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General Introduction

1.1 Brief biological rationale for hyperthermia

Hyperthermia is defined as a temperature elevation by several degrees (3-7 °C) above the
normal physiological level. In vitro and in vivo experiments have shown that a cell kill
response to hyperthermia in conjunction with radiotherapy exists (Harisiadis ef ol (1975),
Alfieri and Hahn, (1978); Dewey ef al. (1977); Bhuyan, {1979)). Harisiadis ef al. also reporl
on the increased sensitivity to hyperthermia of tumour paris that are noymally less sensitive to
radiation alone,

Tumour tissue differs from normal tissue in that it has a chaotic structure of the
vascularisalion. Due to this inferior vasculature structure, areas exist in the tumour with
insufficient blood perfusion, which, in turn, causes local hypoxia and a low pH. Tumour cells
in these hypoxic areas are relatively insensitive to radiation and because of the poor blood
perfusion, a systentic chemotherapeutic approach for these areas has also less effect. One
approach used to aftack the cells in insufficiently perfused areas is hyperthermia in
combination with radiotherapy or chemotherapy since hypoxic areas are relatively sensitive to
hyperthermia. This makes hyperthermia an ideal complementary treatment modality to both
radiotherapy and/or chemotherapy, taking into account that normal tissue in general tolerates a
hyperthermic treatment of one hour with temperatures of up to 44 °C without relevant clinical

damage, i.e. no negative side-effects.

1.2 Clinical experience with hyperthermia
The combination of radiotherapy and hyperthermia has proven its clinical efficacy
providing that the combined therapy is applied adequately. The relative value of hyperthermia

as an adjunct to either radiotherapy or chemotherapy has been investigated in a number of
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phase I-II and phase III studies. Without providing a complete overview of all (recently)
published clinical studies including hyperthermia, T will summarise and comment on a few
studies, which have had an impact on the credibility of hyperthermia in the last decade.

Perez et al. (1991) published a devastating report on the efficacy of hyperthermia in the
treatment of superficially measurable tumours. They found no significant difference in overall
complete response (CR) between radiotherapy alone and radiotherapy plus hyperthermia (307
pts.). The authors concluded that the most important reason that the CR rate did not improve
with hyperthenmia was because of the poor quality of the hyperthermia treatments. Emami ef
al. (1996) came to the same conclusion in their evaluation of interstitial hyperthermia added
to interstitial radiotherapy (184 pts.): no gain in CR due to poor hyperthermic quality.
Although these two studies found no beneficial effect due to hyperthermia, neither did they
show any negative effects of the addition of hyperthermia.

A more recent study by Vernon et al. {1996) showed in a combined analysis of five
randemised phase IIT studies that the addition of hyperthermia to radiotherapy was beneficial
for the treatment of advanced primary and recurrent breast cancer (CR rate radiotherapy alone
41% versus 59% for radiolherapy plus hyperthermia (306 pts.)), which difference in local
control lasted throughout the 3 years follow-up. Overgaard et al. (1995) reported from a phase
I study on the addition of hyperthermia to radiotherapy in the treatmemt of recurrent or
metastatic malignant melanoma a significantly improved local tumour control (CR rate
radiotherapy alone: 35% versus 62% for radiotherapy plus hyperthermia (68 pts.); 2-year
conirol (SE) 28 {6)% versus 46 {8)%). In the treatment of glioblastoma, Sneed ef al. (1998)
showed in their prospective randomised trial that the addition of interstitial hyperthermia to
radiotherapy improved the time to progression and 2-years survival (15% radiotherapy alone
versus 31% radiotherapy plus interstitial hyperthermia (79 pts.)). In 2 multi-centre randomised
phase Il trial comparing radiotherapy alone with radiotherapy plus hyperthenuia in the
treatment of primary cervical cancer (stage 2b lateral, 3b and 4a). Van der Zee ef al. (2000)
proved that the combined treatment was significantty more effective than radiotherapy alone:
in CR 57% for radiotherapy alone versus 83% radiotherapy plus hyperthermia (114 pts.). This
study also showed an improved 3-years survival: 27% versus 51%. Based on the results of the
phase HI trials for the combined modality of radiotherapy plus hyperthermia in the paltiative
treatment of cancer (Van der Zec ef al (1988); Overgaard et ol (1995); Valdagni and
Amichetti, {1994)) and curative treatment of primary cervical cancer (Van der Zee ef al.

(2000)), the Dutch minister of Health, Welfare and Sport has decided to acknowledge the
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additio;l of hyperthermia to radiotherapy as standard in the palliative treatment of superficial
tumnours and curative treatment of primary cervical cancer (stage 2b lateral, 3b and 4a).

The data used by Perez et al. (1991) and Emami et al. (1996) was obtained in the period of
February 1981 till June 1992 while the data analysed by Vernon ef al. (1996), Overgaard ef «l.
{1995), Sneed et al. (1998) and Van der Zee ef al. (2000) was obtained between January 1986
and September 1996. Although there is a large overlap in time, general insight in the
hyperthermic mechanisms and confinuous technical progress in hyperthermia equipment will
have contributed to the different outcome in these studies, indicating strongly that the
technical quality of the hyperthermia equipment is of crucial importance to clinical efficacy

{and acceptance).

1.3 Quality in hyperthermia

Quality in hyperthermia is defined by the ESHO Quality Assurance (QA) guidelines (Fland
et al. {1989)) and RTOG QA guidelines (Dewhirst ef al. (1990)), These guidelines cover basic
technical propertics of hyperthermia equipment. However, the effectiveness of hyperthermia,
i.e, clinical quality, especially in a combined treatment maodality, can only be investigated in a
phase I study. This often requires large numbers of patients and can be a lengthy process,

The effectiveness of combining radiotherapy or chemotherapy with hyperthermia is
defined by a broad spectrum of (prognostic) factors of which the radiotherapy /chemotherapy
dose and thermal dose (based on the minimum temperatures) are known entities. Besides
these parameters, other (confounding) factors like tumour histology, therniotolerance, volume
or location, timing of hyperthermia in relation to radiotherapy or chemotherapy and further
treatment-related factors like SAR coverage and the number of hyperthermia treatments play
an important role in the effectiveness of the combined treatment (Raaphorst et al. (1998);
Sakurai ef al. (1998); Engin ef al. (1995); Kapp and Cox (1995); Hand ef af. (1997); Lee et al.
(1998)). The complexity of these factors and their (non-linear) interactions make the
assessment of the clinical quality of hyperthermia treatments (for each specific tumour group)
in the combined treatment modality a cumbersome and difficult subject,

If the effectiveness of two concurrent hyperthermia techniques have to be investigated, a
relatively quick way to demonstrate their difference can be an intra-patient comparison. In this
set-up, both hyperthermic applications are used alternately during one freatment series of a

patient and with the well-defined and technically measurable temperature, a more lmited
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assessment i.e. technical assessment of hyperthermia quality can be achieved for both types of
applications under otherwise constant circumstances.

