de onmogelijkheid om elektrische velden te meten tijdens 
MRI metingen. In dit hoofdstuk werden de mogelijkheden tot SAR reconstructie door 
middel van CSI-EPT onderzocht. De gereconstrueerde SAR-distributies zijn vergeleken 
met SAR-distributies verkregen door 3D FDTD modellering en een goede 

overeenkomst is gevonden voor het centrale transversale vlak (𝑧 = 0 cm). Bovendien 

werden twee andere niet-centraal gelegen vlakken bekeken met een offset van 𝑧 = +7.5 

cm en 𝑧 = −2.5 cm. Opgemerkt werd ook dat met de huidige implementatie van CSI-
EPT een betrouwbare SAR reconstructie haalbaar is voor niet-centraal gelegen vlakken 

zolang |𝐸𝑧| het dominante veld is. De gereconstrueerde SAR in het centrale gebied van 

het vlak op  𝑧 = −2.5 cm wijkt af van de 3D gemodelleerde SAR als gevolg van de niet 

te verwaarlozen transversale componenten van het elektrische veld op 𝑧 = −2.5 cm. 

De gereconstrueerde SAR van het vlak op 𝑧 = +7.5 cm was in goede overeenstemming 
ondanks de grotere afstand ten opzichte van het centrale vlak. Omdat CSI-EPT de 
elektrische velden reconstrueert zonder de noodzaak van extra computerkracht, is het 
een potentiële methode voor online SAR bepaling. Echter een 3D implementatie van 
deze methode is vereist voor SAR bepaling in het gehele gemeten volume. 

9.2 Algemene discussie en verder onderzoek 

Acquisitie van patiënt-specifieke elektrische eigenschappen is van essentieel belang voor 
de betrouwbaarheid van planningssystemen voor hyperthermie. Uit eerdere 
dierenstudies was al duidelijk dat de in vivo gemeten geleidingswaarden iets hoger zijn 
dan ex vivo/in vitro gemeten waarden door verlies van water- en bloedgehalte. Dit werd 
in deze studie bevestigd voor menselijk spierweefsel. Hogere spiergeleidingswaarden 
vergroten de kans op overschrijding van de SAR grenzen tijdens MR metingen en zal 
ook gepaard gaan met een lichte daling van de temperaturen in centraal gelegen tumoren 
tijdens regionale hyperthermie. 

In de literatuur zijn er weinig gegevens over in vivo geleidingswaarden voor 
tumoren. Deze informatie is uiteraard essentieel om de geleverde thermische dosis in 
de tumor te evalueren tijdens hyperthermie. Ook uit oogpunt van MR veiligheid, waarbij 
abusievelijke verhitting van de patiënt juist ongewenst is, is een betere kennis van 
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geleidingswaarden van weefsels gewenst voor een nauwkeurige bepaling van de SAR. 
Onze resultaten bevestigen de noodzaak voor het verkrijgen van in vivo tumor 
geleidingswaarden omdat ze hoger zijn dan de in de literatuur beschreven 
weefselwaarden. Bij hogere waarden is het risico hoger dat de SAR grenzen worden 
overschreden tijdens het maken van een MRI. Daarom zou er een grotere in vivo 
multicenter studie moeten worden uitgevoerd waarin gebruik wordt gemaakt van 
nieuwe gemodificeerde EPT methoden en CSI-EPT zoals geïntroduceerd in dit 
proefschrift. Vervolgonderzoek dient daarom te worden gericht op de verbetering van 
de nauwkeurigheid van reconstructieresultaten zodat zelfs kleine weefselstructuren 
correct kunnen worden gereconstrueerd. 

Vervolgonderzoek moet zich ook richten op hyperthermieplanning op basis van 
meer gedetailleerde anatomische modellen. MRI biedt beter weefselcontrast en 
daardoor kunnen meer weefselsoorten worden geïncludeerd in de diëlektrische en 
thermische modellen. Methoden voor semi-automatische segmentatie gebaseerd op de 
intensiteit van MR beelden zijn al voorgesteld in [3,4] en anderen hebben atlas-
gebaseerde segmentatie-algoritmen voorgesteld [5]. Mogelijkheden voor het 
combineren van EPT of CSI-EPT met dergelijke segmentatie-algoritmen moeten 
verder worden onderzocht.  

