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Abstract
Introduction: Motivation for this research was a patient with large and bulky melanoma lesions on a leg, treated with
hyperthermia in a special set-up with an open water bolus and two opposing applicators. Treatment planning was used to
find the most suitable heating method, comparing 70 MHz capacitive contact flexible microstrip applicators (CFMAs) and
70 MHz waveguides.
Methods: The first three sessions were performed with CFMA applicators; the last session with waveguides. Power and water
temperature were adjusted to achieve clinically relevant temperatures. Finite difference time domain (FDTD) simulations
were performed for a CFMA and waveguide on a fat-muscle geometry to compare effective field size (EFS) and effective
heating depth (EHD). A CT scan of the patient’s leg was automatically segmented into muscle, fat and bone; tumour lesions
were outlined manually. Patient simulations were performed to evaluate the 3D heating pattern and to compare CFMAs and
waveguides for equal power and water temperature.
Results: Hyperthermia treatment was well tolerated. Temperature measurements indicated mainly superficial heating with
CFMAs. Simulated EHD was 2.1 and 2.4 cm for CFMA and waveguide, respectively and EFS was 19.6� 16.2 cm2 and
19.4� 16.3 cm2. Simulation results showed a better tumour coverage using waveguides; absorbed power in the tumour was
�75% higher with waveguides and absorption in fat was approximately twice as high with CFMAs. Simulations showed that
a relatively high water temperature (�42�C) improves the overall temperature distribution.
Conclusion: CFMAs and waveguides have a similar EFS and EHD, but for large extremity lesions, the performance of
70 MHz waveguides is favourable compared to 70 MHz CFMA applicators.

Keywords: Hyperthermia, RF heating, capacitive heating, waveguides, CFMA applicators, hyperthermia treatment planning

Introduction

Hyperthermia has proven to be an effective anti-

cancer therapy when applied in combination with

radiotherapy and/or chemotherapy [1–3]. Examples

of tumour sites for which the efficacy of hyperthermia

has been shown are chest wall recurrences [4, 5] and

recurrent malignant melanoma [6], particularly when

the radiation dose is limited due to previous

irradiation.

The widely accepted therapeutic thermal dose is

one hour at 43�C [7] for at least 90% of the tumour.

During treatment, imminent overheating of normal

tissue (hot spots) can occur due to inhomogeneous

power absorption and perfusion at tissue interfaces,

which limits the amount of power that can be

applied. In clinical practice, these hot spots and

systemic stress at high power cause patient discom-

fort and are often the limiting factors for achieving

the goal tumour temperatures. Regarding the diffi-

culties in optimal tumour heating, achieving tumour

temperatures in the range of 40–45�C is considered

acceptable in clinical practice. A relation between
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temperature and clinical outcome was observed in

some studies [8–10], so it remains important to

pursue an optimal thermal dose.

Important factors for achieving adequate tumour

temperatures are the effective field size (EFS) and

effective heating depth (EHD) of the applied appli-

cator type. The EHD of an electromagnetic field

decreases with increasing frequency. Antennas oper-

ating at a relatively high frequency (�434 MHz)

[11–13] are normally used for superficial tumours,

such as chest wall recurrences and melanoma.

Applicators operating at a lower frequency (�60–

150 MHz) [14–16] are applied for deep-seated

tumours, such as cervical and bladder carcinoma.

At the Academic Medical Center (AMC), super-

ficial hyperthermia is performed using contact flex-

ible microstrip applicators (CFMAs) operating at a

frequency of 434 MHz [11] and deep-seated tumours

are heated using the locoregional AMC-4 [14] or

AMC-8 [17] waveguide system, both operating at

70 MHz. CFMA antennas are flexible, such that they

can be bent in order to fit the curved body contour.

For superficial lesions with more than 3 cm depth

penetration, a CFMA applicator operating at

70 MHz has been developed [11], combining flexi-

bility with a good penetration depth.

In clinical practice, temperature information is

very limited. Several non-invasive thermometry

techniques such as radiometry [18], ultrasound

[19] and MRI [20, 21] are under development.

These techniques are promising, but not yet accurate

enough to replace the customary temperature mea-

surements. Furthermore, MRI is very difficult to

combine with the applicators used at our depart-

ment, since they consist of metal structures.

Hyperthermia treatment planning can also be useful

to obtain more insight in SAR and temperature

distributions resulting from different types of anten-

nas. It can provide insight in the feasibility to heat a

specified target volume with a specific applicator type

[22] and might be helpful to improve the design of

antenna systems [23, 24].