A major drawback in the use of invasive thermometry is the relatively poor quality of
spatial resolution as the measurement of a true 3D-representative femperature data set is
clinically not feasible, Only recently is 3D-treatment planning stmiting to emerge on a more
routine basis (for deep and interstitial hyperthermia) in which a full 3D-SAR distribution is
generated. From this, a 3D-temperafure distribution can be calculated given a static blood
perfusion. However, there are no guidelines concerning the evaluation of a patient-based SAR
distribution obtained from antennae in array configurations. Neither is it possible to obtain
and correlate an invasively measured SAR distribution to the calculated SAR values. It is also
not possible to correlate a coarse-measured temperature disiribution to a fine-meshed
treatment-model-calculated temperature distribution in a patient due to large vartations in
blood flow and strong dynamie changes in blood flow during a hyperthermia treatment, In
conclusion, a full assessment of the technical qualily of a hyperthermia treatment can not be
obtained from clinical data yet.

Although full assessment of the technical quality is not feasible, the ESHO Quatity
Assurance guidelines (Hand ef al. (1989)) on the basic technical qualities of an antenna can
be used: the effective field size (EFS), i.e. surface at 1 em depth in muscle-equivalent tissue
with a SAR of more than 50% with the SAR normalised to the absolute maximum at that
depth, and penetration depth (PD, defined as the depth under I cm with 50% SAR level}.
Evaluation of SAR data in a muscle-equivalent tissue phantom is the best alternative for
technical hyperthermic quality assessment, These measurements and/or calculations can be
performed with either one antenna or multiple antennae in a clinically relevant array
application,

For evaluation of superficial hyperthermia antennae, the development of a thermographical
measuring device existing of an Infra Red camera interfaced to a PC made it possible to
obtain {coarse) 3D-SAR information using a flat multi-layered phantom (Van Deursen and
Van Rhoon, (1987)). However, the time-interval between measurements to reinstate the
phantom properties slows down the process of measurements. Also, the heat conduction in the
phantom during the power pulse (60 to 90 seconds) causes exfra inaccuracy. Another
drawback of measuring SAR distributions from muscle-equivalent phantoms this way, is the

initial variation in the structure of the phantom and the varying electro-magnetic properties in
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time of the phantom. Only with computer planning models, a better-controlled method of
generating SAR distributions have become available,

The efficacy of these computer generated SAR distributions depends on the accuracy of the
models used and experimental verification was used to validate the models. The Gaussian
beam model as infroduced by Bach Andersen (1987) and further developed Lumori ef al.
(1990a) has proven to be reliable to predict SAR distributions in layered water-fat-muscle
phantoms from Current Sheet Applicators (CSA) in an array application (Lumori ef al.
(£990b)). The experimental verification of the model showed an error less than 3% (Lumori ef
al. (1990a)). This model played an important role in the technical evatuation and comparison
of superficial hyperthermia antennae under development in the Universify Hospital
Rotterdam-Daniel. Presently, other, more sophisticated, models have proven their reliability in
predicting SAR distributions from antennae especially in the application of deep regional
hyperthermia (Sullivan (1991); Sullivan ef e (1993); Wust ef al. {1996); Wust ef al. (1999)}.
They either used a FDTD algoritiun or IE algorithm to calculate SAR distributions in 3D
patient representations. Basis for these ‘clinical’ calculus techniques was provided by Van den
Berg ef al, (1983) and Zwamborn (1991),

Through the use of the same FDTD algorithm, the first preliminary results of modelling a

superficial Lucite Cone Applicator have become available (Samaras ef al. (2000)).

14 Aim of this study

The main object of this thesis is to address the problem of technical guality in superficial
hyperthermia. Since 1978, the clinical application of hyperthermia has been the subject of
various research projects in Rotterdam, Initially, research was done into the application of
whole body hyperthermia (Van der Zee, (1987)) and since 1983 research has been
concentraied on the application of local superficial hyperthermia and (loco-) regional deep
hyperthermia as an adjuvant to radiotherapy. This research has resulted in the development of
a 433 MHz waterfilled waveguide antemna, used in an incoherent multi-etement array for
superficial hyperthermia applications, a 27 MHz capacitive coupling system for interstitial
hyperthermia (Kaatee, (2000)) and a 27 MHz ring capacitor applicator for deep regional
hyperthermia (Van Rhoon, (1995)).

In general, CR rates in the treaftment of recurrent breast cancer by radiotherapy plus

hyperthermia are found to be lower in the case of large tumours than in small tumours.
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Through clinical evaluation, we found that technical improvement (i.e. changing the
frequency from 2450 MHz to 433 MHz and designing the waterfilled waveguide applicator
{WGA),} resulted in an increase of CR for twmours with a diameter larger than 3 cm from
31% to 65% (Van der Zee ef al. {1999)), chapter 2. However, a difference between CR rates
of large tumours and in small tumours (< 3 em) remained, 65% respectively 87%. To further
improve the technical quality of the superficial hyperthermia treatment, research concentrated
on the development of an antenna capable of adequately heating a large tumour volume. To
clinically verify the technical quality of a hyperthermia treatment, the temperature distribution
must be monitored throughout the treatment. The use of interstitial thermometry in clinical
practice and for research purposes is discussed in chapter 3.

Since the 433 MHz driven WGA has a limited effective field size (EFS, 33% of the
aperture), it is not suitable for the heating of a farge tumour volume. Therefore, an antenna
had to be developed with an EFS that covered the entire aperture of the antenna. The new
antenna, the Lucite Cone Applicator (L.CA) is based on the WGA and has an EFS that is
about three times larger than that of the WGA, The basic properties of this antenna are
reported in chapter 4,

In clinical application, an array of antennae is often needed to cover the entire tumour area.
To study the basic technical properties of the newly developed LCA, a simple 2D beam
profile model {Gaussian beam {(GB) model) was {ested on ifs usability to predict SAR
distribution from a 2#1 array of LCA (chapter 5). Finally, in chapter 6, more clinically
retevant 2%2 array applications of the LCA were quantitatively evaluated using the GB model
and verified by thermographically obtained SAR images.

In theory, arrays of antennae with individual power control of each element are capable of
heating a treatment volume if two conditions are fulfilled: a) the overall treatment volume
needs a cerfain minimum dose and b) normal tissue in the treatment volume must not be
damaged. Since the tissue properties in the treatment volume can vary greatly either initially
or during the treatment, individual power adjustments are essential in optimising the
hyperthermia treatment, An array constructed from small antennae provides a high spatial
resolution of power deposition, which can counteract small unwanted het spots in the
treatment volume adequately. However, major drawbacks of a small aperture antenna array
are a) the {potential) loss of penetration depth and thus a decrease in CR and b) a strict
demand of spatial resolution of thermometry to exploit the feasibility of power steering. In

contrast, arrays of large aperture antennae are more difficult to conform to the body contours.



General Introduction 7

A small hot spot (in normal tissue) causes the reduction of local power output in the whole
area under the aperture with the risk of local underdosage in that part of the treatment volume,
and thus may decrease the CR. Both systems therefore have their specific technical
advantages and disadvantages. To investigate the pros and cons of large and small apertore
antennae, a theoretical comparison of the SAR distribution from arrays of large LCA and
small Current Sheet Applicators (CSAs) using the GB model was performed {chapter 7). In
this study, an attempt has been made to find a quantitative measure o evaluate arrays of
antennae to be used for superficial hyperthemic treatments. The currently available QA
guidelines do not provide any such measure for these purposes.