Voor elk weefseltype wordt in de literatuur een grote variatie van 
weefseleigenschappen gerapporteerd. De elektrische geleidingswaarden die tot voor 
kort in de meeste patiëntmodellen werden toegepast waren  gebaseerd op slechts één 
studie die bovendien overwegend gebaseerd zijn op ex vivo metingen. De door ons in 
vivo gevonden waarden voor  spierweefsel en blaasinhoud bij mensen worden bevestigd 
door de beschikbare literatuurgegevens op basis van in vivo metingen bij dieren. Daarom 
zou men terughoudender moeten zijn  bij het gebruik van de beschikbare waarden in 
de online databases, in het bijzonder voor toepassingen waar nauwkeurige waarden 
vereist zijn. Men zou kunnen kijken naar de beschikbare gegevens in de literatuur voor 
specifieke weefsels op bepaalde frequenties. Echter, deze onzekerheden moeten worden 
verminderd door de implementatie van de EPT technieken zoals besproken in dit 
proefschrift. 

In dit proefschrift hebben we de transceive fase benadering gebruikt die geldig is in 
het bekken bij 3T waardoor betrouwbare geleidingsreconstructie mogelijk is zoals 
aangetoond met fantoomexperimenten in Hoofdstuk 3. Zoals vermeld in [6] is de ruis 
gerelateerde fout groter voor permittiviteits-reconstructie op 3T, een bevinding die we 
bevestigd zagen in het bekkengebied. Een meer betrouwbare permittiviteits-
reconstructie bleek haalbaar op 7T [6]. Hoewel de impact van de permittiviteits- 
onzekerheid op de SAR en de temperatuur in weefsel beperkt is in vergelijking met de 
impact van elektrische geleiding, zou een betrouwbare permittiviteits-reconstructie op 
3T en lagere veldsterkte een nog grotere nauwkeurigheid geven van de SAR en de 
temperatuur berekeningen in hyperthermie planning systemen. Toekomstig onderzoek 
moet daarom gericht zijn op het benutten van de mogelijkheden in multichannel 
systemen om de transceive fase aanname te vermijden waardoor accurate reconstructie 
van elektrische eigenschappen haalbaar wordt voor alle veldsterktes. 
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Een van de beperkingen van de conventionele EPT methode is de 
onnauwkeurigheid bij weefselovergangen. Dit komt door de kernel gebaseerde 
implementatie en vanwege toepassing van differentiaaloperatoren op B1 data die ruis 
bevatten. Dit beperkt de bruikbaarheid van EPT voor de reconstructie van relatief grote 
homogene weefselvolumes. De CSI-EPT aanpak geïntroduceerd in Hoofdstuk 6 
corrigeert inherent dit probleem bij weefselovergangen. Om de elektrische 
eigenschappen te kunnen reconstrueren in het gehele gemeten volume moet de huidige 
implementatie worden uitgebreid van 2D naar 3D. . 

In dit proefschrift zijn de AFI en SE sequenties gebruikt voor amplitude en fase 
metingen, respectievelijk, door de lage gevoeligheid voor variaties in B0. Er zijn 
tegenwoordig echter snellere sequenties beschikbaar die ook al worden gebruikt voor 
EPT. Bijvoorbeeld, bSSFP (balanced steady-state free precession) is toegepast voor fase 
metingen door Stehning et al. [7,8] en Kim et al. [9], deze methode kan bij patiënten 
worden uitgevoerd wanneer kort de adem wordt ingehouden. In het algemeen zijn deze 
methoden in hoge mate gevoelig voor ruis, waarvoor zware smoothing filters worden 
toegepast die helaas resulteren in een grotere standaarddeviatie. Bovendien lijdt bSSFP 
aan banding artefacten die als zwarte banden verschijnen in amplitude beelden en als 
trap-achtige patronen in fase afbeeldingen. Fase unbanding methoden zouden daarom 
moeten worden overwogen [9]. 

