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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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