The remaining (and perhaps the most burning) question to be answered, having

acknowledged technical progress made in the laboratory, is:

Does technical improvement in a Iryperthiermic applicqfion actually resulf in a

quantifiable improvement in the clinical Iiyperthermia treatment?

Only a clinically orientated study will make clear which te\bimical improvement is most
significant under which clinical circumstances. Therefore, we set up a paired comparison of
the temperature distributions achieved by either WGA or LCA arrays within several patient
treatment series (chapter 8). From this comparison, we calculated to what extent laboratory-
obtained improved SAR distributions resulted in an improved temperature distribution under
clinical conditions,

Since the Gaussian beam model is a simple 2D model that does not take into account
mutual interaction between antennae and 31 tissue load properties, the more complex FDTD-
modelling was tested on its capability to predict SAR distributions from an LCA. FDTD-
modelling has proven its efficacy as 3D} SAR distribution calewlator in regional and interstitial
hyperthermia, In chapter 9 we show the first resulis of basic FDTD-modelled SAR
distributions from the L.CA, which are correlated with thermographically obtained data.

Chapter 10 concludes this study with a general discussion. Furthermore, some directives

are formulated for future research.
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Reirradiation combined with hyperthermia in recurrent
breast cancer results in a worthwhile local palliation

J van der Zee', B van der Holt?, PJM Rietveld!, PA Helle?, AJ Wijnmaalen®, WLJ van Pulten? and GC van Rhoon?
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Center, Rotterdam, Tha Nathedands; and *Department of Radiation Oncology, Medisch Spectrum Twente, Enschede, The Netherlands; *Department of
Radiation Oncalagy, University Hospital Rolterdam, Daniel den Hoed Cancer Center, Rotlerdam, The Nelherlands

Summary Both éxperimental and clinicat research have shown that hyperhermia (HT} gives valvable additional efiects when applied In
combination with radiotherapy {RT}. The purpose of this study was evaluation of results in patiants with recurrent breast cancer, trealed at the
Daniel den Hoed Cancer Center (DHCC) with reirradiation (re-RT. eight fractions of 4 Gy twice weekly} cornbinad with HT. All 134 patients for
whom such treatmeant was planned were included in the analysls, The complete response rate in 119 patients wilth macroscopic tumour was
71%. Including th& 15 patients with microscople dis¢ase, the local conirol rate was 73%. The median duration of local control was 32 months,
and toxicity was acceptable. The complete response (CR) rate was higher, and the toxicity was less with the later developed 433-MHz HT
technlqua comparad with the 2450-MHz techrique used initially. With this relatively well-tolerated treatment, palliation by local tumour control
of a worthwhile duration is achieved In the majority of patients. The technrique used for hyperthemnla appeared to influence the achisved
resulls, Tha value of HT in addition to this re-RT schedule has been confirmed by a prospeciive randomized lrial in a simitar patient group. In

The Metherlands, this combined treatment is offered as standard to patients with breast cancer recurring in previously irradiated arcas.

Keywords: breast cancer; reirradiation; hyperthermia; local tumour control; palliation

The clinical problem

Local regional recurrences of breast cancer may be the cause of
severe suffering when uncontrolled, withour being life-threatening
al short term, Symploms such as uleeration, bleeding and severe
pain bave been seen in 62% of the patients with recurrent breast
cancer referred for radiotherapy (RT) (Bedwinek el al, 1981a).
Furthermore, watching u growing tumour at the surfuce of the
body is a stressful experience 1o the patient. The survival of
patients swith a locoregional recurrence appears not to be relited to
any Jocal treatment; in the majority of patieals, distant metastasis
is identified atter a median follow-up time of less thun 12-30)
months. Mevertheless, the median survival dme in this patient
geoup may vary from 12 to 53 months, depending mainly on
lumour characteristics al the time of first diagnosis, with a 5-year
survival rate of 22-504% {Bedwinek et zl, 19815; Toonkel et al,
1983; Patunaphan et al, 1984; Aberizk el al, 1986; Deutsch et al,
1986; Hietanen et al, 19806; Stadler and Kogeloik, 1987; Blanco et
al, 1990: Schwaibold et al, £99: Halverson et al, 1992). The
financial cost of treating patients with local regivnal breast cancer
recurrenues has been estimated to be uround Australian $533 per
month by Hurley et ul (1992). Therefore, application of a treat-
ment which von result in lopg-terin [ocal temour control would be
worthwhile from the penspectives of both the patient and Lk health
cire systeinn.
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In the case of a recurrent tumour within a previously irradiated
area, the chance of achieving local control by either RT or
chemaotherapy is reduced (Okunieff et af, 1991). The radiation
dase thal can be given withoul a high risk of unaceeptable toxicity
is lower than considered adequate (Bedwinek ot al, $98lu;
Halverson et al, 1990; Withers et af, 1995). This poor prognosis
led to the evaluation of combining re-RT and local hypershermia
(HT) in this patient group at the DHCC.

Expenimenta] rescarch has shown that HT is an effective cell-
killing agent especially to cells in a hypoxic, nutrient deprived and
low pH environment, conditions which are specifically found in
malignant tumaurs, The combinatien of RT with HT should result
in at least & complementary tumoricidal effect, it ot a supra-addi-
live effect {Field, 1990; Raaphorst, 1990). The existing clinical
duta appear 1o cenfim the findings from experimental research.
Recently, the therapeutic gain by HT in addition to RT, has been
docomented by randomized comparative studies in various tumour
types (Valdagni et al, 1988; Overgaand et al, 1995; Intemnational
Collsborative Hyperthermia Group, 1996; van der Zee et al, 1996).

At the DHCC, buth teatment modalities underwent changes
during the petiod since the combination was first applied clinicafly,
‘The total re-RT dose grudually inereased from abowt 20 to 32 Gy,
The treatrent schedule of eight fructions of 4 Gy, twice weekly, was
first applied in 1981, and. atter apparent effectiveness and tolerance
(van der Zee et al, 1988), 1his becume the protocol in 1988,
Hyperthermia technigue was gradually improved over the years,

MATERIALS AND METHODS
Patienis and tumours

All 134 puticnts with recurrenrt adenocarcinonts of the breast, for
whom reirradiation with cight feactions of 4 Gy combined with HT
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Table 1 Patient and tumour characteristics in refation to treatment fechnique