Een andere interessante sequentie voor snelle B1 amplitudemeting is de 
zogenaamde DREAM sequentie (Dual Refocusing Echo Acquisition Mode) [10]. Deze 
techniek verschaft ook de transceive fase, maar het heeft een hogere T1 en T2 
afhankelijkheid vergeleken met de voor dit proefschrift gebruikte AFI sequentie. Om 
real-time reconstructie van de elektrische eigenschappen mogelijk te maken moeten 
bovengenoemde technieken verder worden onderzocht en verwerkt worden in 
bijvoorbeeld, hybride MR-Hyperthermie systemen die van real-time acquisitie van 
elektrische eigenschappen kunnen profiteren voor een nauwkeurige SAR bepaling. 

Onnauwkeurigheden in elektrische eigenschappen moeten worden vermeden bij de 
planning van hyperthermiebehandelingen. Op dit moment worden de verhoogde 
perfusie waarden, die zich voordoen onder hypertherme omstandigheden, al 
meegenomen in de planning. De temperatuurafhankelijkheid van de elektrische 
weefseleigenschappen moet ook in rekening worden gebracht in de plannings-systemen. 
In het algemeen wordt er een significante toename van de elektrische weefselgeleiding 
waargenomen bij verhoogde temperaturen. Voor spier is deze toename naar schatting 
2%/°C [11,12]. Dit levert verschillen van 10% of meer over het temperatuurbereik 
tijdens hyperthermie, dat vertaalt zich in schommelingen van 20% in de 
temperatuurverhoging wat klinisch relevant is omdat er een sterke relatie is tussen 
temperatuur en dosis in hyperthermie [13]. Idealiter, real-time updates van informatie 
over de elektrische eigenschappen tijdens hyperthermie zouden een nauwkeurigere 
online adaptieve planning opleveren. Dit kan worden bereikt in een hybride MR-
Hyperthermie systeem, een dergelijke combinatie biedt bovendien andere bruikbare 
beeldvormende functies zoals niet-invasieve temperatuur monitoring [14]. Een 
dergelijke combinatie kan ook een oplossing bieden voor enkele van de uitdagingen van 
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de huidige hyperthermie wat betreft positionering van de patiënt en 
orgaanvervormingen die kunnen verschillen ten opzichte van de vooraf gemaakte CT 
scan waarop de planning is gebaseerd. Momenteel wordt de CT uitgevoerd in dezelfde 
patiëntpositie als tijdens hyperthermie, echter orgaanvervorming wordt nog niet 
meegenomen in de huidige plannings-systemen. Deze factoren hebben gevolgen voor 
de betrouwbaarheid van de diëlektrische en thermische patiëntmodellen. Elke wijziging 
van de interne structuur van het patiëntmodel, die verschilt van het model waar de 
planning op gebaseerd is, veroorzaakt veranderingen in de temperatuurverdeling en kan 
verder leiden tot nieuwe ‘hot spots’ (lokale oververhitting) die niet door de plannings-
systeem waren voorspeld. Dit effect is meer significant in hyperthermiesystemen met 
een groter aantal antennes werkend op hogere frequenties [15]. 

Op dit moment worden hyperthermie plannings-systemen gebruikt waarmee de 
optimale antenne-instellingen worden berekend. Echter als gevolg van het optreden van 
ongewenste ‘hot spots’ die niet voorspeld zijn door het planningssysteem, moeten de 
antenne instellingen tijdens de behandeling door de behandelaar worden aangepast om 
deze hot spots te onderdrukken. De planning van de behandeling vooraf op basis van 
nauwkeurigere diëlektrische modellen verworven met EPT zouden nauwkeuriger 
voorspelling van de ernst en omvang van de hot spots bieden en daarmee helpen 
voorkomen dat dergelijke hot spots ontstaan tijdens de hyperthermie. Toekomstig 
onderzoek moet zich daarom richten op het voordeel van op EPT gebaseerde planning 
in een klinische setting. 
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E. Balidemaj, C.A.T. van den Berg, J. Trinks, A.L.H.M.W. van Lier, A.J. Nederveen, L.J.A. 
Stalpers, J. Crezee, and R.F. Remis, “B1 based SAR reconstruction using Contrast Source 
Inversion - Electric Properties Tomography (CSI-EPT),” Medical & Biological Engineering & 
Computing, 2016, in press 
 

E. Balidemaj, C.A.T. van den Berg, J. Trinks, A.L.H.M.W. van Lier, A.J. Nederveen, L.J.A. 
Stalpers, J. Crezee, and R.F. Remis, “CSI-EPT: A Contrast Source Inversion Approach for 
Improved MRI-Based Electric Properties Tomography,” IEEE Transactions on Medical Imaging, 
Vol. 34, Issue: 9, pages 1788–1796, 2015. 
 