Motivation for this research was a patient with

multiple large and bulky melanoma lesions on a leg,

treated with hyperthermia in a special set-up with an

open water bolus and two opposing applicators. A

frequently used technique in treatment of extremity

lesions is hyperthermic isolated limb perfusion

(HILP) [25–28]. However, because of the number

and sizes of the tumour lesions of this patient,

isolated limb perfusion was not adequate and the

patient was treated with external radiotherapy and

hyperthermia. Limb removal can in some cases

improve the quality and extent of life, but this was

also not an option for this patient because of distant

metastases.

In this paper, treatment planning is used for a

retrospective study to assess the clinical effectiveness

of 70 MHz capacitive CFMAs and 70 MHz wave-

guides, as applied during treatment of these large

extremity lesions. Temperature data from the treat-

ment are shown and the simulated SAR distributions

in a fat–muscle geometry using a CFMA or a

waveguide will be compared as well as the simulated

SAR and temperature distributions in the patient

anatomy.

Methods

Applicator set-up and hyperthermia treatment

In January–February 2007, a 45-year-old male

patient was treated with hyperthermia combined

with radiotherapy (35 Gy, with a 5 Gy fraction dose)

for multiple recurrent melanoma lesions on the right

leg (Figure 1). The treatment was palliative, aiming

at reduction of the tumour volume and reducing

discomfort. The initial target volume for radiother-

apy was the largest tumour volume (near the knee;

see Figure 1).

Two opposing applicators were needed to fully

cover the tumour area and a frequency of 70 MHz

was selected to assure an adequate penetration depth

in the lesions. The patient had a weekly hyperthermia

treatment for four weeks. The first three treatments

were performed with two capacitive 70 MHz CFMA

applicators (aperture �20� 29 cm2). Measurements

during treatment showed a sub-optimal tumour

coverage with these applicators and for the last

treatment two rectangular 70 MHz waveguides

(aperture �20� 34 cm2) similar to those used with

the AMC-4 and AMC-8 systems were applied. A

water bolus between the applicator and tissue is

Figure 1. A patient with multiple large melanoma lesions
on the right leg. The box indicates the radiotherapy target
volume. The arrow points to the entrance point of the
invasive thermometry probe during treatment 3.
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normally applied for optimal coupling of fields to

tissue and cooling of the skin. Due to the number

and bulkiness of the lesions, optimal contact with a

water bolus over the complete tumour surface could

not be achieved. To solve this problem, a special

treatment set-up was created for this patient. A

2-mm thick PVC box was made with dimensions of

40� 25� 60 cm3 (length�width�height). At both

long sides of the box, an opening of 21� 30 cm2,

10 cm from the upper side, was made such that the

CFMA applicators could be placed in this opening.

A thin-walled transparent polyethylene bin bag was

placed in this box and filled with tap water. The

bolus water was circulated via inlet and outlet hoses.

This way, an open water bolus system was created.

For treatment with waveguides the opening in the

box was enlarged to 21� 34.5 cm, 9.5 cm from the

upper side of the box. Waveguides were placed

against the PVC box and two wooden boxes were

constructed to support the waveguides. The treat-

ment set-up with the CFMA antennas and with the

waveguides is shown in Figure 2.

All treatments were performed with equal ampli-

tudes for both applicators and no phase differences.

Table I shows the applied power and water bath

temperatures for each treatment. The output power

of the antennas and the temperature of the water bath

was varied in order to find a suitable combination for

achieving a clinically relevant temperature distribu-

tion, especially during the first two treatments. The

maximum power that can be applied for CFMA

applicators is 300 W, to avoid overheating of the

antenna. The efficiency was determined using

FDTD simulations and DT measurements. For

homogeneous phantoms with well-known properties,

the calculated SAR distributions were scaled with a

factor that was determined from DT measurements.

The efficiency of the CFMA applicators and the

waveguides was �40% and �70%, respectively.

To monitor the tumour temperatures, six

multi-sensor thermocouple probes were used. Two

14-point thermocouple probes with a sensor spacing

of 0.5 cm were placed superficially at the largest

tumour volume and the other four 14-point thermo-

couple probes were circumferentially placed over the

shin, the calf and the left and right side of the leg. For

treatment 3, one of the probes was inserted in the

largest tumour volume and the invasive length was

6.3 cm. Temperatures were measured during power

off, in order to avoid disturbances [29]. The applied

duty-cycle consisted of 25 s power on, followed by 5 s

power off, after which the temperatures were mea-

sured. According to protocol, the steady-state period

of 60 min started as soon as one measurement point

at tumour location reached 41�C, or alternatively

after a power on period of 30 min.