433 MHz = 107

2450 MHz n= 27

Iedian (range} s.d.* Patlents Medlan {range} s.d.* Patients
Disease-fres interval from start of first
{reatment to first relapse (months) 23 (1-158) 27 15 (2-168) 25
Number of previously given kinds of chematherapy
[ 57 g
1 a3 i3
20r3 17 5
Nurnber of previously given kinds of hormonal therapy
0 54 10
1 23 8
=2 a0 9
Number of previous surgical procedures at the same
location
0 7 1
1 49 16
22 51 i0
Dose of radiotherapy given previously (Gy} 45 {20-66) 6 45{15-58) 10
Macroscopic tumour
=3¢m 38 i1
=3cm 57 13
Uiceraling turnour 24 6
Tumour histology: grade of dilerentiation
Geod 1 0
Moderate 18 1
Peor 53 12
Undifferentiated 14 7
Unknown 21 7
Number of lesions
Single 42 g
2 19 8
3-9 or more 46 io
Haemoglokin at time of treatment {mmol 1) 83407 83 07
Tumeur oulside ireatmen! volume 41 10
Macroscopic tumours only:
Tumour volume {cm?) i1 (1-8€8) 166 6{1-777) 3%
Tumour maximurn diameter (cm) 4.9 (5-300)6.0 47 (8-175)48
Maximum depth (cm) 20(1-9) 1.6 20(1-5)07
Continuakion of hormenal therapy during local
ireateent 15 5

2s.d., standard deviation.

was planned between Janvary 1981 and May 1992 for a total
number of 143 fields, are included in this evaluation. Only the first
treated field in each patient was included, leaving a total number
of 134 ficlds in 134 patients to be analysed. Six of these pattents
had been included in the randomized stedy reported by the
International Collaborative Hyperthermia Group {14996).

Patients were selected for re-RT plus HT on the following
criteriiy: ReeuIent tumeur, inoperable (n = 119) or after microscopi-
cally incomplete excision (n = 15y and systemic therapy was cither
inadequate 1o control the Jocal regional wimour, or was deemed
inappropriate, in the absence of (symptomatic) systemic diseise,

At the time of treatment, patients were uged 28--82 years, with a
median of 58 years, Performance status was generally good, with
WHO scores O or 1in 132 patients and 2—4 in two patients, Distant

metustisis was present at the start of treatment in 38% of the
patients, Seventy per cem of the patients had been treated with
hormonal and/or chemiotherapy ia the past. Previous RT (o the
same wrea had been given 4 months to 17 years (median 41
menths) before the re-RT plus HT treatment. Tumour [ocadization
was o he chest wall in 130 patients, Patient and tmour ¢hacae-
teristies kanwn 10 have prognostic value are given in Table 1, in
relation te the FET technigue used for treatment. In case of multiple
tesions, the maximum diameter and ke volume of 1he largest
lesion was used in the evaluation, Tumour volume was calculated
according to the formula 1/6mah*c, in which ¢ and & are the
largest diameters measured by calipers and ¢ is the maximum
extension in depth estimated by palpation and, in some cases,
estublished by ultrosound or computerized tomography (CT) scun.
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Table 2 Treatment charactenstics

[} Range Medlan (s.d.7}
Tolatre-RT dose
<32 (12-28) Gy 4
=32 Gy 129
=38 Gy 1
Size of radiation feld (em?) 30-875 248 (184)
8ize of hypertheirnla field {cmi) 64-800 300 (155)
Nurnber of HT applicator set-ups
1 101
2 7
3 2
4 2
Recalved eight HT trealments 123
Total duration of all KT treatments {min) 480 (85)
Number of thermometry peints [median (range)}: 433 MHz 2450 MHz
In tumour tissue 5.4 (1-20) 2.6 (1-10)
In normal tissue 13.9 (1—44) 2.9 {1-11}
HT dose parameters {median {5.0.9)}: 433 MHz 2450 MHz
Tmaxmax__, in fumour (*C) 434 (1.3) 42.2{1.4)
T90, ., in tumour ('C) 401 (1.2) 40.6{+.7)
Tmaxmax, .. in normal tissua {'C) 438 (1.0) 422(1.2)
790,.., in normal lissue {"C) 39.2(1.1) 399 (1.2)
Tumour tissus TS0 »46°C (min) 61 (H8) 18 (137)
Normal tissue T80 >40°C (min) 0{55) 48 {101)

*5.4., standard daviation.

Treatment

All patiemts were treated with the same radiation schedule of 4 Gy
twice weekly, each fraction followed by | h BT, The time interval
between two re-RT + HT treatmients was 3—1 days, that between
the re-RT fraction und HT session was an average of 40 min. A
summary of trestment chanseteristies is given in Table 2.

Radiotherapy

The planned treatment of eight fractions of -} Gy was applied to
129 patients. Four patients received a lower wotal dose, of 12—
28 Gy, as their treatment was terminated becavse of general deteri-
oration by rapid progression of systemic disease. In one patient,
the treatment wits interrupted because of development of a urinary
teact infection, and a ninth fraction was given to compensate for
the delay, Rudiation techniques included electrons 1= 107),
photons (4 = 13), & combination (n = Y} or orthovoltage (n = 2)
{(unknown in one) depending on the wmour location and depth.
The radiation field was chosen with a margin of at least 2 cm
around the macroscopic tomour,

Hyperthermia

Seven paticnts received less HT treatments than RY fractions, Four
patients received seven instead of eight HT treatments because of
logistics, In two patients, the treated urea needed four HT appli-
cutor set-ups to cover the whaole field, therefore only half of the
field was treated doring each session. In the one paticnt receiving
nine fractions of RT, six HT treatments were applied, Standard
treatment duration was 60 min with pewer on. For delivery of HT,
the 2450-MHz technique was used in 27 patients (1981-86) and
the 433-MHz technique in 107 patients (since 1Y86). The aim of
the treatment was to achieve the highest mour emperatures.

Power input was limited by the temperatures measared within the
tumour periphery {mazimuim 44°C was allowed at <t em distance
from aermal tissue) and the normal tissue (muximum 43°C during
the furst 30 min, 44°C during the second 30 min), and by power-
related pain expressed by the patient at o site without thermometry.
‘The hyperthermin ficld size is defined as the sum of the aperture
areas of the applicators used.

2450 MHz technigue

Custom-built air-filled waveguide applicators, with aperfure sizes of
8§ % 4 und 8 % 6em?, were used in various combinations, Up to four
applicators wene coupled to one power supply, without the possibility
to ¢ontrol power supply te the individual applicators, A masinum of
vight applicators could be used at the same time, Surface cooling,
when pecessary, was performed by directing air currents under the
upplicators. Interstitial thermwometry was performed by thermoe-
couples, using either single sensor probes within a needle or multi-
semser probes wilkin a catheter. Temperatures were measared every
5 min with the power shut off.