E. Balidemaj, A.L.H.M.W. van Lier, J. Crezee, A.J. Nederveen, L.J.A. Stalpers, and C.A.T. van 
den Berg, “Feasibility of Electric Property Tomography of Pelvic Tumors at 3T,” Magnetic 
Resonance in Medicine, Vol. 73, Issue 4, pages 1505–1513, 2015. 
 
G. Schooneveldt, A. Bakker, E. Balidemaj, R. Chopra, J. Crezee, E.D. Geijsen, J. Hartmann, 
M.C.C.M. Hulshof, H.P. Kok, M.M. Paulides, A. Sousa Escandon, P.R. Stauffer, P.F. Maccarini, 
“Thermal dosimetry for bladder hyperthermia treatment. An overview,” International Journal of 
Hyperthermia, 2016, in press 
 
G. Schooneveldt, H.P. Kok, E. Balidemaj, E. Geijsen, F. van Ommen, J. Sijbrands, A. Bakker, 
J. de la Rosette, M. Hulshof, T. de Reijke, J. Crezee, “Improving hyperthermia treatment 
planning for the pelvic area: accurate fluid modelling,” Medical Physics, submitted 

 
Other: 
E. Balidemaj and R.F. Remis, “A Krylov Subspace Approach to Parametric Inversion of 
Electromagnetic Data Based on Residual Minimization,” PIERS Online, Vol. 6, No. 8, pages 773–
777, 2010. 
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Full paper in conference proceedings 
E. Balidemaj, J. Trinks, C.A.T. van den Berg, A.J. Nederveen, A.L. van Lier, L.J.A. Stalpers, J. 
Crezee, R.F. Remis, “CSI-EPT: A novel Contrast Source approach to MRI based Electric 
Properties Tomography and patient-specific SAR,” International Conference on Electromagnetics in 
Advanced Applications (ICEAA), pages 668 – 671, 2013.  

 
Abstracts 
E. Balidemaj, H.P. Kok, P. de Boer, R.F. Remis, C.A.T. van den Berg, G.H. Westerveld, A.J. 
Nederveen, L.J.A. Stalpers, and, J. Crezee, Electrical tissue property imaging in patients using 
MRI to improve hyperthermia treatment planning, In Proceedings of European Society Radiation 
Oncology (ESTRO), OC-0065, pp. S32, Barcelona, Spain, 2015 [Oral presentation] 
 
E. Balidemaj, P. de Boer, H.P. Kok, R.F. Remis, C.A.T. van den Berg, G.H. Westerveld, A.J. 
Nederveen, L.J.A. Stalpers, and, J. Crezee, MR-based reconstruction of in vivo electric 
conductivity values of cervical cancer patients, In Proceedings of the 30th Annual Meeting of the 
European Society for Hyperthermic Oncology, pp.66, Aarau & Zurich, Switzerland, 2015 [Oral 
presentation] 
 
E. Balidemaj, R.F. Remis, C.A.T. van den Berg, H.P. Kok, A.L. van Lier, L.J.A. Stalpers, A.J. 
Nederveen, and J. Crezee, MR based reconstruction of the local SAR deposition using CSI-EPT, 
Workshop on Designing Focused Deep Hyperthermia by EMF, COST EMF-MED, Zurich, Switzerland, 
2015 [Oral presentation] 
 