CFMA and waveguide applicators

A CFMA applicator consists of two coplanar active

electrodes and a shield electrode [11]. The shield

electrode and the active electrodes are separated by a

thin layer of fluoroplastic substrate. The electrodes

Figure 2. Treatment set-up with CFMA applicators (left) and waveguides (right).

Table I. Applied power per antenna and water bath
temperatures for each treatment. Values at the start of
treatment as well as the final values are listed.

Start

power

(W)

Final

power

(W)

Start water

temperature

(�C)

Final water

temperature

(�C)

Treatment 1

(CFMAs)

150 225 35 37.5

Treatment 2

(CFMAs)

225 300 38.5 42

Treatment 3

(CFMAs)

300 300 38 42

Treatment 4

(waveguides)

200 400 38 39.5

378 H. Petra Kok et al.



are separated by means of a slot of approximately

5 mm. The microstrip line is excited by a feeding pin

of a coaxial cable. The type of CFMA applicator

applied in this study is referred to as a capacitive

type, which means that the active electrodes with the

shield electrode compose two capacitors. The

capacitors are connected by a microstrip inductance

L, making up a resonant circuit tuned at the

operating frequency [11]. The electrodes are incor-

porated in a silicon frame, integrated with a thin

silicon water bolus.

The rectangular waveguide is a hollow metal box

to guide electromagnetic waves. Electromagnetic

fields are generated via a choke over the short side,

which is connected with a coaxial cable to the

generator system. The waveguide was filled with

distilled water.

Hyperthermia treatment planning

The treatment planning software used at the AMC

applies the finite difference time domain (FDTD)

method to solve Maxwell’s equations [30]. The

FDTD program uses the graphics card for fast

computation of the E-fields [31]. To truncate the

computational domain, a perfectly matched layer

[32] was used as an absorbing boundary condition.

Phantom simulations

First, FDTD simulations were used to compare the

heating patterns in a flat fat–muscle phantom. A

CFMA applicator and a waveguide with a water

bolus thickness of 1 cm was positioned on a block of

muscle tissue with a 1 cm fat layer on top (see

Figure 3). The water bolus was filled with distilled

water. To avoid fringing fields [33], the waveguide

was modelled with a 40-cm long water bolus at the

short side of the waveguide and just covering the

flanges in the other direction. This is analogous to

the bolus size applied for locoregional hyperthermia

with these waveguides. The resolution of these

phantom simulations was 2� 2� 2 mm3. Since the

microstrip inductance of the CFMA applicator is

only meant for tuning, it was not modelled.

The source point for FDTD calculations was posi-

tioned between an active electrode and the shield

electrode of the CFMA. For the waveguide, the

source point was positioned between the choke and

the side wall. The distance between the choke and

the waveguide’s back wall was modelled as 3 cm. The

depth of the waveguide was 12 cm, which corre-

sponds to a quarter wave length in water. Figure 3

shows a schematic picture of the modelled CFMA

applicator and the waveguide on a flat fat–muscle

phantom.

After calculation of the E-field distribution, the

SAR distribution can be determined using the

relation:

SAR ¼
�

2�
Ek k2, ð1Þ

where � (S m�1) is the electrical conductivity and � is

the density (kg m�3). The values can be found in

Table II.

Patient simulations

For patient simulations, a CT scan of 53-cm length

was made with a slice thickness of 5 mm; the voxel

size in transversal direction was 0.9375 mm. The

tumour lesions were outlined manually and the rest of

the data set was segmented automatically into fat,

muscle and bone tissue by applying thresholding on a

histogram of the Hounsfield units of the CT data set

[34]. The segmented data set was downscaled to a

resolution of x� y� z¼ 2� 2� 5 mm3 using the

‘winner take all’ principle [35], which means that a

low resolution voxel is assigned the dielectric and

thermal properties of the most frequently occurring

tissue type of the corresponding high resolution

voxels. The 5 mm spacing corresponds to the CT

slice thickness. Dielectric and thermal properties

were obtained from literature [36, 37] and are listed

in Table II. CFMA or waveguide applicators were

positioned at both sides of the PVC box, according to

the description above. Sagittal and coronal cross

sections of the modelled set-up are shown in Figure 4.