433 MHz technique

A dipole antenna was used in three patients. Custom-built water-
filled waveguide applicators (Vian Rhoon el al, 1998) were used
since Febroary 1985, The maximum number of applicators used
simultancously increased, over time, from two to five, Each appli-
cator was supplied with independent power contrel. Until July
1987, the aim of the treatment was (o heal the macroscopic tumour
but, after experiencing tumour regrowih within the radiation field,
outside the margin of the HT field {van der Zee et al, 1992); the
applicator set-up was chosen such that the radiation field was
widely covered. Surfuce temperature control was performed by
using a perfused water bolus. Since May 1987, temperaiures have
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Table 3 Parameters included in the evalvation of prognostic factors

Chematherapy

Hormonal therapy

Former local treatment

RT dose

Number of lesions

Log tumour volume

Tumgur maximum dizmeter
Traxmax,_, i1 fumour
T8O, ., in tumolit
Tmaxmax,___ in normal lissue

T80,,, innormal tissue

Former chemotherapy: yes ¢rno

Fermer hormonat therapy: yes or no

Twa classes: either a maximum of one surgical freatment plus RT, or two or mara surgical freatments plus RT
Total {cumulative) dose of previcusly applied RT; centinucus variable, of classes €42, >42-46 and >46 Gy
Number of tumour lasions within the treatment volume; classes 1, 2 and 23

Lagarithm of voluma of (largest) tummour lesion in mm?; continuous variable, or classes <2, 2—4 and =4
Maximum diameter of {largest) tumour leslon; in two classes =3 and >3 tm

Continuous varabla, or classes €42 5, »42.6-43.5 and =43 5°C

Continuous variable, or ¢lasses £39.6, >39.6-40.6, and >40.6°C

Continuous varable, or classes €433, >43.3-44.3, and >44.53°C

Continuous variable, or classes =38.8, »38.6-39.5 and »39.5°C

HT techniqus

Two classes: 433 MHz and 2450 kHz

been measured continuously during treatments by a 24-channct
scanning fihre-optic system (FT'1214), Takaoka Jupan), with which
fave multisensor probes {up to four sensors) and four single-sensor
probes were available,

Twa patients, bath with a tumour extending to a depth of more
than 5 cm, whe were treated with other equipment (13,5 MHz
capacative and 80 MHz radiative, respectively} were included in
the 433-MHz technigque group,

Hyperthermla dose parameters

For both normal tissue and tumour tissue, 20 parameters represen-
tative of HT dose were calculated from the temperatures measured
during heating. A full deserption of all these dose parameters is
beyond the scops of this report, but will be published elsewhere,
These parameters, however, appesred highly comclated. Factor
analysis was used (o select the two parameters, within tumour as
well as normaf tissue, that contain the most information. These
parameters were Tmaxmax_and TI0, . Tieremay is defined as
the highest temperature measured for cach heat session and, for this
analysis, the average of these highest temperatures was selected.
T90 is caleulated from the Gaussiun distribution of ail temperature
measurements during each heat treatment, wfier the heating-up
phase of 10 min, and represents the value above which 90% of ull
measurements were observed. 'The T, is tite TS0 from the treat-
ment sexsion during which the highest value was achieved.

End points

Response wis establishied ut the time of maximum regression which
was observed 1-14 (median 2) months afler start of treatment. A
complete response (CR) is defined according to WHO criteria: clin-
ically a complete tumounr remission, observed twice with u lime
interval of at least 4 weeks. The duration of local control, in patients
treated For microscopic wmour and in patients in whom a CR was
achieved, was defined from the start of treatment il the first obser-
vatlon of progressien within the treated velume, which is defined ay
the volume to which rudiation was applied.

Acute toxivity observed can be distinguished 10 result from
either RI' or HT. Radiation-induced acute toxicity includes
erythema (none, mild, moderate or severe) und moist desquama-
tion, Thermal bums include second and third degree hums in the

Table 4 Complete tumour response and acute toxicily in relatien to
Ireatment technique

433 MHz 2450 MHz
fechnique  fechnique
=107 (%) n=27{%)

Complele response (macroscoplc disease only) 74 58
Max. tumour diameler £3cm g7 91
Max. tumour diameter >3¢cm 65 H

Local controt {micrascopic disease Included) 76 63

Bumns
No or first degree 7t 33
Second degras 19 56
Third degrea 7 11
Subcutansous 3 [¢]

Erythema
None—mild &5 598
Woderate—marked 35 41

Moist desquamation 12 7

Far both lechniques, the difference in CR rate between small and farger
lumours is sigaificant (P = 0.017 for the 433-MHz technigue and P = 0.003
for the 2450-MHz techniqus). The difference in CR rata between the two
technigues is signifcant for the farge tumours (P = 0.024),

skin, and subcutaneous bums. Late radiation toxicity wus scored
for pigmentulion, telangiectasis, subcutuncous fibrosis and wleera-
tion, Only ulcerations chserved without persistent or progressive
tumour, and not resulting from a thind degree thermal bun, were
assessed as re-RT toxicity.

Statistical methods

The parameters included in the evaluation of pragnostic facters are
listed in Table 3. The evaluation of factors associaled with CR was
restricted to the HY patients with macroscopic tumour, Patients
treated after irradical resection of recurrent tumeur were included
in the analysis of local tumour control, Peurson's chi-squared test
was wved to determine which purameters were associated with CR
rate or acute toxicity caused by the freatment. Cox regression,
univariate as well as multivariate, was used to investigate which
variables were associated with duration of local controd,
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Figure T Duration of local control {n refation to technique used for delivery
of hyperthannla: 2450 MHz or 433 MBz, Actuaral Jocal control rates at 1 and
2 years are 44% and 33% for 2450 MHz and 543 and 47% for 433 MHz
respectively (log-rank test #=0.05)

RESULTS
Complete response and duration of local control

The follow-up time for all patients varied frem 1 to 76 months
wilh a median of 21 menths, Five patients dicd within 4 weeks
after the Jast treatment, and three patients were lost 1o follow-up of
the locatly reated area because of tumeur progression oulside the
treatment volume for which they were treated in another hospital.
These eight formally non-evaluable patients were included as non-
complete responders, A CR was observed in 84 out of 119 (71%)
of patients with 2 macroscopiv lumour. The probability to achieve
a CR appearcd higher for patients treated with the 433-MHz tech-
nigue (745%) than for those treated with the 2450-MHz techniyue
(585} (Table 4).

In 265 (1 = 35) of all patients, locul (umour control was not
achieved. Within the group of 99 patients with CR, or treated afier
microseopically incomplete resection, in-field tumour regrowth
wus observed ir 36, after a follow-up time of 2 months to S years
{median 11 months). The median overall sprvival in these patients
was 20 months. Thirty-six patients have died with local tumour
contral after a median survival of {5 moaths, whereas 27 patients
are still alive with focal tumour control after u follow-up pericd of
$-76 months (median 31 months). Overall, the median duration of
focal control, censered for death, is 32 months,

The mediun overall sunvival tinge for the whole group of patients
is 21 months, Tn the 99 palicnts in whom local conteol was
achieved, the medisn overall survival is 31 months.

Local tumour control in patlents with microscopic
disease

Fittean patients with microscopic disease after incomplete excision
were all treated with the planned re-RT of eight fractions of 4 Gy.
Three of these patienls were treated with the 2450-MEHz 1echnique.
Tn all three patients, in-field tumour regrowth was observed 1012
months ifter the start of treatment. In the 12 patients reated with
the 433-MHz twehnique, in-field tumevr regrowih was observed
only twice, 10-13 months after the start of treatment, Three patients
have died with local tumour control after 4—16 (median 10) months
and seven patients are still alive with lacal wmour conirol after
16-70 {median 42) months, The difference in local control proba-
bility between the two techniques is significant (P < 0.013.