E. Balidemaj, P. de Boer, H.P. Kok, G. Schooneveldt, R.F. Remis, C.A.T. van den Berg, A.J. 
Nederveen, L.J.A. Stalpers, and, J. Crezee, In vivo electric conductivity values of cervical cancer 
patients reconstructed with a 3T MR system for improved SAR determination, In Proceedings of 
World Congress on Medical Physics & Biomedical Engineering, SP044.4, pp 129, Toronto, ON, Canada, 
2015 [Oral presentation] 
 
E. Balidemaj, C.A.T. van den Berg, H. Crezee, A.J. Nederveen, R.F. Remis, Reconstruction of 
the Local SAR Deposition Based on B1+ Field Data Using CSI-EPT, In Proceedings of the 
23rd Annual Meeting of ISMRM, Toronto, ON, Canada, 2015, p.376 [Oral presentation]  
 
E. Balidemaj, P. de Boer, H. Crezee, R. F. Remis, L. J.A. Stalpers, A. J. Nederveen, C. A.T. van 
den Berg, In Vivo Reconstructed Conductivity Values of Cervical Cancer Patients Based on EPT 
at 3T MRI, In: Proceedings of the 23rd Annual Meeting of ISMRM, Toronto, ON, Canada, 2015, 
p.3293 [Electronic Poster] 
In: Proceedings of the 7th Annual Meeting of ISMRM, Ghent, Belgium, 2015, PP003 [Power Poster] 
 
E. Balidemaj, P. de Boer, H.P. Kok, R.F. Remis, C.A.T. van den Berg, G.H. Westerveld, A.J. 
Nederveen, L.J.A. Stalpers, and, J. Crezee, In vivo conductivity values of cervical cancer patients 
reconstructed with a 3T MR system, In Proceedings of the 32st Annual Meeting of STM, Orlando, FL, 
USA, 2015, p. 27 [Oral presentation] 
 
E. Balidemaj, J. Trinks, H.P. Kok, R.F. Remis, C.A.T. van den Berg, A.J. Nederveen, L. Stalpers, 
and, J. Crezee, Imaging electric tissue properties using MRI for improved SAR assessment 
during Hyperthermia Treatment, In Proceedings of the 31st Annual Meeting of STM, Minneapolis, 
MN, USA, 2014, p.65 [Oral presentation] 

http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6607255
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6607255
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E. Balidemaj, R.F. Remis, H.P. Kok, C.A.T. van den Berg, P. de Boer, G.H. Westerveld, A.J. 
Nederveen, L.J.A. Stalpers, and J. Crezee, "Electric tissue property imaging using MRI for 
improved SAR assessment during Hyperthermia Treatment Planning," In Proceedings of the 29th 
Annual Meeting of the European Society for Hyperthermic Oncology, Torino, Italy, June, 2014 [Oral 
presentation] 
 
E. Balidemaj, J. Trinks, R.F. Remis, J. Crezee, A.L.van Lier, A.J. Nederveen, and C.A.T. van den 
Berg, Experimental electric field and dielectric tissue property mapping using a regularized CSI-
EPT reconstruction method 
In: Proceedings of the 22th Annual Meeting of ISMRM, Milan, Italy, 2014. p. 3252 [Electronic Poster] 
In: Proceedings of the 6th Annual Meeting of ISMRM, Benelux Chapter, Maastricht, 2014, PRES7-06 
[Oral presentation] 
 
E. Balidemaj, J. Trinks, J. Crezee, C.A.T. van den Berg, A.J. Nederveen, A. L. van Lier and 
R.F. Remis, Dielectric Imaging of MRI Data using the Contrast Source Inversion Method, In 
Proceedings of the International Conference on Electromagnetics in Advanced Applications (ICEAA), pp 
345, 2013 [Oral presentation] 
 
E. Balidemaj, C.A.T. van den Berg, A.J. Nederveen, A. L. van Lier, H.P. Kok, J. Sijbrands, L.J.A. 
Stalpers, and, J. Crezee, MRI Dielectric Imaging for true patient-specific Hyperthermia 
Treatment Planning (HTP), In Proceedings of the 28th Annual Meeting of the European Society for 
Hyperthermic Oncology, Munich, Germany, 2013. [Poster] 
 