After computation of the E-field distribution and

power scaling, the temperature distribution was

Figure 3. Schematic representation of the modelled CFMA and waveguide applicator on a fat–muscle geometry. Drawings
are not to scale.
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calculated using the conventional bio heat transfer

equation [38]:

c�
@T

@t
¼ r � ðkrT Þ � cbWbðT � TartÞ þ P ð2Þ

with c the specific heat capacity ( J kg�1�C�1) and �

the tissue density (kg m�3). The term r � ðkrT Þ

represents the heat conduction in tissue, with k

(W m�1�C�1) the thermal conductivity of tissue. The

second term on the right hand side models the

perfusion, with cb the specific heat of blood, Wb

(kg m�3 s�1) the volumetric perfusion rate and Tart

the local arterial or body core temperature (37�C).

The power density added by the hyperthermia system

is represented by P (W m�3). To take into account the

water bolus cooling, a fixed boundary condition was

used (i.e. the water was kept at a constant

temperature).

Analysis

Treatment data for CFMA and waveguide applica-

tors were evaluated. Steady-state temperatures were

expressed as T10, T50 and T90, i.e. the temperature at

least achieved in 10%, 50% and 90% of the tumour.

The value of T90 is generally considered a good

representative of the minimum temperature.

Treatments 3 (CFMAs) and 4 (waveguides) were

examined in more detail. These treatments are most

suitable to compare as the first two treatments

showed a strong learning curve.

To compare the heating patterns of the applicators

in the simple fat–muscle geometry, the effective field

size (EFS), i.e. the area covered by the 50% iso-SAR

contour [39] was compared at 1 cm depth in muscle,

i.e. 1 cm below the fat layer. For this purpose, the

SAR distributions were scaled to the maximum value

at 1 cm depth in muscle, which was normalised

Figure 4. Sagittal and coronal cross sections of the modelled set-up of the leg in a PVC box with CFMA (centre) and
waveguide (right) applicators.

Table II. Dielectric and thermal properties used for the simulations; conductivity (� [S m�1]), relative permittivity ("r [�]),
density (� [kg m�3]), specific heat capacity (c [J kg�1�C�1]), thermal conductivity (k [W m�1�C�1]) and perfusion (Wb

[mL 100 gr�1 min�1]).

� (S m�1) "r (�) � (kg m�3) c (J kg�1�C�1) k (W m�1�C �1) Wb (mL 100 gr�1 min�1)

Air 0 1 1.29 10,000* 0.024 –

Antenna water 5.5 � 10�6 80 1000 4180 0.6 –

Bone 0.05 10 1595 1420 0.65 10

Copper 1.0 � 107 1 n/a n/a n/a –

Distilled water 5.5 � 10�6 80 1000 4180 0.6 –

Fatty 0.06 10 888 2387 0.22 20

Fluoroplastic substrate 5�10�5 2.5 n/a n/a n/a –

Muscle-like 0.75 75 1050 3639 0.56 30

Rubber 7.5 � 10�4 2.8 n/a n/a n/a –

Tap water 0.04 80 1000 4180 0.6 –

Tumour 0.74 65 1050 3639 0.56 20

*The value of c used for air was ten times too high in order to allow larger time steps in thermal computations. The effect on the steady-state
temperature is negligible (<2 � 10�5�C).
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to 100%. Furthermore, the absorbed power in the fat

layer was evaluated. The effective heating depth

(EHD), which is defined as the distance below 1 cm

at which the relative power deposition has decayed to

50% of the maximum value at 1 cm depth in the

muscle [39], was also compared for the CFMA and

waveguide applicators.

Patient simulations were evaluated for the third

and fourth treatment. For this comparison, the

absorbed power in water and tissue was normalised

to the total amount of power applied at steady-state.

A correction factor for the efficiency of the applica-

tors and the duty cycle was taken into account, so the

total absorbed power in water and tissue was 200

and 465 W for treatments 3 and 4 respectively. A

constant water bath temperature of 42� and 39.5�C,

respectively, was assumed in the simulation.

Simulated temperature distributions were deter-

mined at steady-state and T10, T50 and T90 were

determined for the complete tumour volume.

Since the water bath temperature, the applied

power and the efficiency for both types of applicators

were different during treatments, simulations with an

equal amount of absorbed power and equal water

temperature were also performed, in order to make a

direct theoretical comparison between the two appli-

cator types. For this comparison, the total absorbed

power in water and tissue was scaled to 200 W for

both applicator types, which is below the power

limitation of the CFMA antennas. To demonstrate

the impact of the water bath temperature on the

achieved temperatures, the temperature of the water

bath was set to 38�, 40�, 42� and 44�C. The average

absorbed power in the tumour, muscle and fat tissue

was compared for CFMA applicators and wave-

guides. The simulated steady-state temperatures T10,

T50 and T90 were compared for the different water

bath temperatures.