Time until progresslon {months)

Flgure 2 Duratien of lecal tumour control in refation to tumour size:
maximum tumour diameler <3 em compared with »3 cm. Actuaria! local
control ratas at 1 and 2 years are 69% and 5795 for smatier tumours and
36% and 333 for farger tumours respectively {fog-rank test P = 0.0001)

Acute and late toxicity

The skin reaction resulting from re-RT was moderate to marked
erythema in 48 paticnts, combined with moist desquamation in 15
patients. In 86 patients, the skin reaction was less severe.

Thermal bums developed in 49 paticnts. In three patients, all
treated with the 433-MHz technique, these were located subcuta-
neously. There was a remarkably lower number of second and
third degree thermal burns in patients tzeated with the 433-MHz
technique {27%), compared with the patients ireated with the
2450-MHz teclniyue (67%%) (Table d). Second-degree burns
generaly healed within 2 months without treatment. Third-degree
burns required 4-6 months of conservalive treatment to heal. As
these bums preferably develop at sites of limited sensitivity, they
generally causad minimal symptoms,

Clinically relevam late toxicity was observed in a minority of
patients. Part of the late effects of RT had been present before the
start of the combined treatment, because of the previous radistion.
Moderate pigmentation wis observed in three patients, moderate
telungiectasis in  three, and subcptancous fibrosis in 19,
Ulcerations were found in 14 patients, nine of whom had this
uleeration at the tumour site before treatment, Ulceration without
persistent tumour was preseat at last follow-up in five patients, In
three of these patients, this was at the site of a HT-induced burn, Tn
two patients, the uleeration resulted from radintion damage: one in
the axilla where at the start of the combined treatment severe
telungicctasis was present because of previeus bradiation with
50 Gy, and a second in a paticnt trested for an ulcerating tumour in
the intact breast who had severe fibrosis because of previous RT
{60 Gy). Bone necrosis, fracture or brachiat plexapathy wers not
observed.

Prognestic tactors

Influencing complete responss and duration of local contre!
The probubility of achieving a CR decrcased if patients had been
previously treated with chemotherapy (P <0.01) or hormonat
therapy (P < 0.02), had larger tumour volumes (P < 0,013 and had
larger maximum tumour diameters (P < (0.001). Further, the CR
rate increased with higher Tnwmxmax__ in nomal tissue
(P < (1L04). Neither the 190, values, for both normal (# = 0.62)
and tumevur tssue (P =0.30), nor the Tmaxmax _ in tumour
tissua (P = (.29} showed an association with CR.

0
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Univariate Cox regression wus used 1o detenmine factors that
were of influence o continuous durntion of local control, Factors
influencing local control negatively were previous chemotherzpy
(# =041, 2 higher number of lesions (£ = {.02), a larger tuntour
volupie (7 = O01) and a larger maximum tumear diameter
(£2<0.001). A higher wmour TOO, | (£ =0.02) and a higher normal
tissue Tmaxmax (P =0.02) improved local contro) duration. It is
to be noted that in the univariate Cox regression there was ao
significant difference in local contro) between patients reated with
2450 MHz and 433 MHz equipment (F = 0.08),

All parumeters significant in the upivadate regression were
tested in the multivariate analysis, which furher incleded HT
technique, The multivariate Cox regression analysis shawed that
tamour maximne dinmeter, divided into two classes ($3 cm and
>3 em), appearcd to be an independent, significanm (P < 0.001)
itern with regard to local control, and that 433 MHz equipment
perdformed better than 2450 MHz cquipment (2 = (1046), None of
the other factors was significantly asseciuted with local contrel.
Figures | awd 2 show the pescentages of local control tor
2450 MHz compared with 433 MHz equipment, and maxinuim
turour digmeter smaller than or equal to 30 mm compured with
larger then 30 mm,

Influencing hyperthermia damage

The only parameter influcncing risk of bums was the technique used
for delivery of T, Univariate logistic regression showed that 433
MHz treatments caused much less acute damuge (P < (.001) than
2450 MHz treatments. Neither the T, ror the Tmaxmax_
thermal dose parameters for both noymal and tuniour fissue influ-
enced hyperthermia-induced damage (P-values varying between
0.19 and 0.52). None of the evalvated paranelers were associated
with lute dumage,

DISCUSSION

Treatment with & radiation dose of only 32 Gy in combination witl:
iyperthermia resulted in a complete response in 71% of the
patients with macroscopic tumours. With RT afone ot doses of
300Gy, CR rates vorying from 20% to 485% huve been reported
for breast cancer (van der Zee and Vemon, 1996). The sume RT
schedule of eight fractions of 4 Gy without HT has been applied
in the RTOG 81-(4 study, resulting in overall 26% complele
respanse (Peres et al, 1989). Recently, the contribution of HT to
the zesult of the combined treatment has been confirmed by a
randomized  study  (Internation:d  Collaberative  Hyperthermis
Groop, 1996). Within 1he ESHO 3-88, comparing re-RT alone
(some schedule as applied in the present study) with re-RT plus
HT. the CR rate after combined treatment was 785, which was
signiftcantly higher than the 38¢% CR after re-RT alone. This
randemized stidy also demonstrated that the ditference in local
control is durable.

We do nat expect that i lecally contralled chestwall recurrence
will influence vverall survival. Neveriheless, the absence of symp-
tomatic local wamour can result in an improvement in yuality of
life (Liu et al, 1996). When s CR has been achicved, the median
duration of local costrel wis 32 months. In 27% of all patients, in-
field tumour regrawth was observed sftec s median follow-up time
of 11 months. The median overall survival time in this group of
patients was 20 menths, which means that the Iocal palliation was
muintsined for half of the remning life span. ‘Pwenly-seven per
cent of the patients have died without local umour regrowth, after

a median follow-up fime of L5 months, whereas 20% of the
patients were-free of local disease at last follow-up after a median
follow-up time of 31 months.

Therefore, the effect of 1he treatment is worthwhile for the
mijority of patients, whereas the treatrient cavses limited incon-
venience. The overall duration of u treatment series is 3.5-4
weeks, during which period patients come to the hospital twice
weekly for around 2 h, The HT treatment js generally well toler-
ated, During treatiment, patients were iastructed 1o report pain
immediately; in fact this *subjective thermemetry” is a very impor-
tant parameter in treatment control and should not be considered a
side-effect of HT, The intestitial catheters for thermomelry gener-
lly do not cause relevant problems (van der Zee ctal, 1987),

The stde-effects of the treatment are ucceptable; the HF-induced
bums generally cause no pain because of their vecvmence at sites
of decreased sensitivity, Side-effects other than thermial bums
were no different than those expected from re-RT alone, ie.
erythema and, in about 10% of the patients, moist desquamation.
Clinically relevant treztinent-related late toxicity was observed in
only five paticnts, with ulceration due o either HT or RT toxicity.