E. Balidemaj, C.A.T. van den Berg, A.J. Nederveen, A. L. van Lier, H.P. Kok, J. Sijbrands, L. 
Stalpers, and, J. Crezee, MRI Dielectric Imaging for true patient-specific Hyperthermia 
Treatment Planning, In Proceedings of the 20st Annual Meeting of STM, Aruba, 2013. [Poster] 
 
E. Balidemaj, R.F. Remis, A.L van Lier, J. Crezee, A.J. Nederveen, A. Sbrizzi, L.J.A. Stalpers, 
and C.A.T. van den Berg, CSI-EPT: A novel Contrast Source Inversion approach to EPT and 
patient-specific SAR based on B1+ maps, In Proceedings of the 21th Annual Meeting of ISMRM, Salt 
Lake City, Utah, USA, 2013, p. 4185. [Electronic Poster + study group presentation] 
 
E. Balidemaj, A.L van Lier, J. Crezee, R.F. Remis, A.J. Nederveen, L.J.A. Stalpers, and C.A.T. 
van den Berg, Determining the patient-specific conductivity of pelvic tumors for use in 
Hyperthermia Treatment Planning, In Proceedings of the 21th Annual Meeting of ISMRM, Salt Lake 
City, Utah, USA, 2013, p. 4178. [Electronic Poster] 
 
E. Balidemaj, C.A.T. van den Berg, A.J. Nederveen, A. L. van Lier, H.P. Kok, L. Stalpers, and, 
J. Crezee, Towards improved hyperthermia treatment planning based on MRI data acquisition, 
In Proceedings of the 11th International Congress of Hyperthermic Oncology (ICHO), Kyoto, Japan, 2012, 
p. 44. [Poster + Oral poster presentation] 
 
E. Balidemaj, A. L. van Lier, A.J. Nederveen, J. Crezee and, C.A.T. van den Berg, Feasibility of 
EPT in the human pelvis at 3T, In Proceedings of the 20th Annual Meeting of ISMRM, Melbourne, 
Victoria, Australia, 2012, p. 3468. [Electronic Poster] 
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Awards & Honors 

 Highlighted session at ESHO (best four abstracts), Zurich, Switzerland, 2015 
o E. Balidemaj, et al., MR-based reconstruction of in vivo electric conductivity values 

of cervical cancer patients, In Proceedings of the 30th Annual Meeting of the European Society 
for Hyperthermic Oncology, 2015, p.66. 

 

 Summa Cum Laude Award (Top 3%), ISMRM, Toronto, ON, Canada, 2015 
o E. Balidemaj, et al., Reconstruction of the Local SAR Deposition Based on B1+ Field 

Data Using CSI-EPT, In Proceedings of the 23rd Annual Meeting of ISMRM, 2015, p.376. 
 

 New Investigator Award, STM, Orlando, FL, USA, 2015 
o E. Balidemaj, et al., In vivo conductivity values of cervical cancer patients 

reconstructed with a 3T MR system, In Proceedings of the 32st Annual Meeting of STM, 
2015, p. 27 

 

 New Investigator Award, STM, Minneapolis, MN, USA, 2014 
o E. Balidemaj, et al., Imaging electric tissue properties using MRI for improved SAR 

assessment during Hyperthermia Treatment, In Proceedings of the 31st Annual Meeting of 
STM, 2014, p.65. 

 

 Magna Cum Laude Award (Top 15%), ISMRM, Salt Lake City, Utah, USA, 2013 
o E. Balidemaj, et al., CSI-EPT: A novel Contrast Source Inversion approach to EPT 

and patient-specific SAR based on B1+ maps, In Proceedings of the 21th Annual Meeting 
of ISMRM, 2013, p. 4185.  
 