The homogeneity of the temperature distributions

was determined by the overall temperature hetero-

geneity coefficient (HC) [40]:

HC ¼
T10 � T90

T90 � Tcore

, ð3Þ

where Tcore is the body core temperature (usually

37�C).

Results

Treatment data

The indexed steady-state temperatures T90, T50 and

T10 for all treatments, determined over all superficial

measurement points, are listed in Table III. The

values for T90, T50 and T10 for treatment 3 were

40.66�, 42.9� and 44.06�C, respectively, determined

over all superficial and invasive measurements.

Treatments 1–3 show increasing tumour tempera-

tures as a result of increasing power and water

temperature. The T90 of treatment 4 was moderate,

despite the relatively high amount of power, which

can be explained by the relatively low water temper-

ature used. Tumour temperatures were measured

mainly superficially, which means that the water

temperature has a strong influence on the reported

tumour temperatures. Furthermore, these tempera-

ture data cannot be compared directly, because of

differences in the water bath temperature and applied

power.

To examine the reported temperatures more

accurately, the average temperature of each superfi-

cial thermometry probe during treatment 3 and 4 is

plotted in Figure 5. The temperature of the water

bath started at approximately 38�C for treatments

3 and 4, and was increased to �42�C and �39.5�C,

respectively. During treatment 3 the temperature

profiles start to level off at �20 min and temperatures

are still fairly low. After 21 min the temperature of

the water bath was gradually increased and a strong

response of the registered temperatures can be

observed. During treatment 4 there was a steady

increase of the temperatures. No strong response to

the change in water temperature after approximately

37 min was observed, which suggests a more

power-related temperature rise.

The temperatures of the invasive thermocouple

probe registered during treatment 3 are depicted in

Figure 6. The tip of the thermocouple probe is

represented by sensor 1. From Figure 6 it is clear that

the temperatures registered by the thermosensors

deeper in the tumour tissue were fairly constant over

the duration of the treatment (e.g. sensor 1), while

the more superficially located thermosensors (e.g.

sensor 11) showed a strong increase in temperature

after increasing the water bath temperature. This

confirms the assumption that the strong increase in

temperatures observed after �21 min in Figure 5

was mainly caused by the increased water tempera-

ture. The deepest thermocouple sensors did not

Table III. Indexed steady-state temperatures for all four
treatment sessions. Values were determined over all
superficial measurement points. Because of the difference
in applied power and water temperature for the different
treatments, the indexed temperatures are not directly
comparable (see text for details).

Measurement data T90 (�C) T50 (�C) T10 (�C)

Treatment 1 (CFMAs) 39.25 40.52 41.73

Treatment 2 (CFMAs) 40.84 42.10 43.20

Treatment 3 (CFMAs) 41.30 43.08 44.10

Treatment 4 (waveguides) 39.75 40.85 41.92
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achieve temperatures in the clinically relevant

range. Thus, despite the high reported temperatures

for treatment 3, the temperature rise deeper in

the tumour was moderate. These sub-therapeutic

temperatures in depth were the reason to change

from CFMAs to waveguides during the last

treatment.

Toxicity and response

Initially, the hyperthermia treatment was well toler-

ated. No hot-spot-related pain complaints were

reported. During the first treatment the patient

started to feel weak after about 30 min at steady

state, possibly caused by decreasing blood pressure

due to vasodilatation and redistribution of perfusion.

Therefore, the steady-state period of 60 min, as

prescribed by the protocol, was not completed. The

other treatments were prematurely stopped due to a

steadily decreasing blood pressure. The total times at

steady-state were 31, 59, 38 and 44 min for the four

treatments respectively. Insertion of the invasive

thermometry probe at the start of treatment 3 was

quite troublesome and resulted in haemorrhages and

blood pressure drop. Therefore, during the last

treatment again only superficial measurements were

performed.

At seven weeks after treatment, the sizes of the

largest tumour volumes had decreased significantly

and necrotic regions were observed. The lesions

outside the radiotherapy field (e.g. the distal lower

leg) were progressive (Figure 7). The patient died in

May 2007 after progression of distant metastases.

Thus, the clinical benefit of the achieved tumour

regression was limited.

Phantom simulations

Contour plots of the simulated relative SAR dis-

tributions at 1 cm depth in muscle tissue, resulting

from the CFMA and waveguide applicator heating

Figure 5. Average temperatures for each superficial thermocouple probe during treatment 3 (left) and treatment 4 (right).
Five superficial thermometry probes were used in treatment 3, and six in treatment 4. The small temperature decrease for
two thermocouple probes in treatment 3 after �10 min was caused by generator failure of one applicator for �5 min. The
small temperature decrease in treatment 4 after �8 min was caused by replacing a generator. In treatment 3, the water bath
temperature was increased after 21 min; in treatment 4 the water temperature was gradually increased after approximately
37 min.