The indication to offer combined freatment to paticnts after
incomplete resection of their recurrence wus similar to that for
patients with macroscopic tumours: the safe re-RT dose is inade-
quate for tumour contrel. For achievement of high lecal control
rates with elective radiation, a dose of sbout 50 Gy i 2-Gy frac-
tions is required (Bedwinek et al, 19810; Withers ¢t al, £995), Qur
resulls in this sebgroup demonstrate that additional HT at un
adequate level is benefivial for these patients. Allhough the
numbers are small, the perceatage of paticots trested with the 433-
NHz technique in whom local control was mairtained is signifi-
cantly higher compared with patients treated with the 2450-MHz
technigue, ‘This difference cannot be explained by o betier patient
selection. A comparison of the time interval between the primary
RT and re-RT between the 2450-MHz and 433-MHz techaique
groups showed no difference. Another indication of a bereficial
etfect of HT in microscopic disease is the previous observation of
re-recurrences in five patients in which HT was applied to the
macroscopic tumour only, within the re-RT-alone panl of the
treated area (van der Zee et al, 1992).

The resulis achieved with the 433-MHz technique are remark-
ubly better than those achieved with the 2450-MHz technique,
Multivariate Cox regression of prognostic parameters showed only
two parameters to be associaled with local control duration, i.e,
tumour size and HT technique. The advanlage of using 433 MH:
or, in two cases, lower frequencics instead of 2450 MHz is thut with
the lower frequencics the pengtration depth, and thereby the heated
volume, is farger, which can be expected to result in an adequate
temperature increase in a larger part of the tomour volunse, The
improvement in temperature distribution cannot be deduced from
the thermal dose parameters cileulated, which may be explained by
the higher number of intraumeur temperature measurements with
the 433-MHz technique compared with the 2450-MHz wechnigee
(van der Zee et ul, 1993), The improvement of results with the
better heating technique in tumours with a nsaximum diumeter of
>3 em underseores that it is imporant o use a technique from
which ene can expect adequate tissue heating, In fact, the 31% CR
rute achieved in the larger (23 cm maximum dizmeter) lwmours
with the 2450-MHz technique is not different from the CR rates
found after re-RT alone with the same treatment schedule, ie. 265
(Perez et al, 1989 and 38% (Ttemational Collzborative Hypes-
thermia Group, 1996). The importance of hypertheria treatntent
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technique has been previously shown by Myerson et al, (1990). The
results of the study presented here have shown that there is room for
turther improvement. In patients treated with the 433-MHz tech-
nique, the CR rale of 65% in patients with larger tumours is still
significantly lower Lkan that for patients with smaller tumours, We
speeulate that when optimum HT technigues will be available for
all tumours, the overall CR rate may reach a value of about 90%.
The decrease in HT-related toxicity with the use of the 433-MHz
technique is another welcome improvement. Although blisters and
third-degree burns generally de not result in relevant clinical prob-
lems, because of the fact that these develop at sites of decreased
sensilivity, it is preferable to avoid such side-effects. The most
likely explanation of tke lower number of burms with the 433-MHz
technique is the better control of superficial temperatures by the
perfused water bolus.

This study allows a few more answers te clinically relevant
questions, which have Lo be precautious in view of the refrospec-
tive character of the analysis. In the first place, it has been
suggested that local therapy for recurrent breast cancer should be
accompanted by systemic therapy (Kapp, 1996). It has been shown
that  systemic treatment after local treatment  significantly
improved discase-free survival, but had s impact on overall
survival (Borner et ab, 1994). In cur study, continuation of
chemutherapy during the local treatment series was not allowed,
but in I8 patients with macroscopic mours hormonal (herapy
wits continued. The CR rate in patients continuing hormonak
therapy was (not significantly) higher than in the remaining
patients: 89% compared with 675, However, the risk of selection
bias int this comparison is obvious: 75% of the patients continuing
hormona! therapy had started this more than 2 months previously,
insticating that the therapy had beneficial effects. These patients,
theretore, may represent a subgroup with a beder prognosis,
Secondly, tumour extension in depth is considered a very impor-
Tant sclection eriterien for superficinl hyperthermia. We now
aceept patients with tumours up (v 4 em maximum depth for treat-
ment with 433 MHz. In this study, there were 13 patients with
deeper tumours, The CR rate in these patients of 629 is nof signit-
icantly lower than the 72% in the remaining patients, and appears
higher than observed after RT alone. This may be explained by the
exceptions that we have ullowed to the masximum d-cm depth
criterion, These were tumours with overlying subcutancous fat, in
which less energy is absorbed than in tissues with & high water
content, and spherical tumours protruding above the skin surfuce,
in which secumulation of energy from the varicus applicators can
be expected at depth and in which the depth may decrease during
the treatment peod when the tumour regresses. A third elinicatly
important question is whether the eight feactions of 4 Gy plus HT
schedile ean be applicd after previous RT, up to a totul dose of
60 Gy or moge, Tn our material, the CR rate of 505 in a sobgroup
of eight such patients seemed lower than the 76% in the remaining
patients, and a persistent ulcer developed in one patient. Further,
this subgroup appeared 1o kave g relatively short rensaining life-
fime compared with the other patients. Nevertheless, the 50%%
chance to achieve a CR may be worthwhile, depending on the
symptoms of lecal disease and survival prognosis.

CONCLUSIONS

This study has shown that with the combination of re-R1, cight
fractions of 4 Gy in 4 weeks, and H'T successtut palliation of local
fumour recurrence of o worthwhile duration can be achieved in the

majorty of paticnts. In addition, this treatment is well tolerated
with acceptable toxicity. In The Netherlands, this combined treat-
meit is standard therapy cffered to patients with locoregional
recurrent breast cancer in a previously irradiated site, providing
that an adequate heating equipment is available, This siudy has
also shown that the hyperthermia treatment techimique is important
for clinical ovtcome. The development of better HT treatment
techniques, enabling a more effective treatment of larger tumours,
deserves Turther investigations,
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PRACTICAL LIMITATIONS OF INTERSTITIAL THERMOMETRY DURING
DEEP HYPERTHERMIA

JACOBA VAN DER ZEE, M.D., Pu.D., JACQUELINE N, PEER-VALSTAR, M.D.,*
Paue J. M. RiETvELD, M.Sc., Lucyna pE Graar-STRUKOWSKA, M.D. AND
GERARD C. vaN Ruoon, Pn.D,

Department of Radiation Oncology, Subdivision of Hyperthermia, University Hospital Rotterdam/Daniel den Heed Cancer Center,

Rotterdam, The Netherlunds

Purpose: Intratumor thermometey during hiyperthermia treatment is considered importanl for several reasons,
The marbidity that we experienced lrom intevstitially placed cathefers in decp-seated tumers pave reason to
weigh the advantages and disadvaniages agalnst each other.