 Best Poster Presentation Award, ICHO, Kyoto, Japan, 2012 
o E. Balidemaj, et al., Towards improved hyperthermia treatment planning based on 

MRI data acquisition, In Proceedings of the 11th International Congress of Hyperthermic 
Oncology (ICHO), 2012, p. 44. 
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Curriculum Vitae  

Edmond Balidemaj werd geboren op 7 juli 1984 in Gjilan in Kosovo en emigreerde met 
zijn ouders in 1999 naar Nederland. In 2004 behaalde hij zijn VWO diploma aan het 
Stedelijk Dalton Lyceum te Dordrecht. Daarna studeerde hij Electrotechniek aan de 
Technische Universiteit in Delft. Tijdens zijn master studie specialiseerde hij zich in 
Telecommunications en in 2010 rondde hij zijn afstudeeronderzoek af binnen de 
Electromagnetics Research Group. Hij deed onderzoek naar efficiënte methoden voor 
het oplossen van elektromagnetische inversie problemen. Per 15 november 2010 werd 
hij aangesteld als Onderzoeker in Opleiding bij de afdeling Radiotherapie van het 
Academisch Medisch Centrum (AMC) in Amsterdam. Het project “Improved regional 
hyperthermia delivery by using MRI data for treatment planning” werd gefinancierd 
door het KWF Kankerbestrijding en de resultaten van dit onderzoek zijn beschreven in 
dit proefschrift. Voor zijn onderzoeksresultaten ontving hij meerdere prijzen bij diverse 
internationale MRI en hyperthermie conferenties.  
Na zijn promotie is hij per 1 januari 2016 een nieuwe uitdaging aangegaan en is hij 
werkzaam bij de afdeling Intellectual Property & Standards van Philips als IP 
Intelligence Analyst.  

Edmond Balidemaj was born on July 7, 1984 in Gjilan in Kosovo and emigrated with 
his parents in 1999 to the Netherlands. In 2004 he obtained his high school diploma at 
the Stedelijk Dalton Lyceum in Dordrecht. He studied Electrical Engineering at the 
Technical University in Delft. During his master studies he specialized in 
Telecommunications, and in 2010 he completed his graduate studies at the 
Electromagnetics Research Group. His research was focused on efficient methods for 
solving electromagnetic inversion problems. As of November 15, 2010 he was 
appointed as a PhD student at the Department of Radiotherapy at the Academic Medical 
Center (AMC) in Amsterdam. The project "Improved regional hyperthermia delivery 
by using MRI data for treatment planning" was funded by the Dutch Cancer Society 
and the results of this study are presented in this thesis. For his research, he received 
several awards at various international MRI and hyperthermia conferences. 
After his PhD, as of January 1, 2016 he went for a new challenge and is working at the 
Department of Intellectual Property & Standards at Philips as an IP Intelligence 
Analyst. 
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Dankwoord 

Dit dankwoord wil ik gebruiken om iedereen te bedanken die op een directe of indirecte 
wijze heeft bijgedragen aan het tot stand komen van dit proefschrift. Hiermee wordt 
niet alleen dit proefschrift afgesloten maar ook een heel bijzondere periode. 

Ten eerste wil ik mijn promotors prof.dr. Coen Rasch en prof.dr. Lukas Stalpers 
bedanken voor hun begeleiding en het vertrouwen in een goede afloop. Bedankt voor 
de bereidheid het promotorschap op jullie te nemen. 

Lukas wil ik verder ook bedanken voor het opzetten van de patiëntenstudie dat een 
belangrijk onderdeel was van deze studie. Verder wil ik Peter de Boer bedanken voor 
zijn inzet bij het werven van zoveel mogelijk patiënten en voor zijn bijdrage aan deze 
studie. 

Mijn co-promotor en dagelijkse begeleider, Hans Crezee, wil ik in het bijzonder danken 
voor de begeleiding en de sturing tijdens mijn promotie. Het was fijn dat je altijd 
beschikbaar was voor besprekingen zonder afspraak en ook dat je heel snel reageert op 
alle vragen. Als begeleider maakte je me wegwijs in de wereld van wetenschap en het 
werken in een universitair medisch centrum. Daar ben ik je heel dankbaar voor. 

Eric, bedankt voor alle hulp in het begin van het project rond het werkend krijgen van 
een nieuwe versie van VolumeTool. Pim en Ernst, dank jullie wel voor alle hulp bij ICT 
vragen. Jullie weten altijd alle problemen snel op te lossen zodat het werk in de afdeling 
nooit stil komt te liggen. Jan Sijbrands, bedankt voor het maken van het fantoom dat 
belangrijk was in de allereerste fase van mijn onderzoek. Als ik meer tijd met je had 
besteed had ik veel kunnen lachen, je hebt een goede humor.  
 