Figure 6. Registered temperatures of the invasive mea-
surement points during treatment 3 (see Figure 1 for the
position of the probe). Sensor 1 represents the tip of the
thermocouple probe. For clarity, only a selection of the 14
invasive measurement points was plotted.

382 H. Petra Kok et al.



the fat–muscle phantom are shown in Figure 8.

These pictures show that the heating pattern in the

muscle tissue is comparable. The effective field size

was 19.6� 16.2� 318 cm2 and 19.4� 16.3�

316 cm2 for the CFMA applicator and the wave-

guide, respectively. A similar EFS is expected since

the applicator sizes are approximately equal and the

operating frequency is the same. The simulated

effective heating depth was also comparable for both

applicator types: 2.1 and 2.4 cm for the CFMA

applicator and the waveguide, respectively.

Although the SAR patterns in muscle tissue, the

EFS and the EHD were comparable for both

applicators, there was quite a large difference in

power absorption in the fat layer. The absorbed SAR

in the fat layer was much higher for the CFMA

applicator than for the waveguide, as can be seen in

Figure 9. This figure shows the iso-SAR contours at

the transversal plane at the centre of the fat layer.

The same normalisation was applied as in Figure 8:

SAR values were normalised to 100% in muscle,

1 cm below the fat layer. The maximum SAR value at

the centre of the fat layer is roughly 35% higher for

the CFMA applicator in comparison to the wave-

guide. This high absorption in the superficial fat layer

is caused by the relatively high z-component of the

field [41] and is in correspondence with an earlier

publication by Gelvich et al. [42].

Patient simulations

Treatment simulations. Simulated steady-state

tumour temperatures for treatments 3 and 4 deter-

mined over the complete tumour volume are listed in

Table IV. The simulated temperatures showed a

better tumour heating in the case of treatment 4. For

example, the difference in T90 was 0.8�C and for T50

a difference of 2.7�C was found in favour of the

waveguides. These simulation results qualitatively

confirm that the water temperature during treatment

3 had a strong impact on the measured temperatures

and caused a mainly superficial temperature rise.

Figure 8. Simulated iso-SAR contours for the CFMA (left) and waveguide (right) applicator in a fat–muscle structure. The
plane of these contours is located in muscle, one centimetre below the fat layer.

Figure 7. Photograph of the tumour lesions seven weeks after treatment.
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Theoretical comparison of the two applicator types. To

make a direct theoretical comparison between the

two applicators, an ideal situation with an equal

amount of total absorbed power of 200 W in the

patient and water bath was simulated. The tempera-

tures of the water bath were kept constant at 38�, 40�,

42� and 44�C.

The simulation with CFMA applicators showed a

larger amount of power absorbed in the water bath,

which was filled with tap water. The absorbed power

in the leg was 94 W and 122 W for the CFMAs and

waveguides, respectively. This means that �30%

more power is absorbed in the patient when

waveguides are applied.

The simulated average SAR in tumour, muscle

and fat tissue is listed in Table V. From these results,

it becomes clear that waveguides provide a more

efficient absorption in the target volume. The

absorption in tumour tissue is about 75% higher

for the waveguides, while the total amount of

absorbed power in the leg and the water bath was

equal for both cases. The absorption in fat tissue was

more than twice as high with CFMA applicators in

comparison to waveguides.

The simulated steady-state tumour temperatures

T10, T50 and T90 over the complete tumour volume

and the maximum temperatures achieved in tumour,

muscle and fat tissue are listed in Table VI. The

temperatures in Table VI show that the water bath

temperature has a strong influence on the achieved

steady-state temperatures. With a water bath tem-

perature of 38�C, the T90 was also �38�C for both

the waveguides and the CFMA applicators, which is

below the clinically relevant range. The difference in

T50 was about 1�C, in favour of the waveguides,

indicating a more efficient tumour heating. The

corresponding heterogeneity coefficient was rather

high. Increasing the water bath temperature

improves the value of T90. With a relatively high

water bath temperature, the waveguide applicators

yield a higher and more homogeneous temperature

distribution in comparison to CFMA applicators.

When the water temperature increased from 38�C to

42�C, the value of T90 determined over the com-

plete tumour volume, increased approximately 1�

and 2�C with CFMA applicators and waveguides,

respectively.

Figure 9. Simulated iso-SAR contours for the CFMA (left) and waveguide (right) applicator in a fat–muscle structure. The
plane of these contours is located at the centre of the fat layer, i.e. 0.5 cm from the surface. SAR values were normalised to
100% in muscle, 1 cm below the fat layer (see Figure 8).

Table IV. Simulated steady-state tumour temperatures for treatments 3 and 4, determined over the complete
tumour volume. A constant power and water bath temperature was assumed.

Simulations

Total effective

power (W)

Water bath

temperature (�C) T90 (�C) T50 (�C) T10 (�C)

Treatment 3 (CFMAs) 200 42 38.6 40.2 41.5

Treatment 4 (waveguides) 465 39.5 39.4 42.9 47.0

Table V. Average simulated SAR values (W/kg) in
tumour, muscle and fat tissue, using CFMA applicators
or waveguides.

Tumour Muscle Fat

CFMAs SARavg 25 20 11

Waveguides SARavg 44 28 4
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When using waveguides, maximum temperatures

in normal tissue were about 0.5–1�C lower than the

maximum tumour temperature. With CFMAs, the

maximum temperature in muscle tissue was about

half a degree higher than the maximum tumour

temperature for a water temperature of 38–40�C and

comparable or slightly lower for higher water bath

temperatures of 42–44�C.

Coronal, sagittal and transversal cross sections of

the simulated SAR and temperature distributions

with an absorbed power of 200 W and a water bath

temperature of 42�C are shown in Figure 10. This

picture clearly shows that the overall tumour cover-

age is better with waveguides, compared to CFMA

applicators.

Discussion

In this study, hyperthermia treatment planning was

used to compare capacitive 70 MHz CFMA applica-

tors, and radiative 70 MHz waveguides, as applied

Figure 10. Cross sections of the simulated SAR and temperature distributions with CFMA and waveguide applicators. In
both cases, the water bath temperature was 42�C and the absorbed power 200 W in tissue and water bath. The colours red,
yellow and green in the anatomy represent muscle, fat and bony tissue, respectively and tumour tissue is orange. The small
black cross hair indicates the location of the cross sections.

Table VI. Simulated steady-state temperatures, determined over the complete tumour volume, heterogeneity coefficients
and maximum temperatures achieved in tumour, muscle and fat tissue with CFMA applicators and waveguides.

Tumour Muscle Fat

T90 (�C) T50 (�C) T10 (�C) Tmax (�C) HC Tmax (�C) Tmax (�C)

CFMAs Water 38�C 37.8 38.4 39.8 40.9 2.5 41.3 40.8

Water 40�C 38.3 39.5 40.3 40.9 1.5 41.4 40.8

Water 42�C 38.6 40.2 41.5 42.1 1.8 42.1 41.7

Water 44�C 38.8 40.8 43.0 44.0 2.3 43.7 43.5

Waveguides Water 38�C 38.0 39.5 41.3 43.0 3.3 42.3 41.6

Water 40�C 38.9 40.4 41.7 43.3 1.5 42.6 41.8

Water 42�C 39.5 41.2 42.3 43.8 1.1 42.9 42.3

Water 44�C 39.9 41.9 43.5 44.8 1.2 43.9 43.7
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for a patient with large and bulky melanoma lesions

on the right leg. SAR and temperature distributions

were simulated in the patient anatomy and temper-

ature data from treatment were shown. The wave-

guides provided a more favourable tumour coverage.

During treatments, temperatures were measured

only superficially; with the exception of treatment 3,

where one of the thermometry probes was placed

invasively. Insertion of this thermometry probe was

quite troublesome and resulted in haemorrhages and

blood pressure drop. Therefore, during the last

treatment again only superficial measurements were

performed. The CT scan used for treatment plan-

ning was a pre-treatment scan, so the exact location

of the superficial and invasive thermometry probes is

unknown. This implies that a quantitative compar-

ison between results from treatment and treatment

planning is difficult. Clinically achieved tumour

temperatures T90, T50 and T10, were determined

using the measured temperatures during steady-

state. In the simulations, temperature data for the

complete tumour volume were available to determine

T90, T50 and T10. Therefore, clinical and simulated

T90, T50 and T10 cannot be compared quantitatively.

Furthermore, perfusion changes during treatment

can be large, which is shown by the fact that the

patient started to feel weak during treatment; prob-

ably caused by vasodilatation and perfusion. This

also implies that simulation results should not be

interpreted quantitatively, since average perfusion

values from literature were used for modelling.