Judith bedankt voor je hulp bij de praktische zaken en alle hulp bij de voorbereiding 
van mijn verdediging. 
 
Gerard, Sabine, Arlene, Linda en Akke, ik heb heel veel leuke tijden met jullie gehad 
vooral tijdens onze conferentiebezoeken in het buitenland. Ik heb enorm genoten van 
jullie gezelligheid.  
 
Petra, bedankt voor de samenwerking en alle hulp met hyperthermie simulaties. Ook 
dank ik Johan Trinks voor de fijne samenwerking en je bijdrage aan het project.  
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Stijn, Gerben, Lotte, Eelco, Pouya, Peng, Caspar, Sophie en Laura, bedankt voor jullie 
gezelschap als mede-promovendi en lotgenoten. Mick, leuk dat je het project verder 
voortzet, ik wens je daarbij veel succes. Gerben en Eelco, bedankt dat jullie mijn 
paranimfen willen zijn. 

In het bijzonder dank ik Nico van den Berg en Astrid van Lier voor de fijne en 
vruchtbare samenwerking maar ook voor de zeer gastvrije ontvangst in het UMC 
Utrecht. Bedankt voor alle hulp en de nauwe betrokkenheid bij alles tijdens deze studie. 
Ook bedank ik Alessandro voor het meedenken over verschillende uitdagingen en 
Ingmar voor alle hulp bij de probe metingen in het lab. 

Een bijzondere dank gaat ook uit naar Rob Remis van de TU Delft voor de vruchtbare 
samenwerking dat leidde tot het ontwikkelen van CSI-EPT. Deze samenwerking heeft 
me zowel persoonlijk als wetenschappelijk enorm gemotiveerd, net zoals dat het geval 
was in de tijd toen ik mijn master afstudeeronderzoek bij jou deed.  

Verder dank ik natuurlijk alle andere collega’s van de afdeling Radiotherapie die ik niet 
bij naam heb genoemd voor de prettige en de collegiale werksfeer. Ook dank ik Aart 
Nederveen voor zijn betrokkenheid bij de MRI metingen en voor het mogelijk maken 
van de patiëntenstudie. Sandra en Raschel, bedankt voor de patiënten scans. Ook alle 
andere collega’s van Radiologie dank ik voor het meedenken tijdens de MRI fysica 
bijeenkomsten en voor alle gezelligheid tijdens conferentiebezoeken.  

Ook wil ik enkele mensen uit de privé sfeer bedanken voor de gezelligheid naast dit 
wetenschappelijk onderzoek wat ook motiverend is. Hierbij wil ik o.a. de volgende 
mensen bedanken in een willekeurige volgorde: Tim, Bram, Elisa, Elena, Agron, 
Drenusha, Niels, Marcella, Luan, Evisa, Berat, Gentiana, Nadim, Nasir, Jusuf, Erkan, 
Sinan, Arber, Arjeta, Nexhmedin, Zijadin, Gjyla, Bujar, Vlora, Merveta, Frank Mark, 
Edwin, Michael, Javier.  

Tot slot wil mij naaste omgeving in het bijzonder bedanken. Ten eerste dank ik mijn 
ouders voor de onvoorwaardelijke steun en vertrouwen in mij dat jullie te allen tijde 
hadden. Verder richt ik een woord van dank ook aan mijn vrouw Blerina voor haar 
geduld en morele steun tijdens dit onderzoek. Ook dank ik mijn dochtertje Leana dat 
zij er is en voor de leuke momenten heeft gezorgd tijdens de laatste fase van dit 
proefschrift. Ook bedank ik mijn broer Albert voor het vertrouwen en het cover design 
alsook Marissa en hun dochtertje Aurora. Verder dank ik mijn neven Varoll, Verart en 
Vatan en ook mijn schoonfamilie voor de leuke en gezellige momenten samen tijdens 
deze periode. I would also like to thank my family in New York (among others, 
grandmother, Sofia, Musa, Idriz and Rexhep Balidemaj) for their support and the great 
time I had each time I visited them after the conferences that took place in US.  