Nevertheless, both treatment and simulation results

showed a better tumour coverage when waveguides

were used.

Skin temperatures during treatment are influenced

by both the local power deposition and the water

temperature. The thermal impact of the water bolus

was modelled as a constant water temperature, and

heat transfer between water and tissue by thermal

conduction. This way, the simulated skin tempera-

tures are also influenced by both the local power

deposition and the water temperature. A convective

boundary condition would have been more accurate

if the exact heat transfer coefficient during treatment

had been known. The approach using a constant

water temperature may yield results differing from

the results when the true but unknown heat transfer

coefficient has been modelled, but it does allow a

qualitative but fair assessment of the impact of the

water temperature.

From Figure 10 it can be observed that the power

focus is not steered to the largest tumour lesion.

Repositioning of the leg and/or phase/amplitude

steering would be possible to realise this. However,

since the lesions are widely spread over the leg (see

Figure 1) the whole lower leg was actually considered

as the target during treatment, and equal amplitudes

and phases were chosen. Therefore, to compare the

performance of the two different applicators in a

numerical model, equal antenna settings were

applied as well.

In the numerical simulations, a more favourable

power absorption was found for the waveguides,

compared to the CFMA applicators. Large differ-

ences in power absorption between radiative and

capacitive systems were also observed for other

systems. Kroeze et al. [43] have published a com-

parison between a locoregional 8 MHz capacitive

(Thermotron RF8) and 150 MHz cavity slot radiative

(RHOCS) hyperthermia system. In their study,

simulations were performed for heating of the

pelvic region and results also showed a better

tumour coverage with the radiative system and a

much higher power absorption in fat tissue with the

capacitive system.

Despite the more favourable power absorption

with waveguides, the use of CFMA applicators did

not result in clinically apparent normal tissue hot

spots during treatment. In contrast to waveguides,

for the CFMA applicators the amount of applied

power is technically limited to 300 W per channel.

The efficiency of CFMA applicators is also much

lower than for waveguides (�40% and 70%, respec-

tively). This means that the effectively applied power

for each channel is limited to 120 W. Thus, the

absence of hot spots during treatments can possibly

be explained by the low amount of power and, as a

consequence, the relatively low temperatures in

depth (see Figure 6). In the simulations with

CFMA applicators it was shown that the maximum

temperature in normal tissue was not always lower

than the maximum tumour temperature. This

implies that when the amount of applied power is

not a practical limitation, the power can possibly be

limited by the normal tissue temperatures. This is in

contrast to the simulations with waveguides, where

the maximum normal tissue temperature was lower

than the maximum tumour temperature.

Simulations showed that the water bath tempera-

ture has a strong impact on the achieved tumour

temperatures. A relatively low amount of power was

assumed to take into account the power limitation

of CFMAs. For the waveguide simulations a water

temperature of 44�C yielded maximum tumour

temperatures close to the usually maximum tolera-

ble temperature of 45�C. Waveguides do not have this

power limitation and when a higher power level will

be applied for waveguides in combination with a high

water bath temperature, this will possibly result in

pain complaints. Thus, when a relatively high power

level is applied for waveguides, a lower water bath

temperature will be necessary to avoid (superficial)

tissue damage. This lower water temperature can in

turn affect the T90. When that is the case, it is more
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favourable for the overall temperature distribution to

decrease the power level instead of the water

temperature.

A relatively low water temperature can sometimes

be preferable, for example in cases where the surface

needs to be spared and/or to move the temperature

maximum to depth, thereby improving the thermal

penetration depth. For the case presented in this

paper, the tumour lesions were very large and bulky,

which means that the outer shell represents a

relatively large volume. This can be compared with

a sphere, where the volume is proportional to the

radius cubed. The fact that the outer shell of the

lesions represents a relatively large volume explains

that a higher water temperature yielded a higher T90.

A sufficiently high T90, which usually represents the

minimum temperature, is important for treatment

outcome [8]. Thus, for this kind of application, a

higher water temperature is favourable for effective

tumour coverage.

Conclusion

Simulations for a fat–muscle phantom showed that

70 MHz waveguides and CFMA applicators have a

similar penetration depth and effective field size, but

the SAR distribution in the fat layer is more

favourable for the waveguides. For large extremity

lesions that need to be treated in an open water bolus

set-up, 70 MHz waveguides also provide a more

favourable tumour coverage compared to 70 MHz

CFMA applicators. Simulations showed a higher

power absorption in tumour tissue (�75%) for

waveguides. Power absorption in fat tissue was

roughly twice as high for CFMA applicators,

compared to waveguides.
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