Methods und Materfals: The avaitahle thermometry In 215 patlents (reated with hyperthermia Tor deep-scated
tumors was analyzed with the aim lo evaluate practically feasible infeatumor measurements. The influence of
intratumor measurements on ihe (reafment procedure was assessed,

Resulls: Tofal 120 catheters were placed inlerstitially in 78 patients. Over the years, the percentage of patients
with inlerstittal thermometry decreased considerably, Forly-nine catheters could remain in place during the
whole hyperthermia treatment series. The remaining catheters had to be removed for more or less severe
complications, including one fatal event. In fact, the inferstitial cathelers cansed the most severe ireafinent-
related morbidiy. During 188 of the tolal 859 treatuients, al least one intevstitial catheter was available for
thermometry, Per (reatment with catheler(s) in sitn, the average number of ittratumor measurement siles was
6.9, The value of interstitinl thermometry for power steering during treatment, to botl optimize intratumor
temperature disteibution and prevent toxicity, appeared limited, Tie mean volume of the tumors with interstitial
thermomelry was 314 em?®, SP 325, In relalion to (he Jarge tumor volumes, the thermal dese parameters
calcutated from the avallable data is considered to be of limited vatue,

Conclusion: In view of the possible severe complicatfons and the limited clinical yalue of the information achieved
by iferstitially placed thermometry catheters, interstitial thermomelry was nol found to routinely henchit the
individual patient. © 1998 Elsevier Scieice Inc.

Deep hyperihermia, Iniratumor thermometry, Toxicity,

INTROBDUCTION

Intratumor thermometry during hyperthermia treatment is
considered important for severat reasons. The RTOG qual-
ity assurance guidelines recommend the use of at least one
interstitial catiieter, and preferably three in directions per-
pendicular to each other (1), The aim of interstitial ther-
mometry is to verify the delivery of hyperthermia dose
distribution, lo allow calculating retrospectively the applied
thermal duse, and to prevent toxicity, In our experience with
clinicully applied regional deep hyperthermia, interstitial
thermomeltry in deep-seated tissues is the cause of the most
severe treatment-related morbidity, as has been reported on
previous oceasions [(2, 3); Van der Ploeg et «l., personal
communication, 1993; Peerer al., personal communication,
1995]. Over the years, the number of patients treated with

interstitialty placed cutheters decreased. In this article, the
experience in the first 215 patients treated for deep-seated
tumors with the BSD-2000 system is presented. The pros
and confras of interstitial thermometry are discussed, and
the absolute and relative contraindications listed.

METHODS AND MATERIALS

Patients

In the period June 1990 to June 1996, a total of 215
patients were treated with the BSD-2000 system (4) for
deep-seated tumors, Tumor types include rectal cancer (n =
113), uterine cervical cancer (n = 356), urinary bladder
cancer (1 = 26), and varicus other tumor types (n = 20),
mainly sarcoma, Patients were treated with hyperthermia in
addition to radiotherapy or chemotherapy (Table [). Radio-
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Accepted for publication 25 September 1997.
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Table 1, Patients with interstitizl thermometry related to tumer location and study

Number of

Removed after Interstitial treatments if all
Interstitial Number of rumber of thermometry with interstitial
thermometry treatments* treatments all treatments thermometry
Number
of patients  No Yes Range (Meiin) Mean (Runge) No Yes Range {(Mean)
Rectum
+RT," Phase L1 63 47 16 2-5 “.2) 14 3 13 3 1-5 (R}
+RT, outside study* 8 0 5 -6 {3.3) 2-2 {2) 2 [i] I-6 3.2
+reirradiation (40)
or intraarterial
chemo (2) 42 18 24 -4 (a.10) 0-3 2) i2 12 -1 (2.4)
Cervix
+RT, Phase 10 29 24 5 1-5 ()] 1-4 (2} 3 2 1 (2.5}
+RT, outside study 9 4 5 2-5 (3.8) 2-3 (2.5) 2 3 24 (&)
+chemotherapy 13 17 1 3 1 1 0 e
Bladder
+RT, Phase IIT 18 17 1 5 — 4] H 5 (5}
+RT, outside study 8 4 4 3-5 (3.8) 2-2 (2) 3 1 3 (3
Various 20 ] 14 1--5 (3.6) -3 2) 7 7 £ (2.9)

¥ Only the number of treatments in patients whh Interstitial thermometry is given.

FRT = radiotherapy.

* Qutside study: cither treated within the pilot study preceeding the Phase TTT study (four patients in each tunor location group), or
hyperthermia indicated by expectation of insufficient results from radiotherapy alone.

therapy and hyperthermia was given to patients randomized
to combined treatment within the Phase IIT study on inop-
erable rectal cancer (primary or recurrent), cervicat cancer
(FIGO Stages HB-distal, THEB and I'V), and bladder cancer
(Stages T3—4NOMO). Furthes, this combined treatment was
given o patierds with recurrent rectal cancer in previously
irradiated areas, and to patients with other types of advanced
tumors for whom radiotherapy alone was considered inad-
equate. Combined chemotherapy and hyperthermia was
given (o patients with recurrent cervical cancer in previ-
cusly irradiated areas, participating in a Phase I-1T stady on
the effect of weekly cisplatinum and hyperthermia. Patients
received onc (o six (mean four) deep hyperthermia treat-
ments, to a total of 839,

Technigue of catheter introduction and fixation

Catheter placement wus planned at least E day before the
first treatment. For each patieat, a CT scan was cither
available at referral, or made specifically for deep hyper-
thermia treatment planning. When inferstitial thermometry
was not contraindicated by other factors, it was decided
during CT scanning whether catheter introdietion was pos-
sible. The criteria for decision to place interstitial catheters,
as developed on the basis of experience over the years, are
listed in Table 2. During CT' scaming, the first siep was to
mark the skin at the site(s) from where catheter introduction
appeared possible, The puncture site, and the angle under
which the catheter should be inserted was selected. Follow-
ing steritization of the insertion area with 0.5% chiorhexi-
dine in 70% alcohol and covering the area with sterile
sheets, the insertion site was anesthesized with 2% procaine

hydrochloride, Thercatter the needie, with an outer diameter
of 2.1 mm and a total tength of 1823 cm, was introduced.
Most catheters were placed transgluteal. After the needic
had reached a depth of 8—t0 em, a control CT scan was
made to verify insertion angle and depth (Fig. 1). If the
insertion angle was comreet, the needle was introduced fur-
ther to the opposite tumor margin, When the patient indi-
cated pain, not disappearing after interruption of pushing
the needle, a shighily different angle was chosen. The final
direction of the needle was documented by CT scan, After
completion of insertion the polyethylene closed-tip catheter
(William Cook Europe ApS, Denmark, outer diameter 1.6
mm) was introduced through the needle. The catheter was

Table 2. Criteria for decision to place a catheler

Contraindications before availability of CT scan
Use of anticeagalants
Preexisting radiating pain
Preoperative treatment of rectal vancer
Punctare site not accessible during CT scanning
Spontancous absolute refusal by the patient
Contraindications on CT scan
Risk of penetration of bladder or bowel lumen
Tumor lucated behind bone
Tumeor too small to get at least two intratumor meusuring
sites
Tnfratumor area of necrosis
Discrimination between tumor and normal tissue not well
possible
Catheler fixalion nol possible
Catheter intrexluction ondy possible under a steep angle 1o the
skin
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Fig. 1. Procedure of CT-guided catheter introduction,

protected from kinking by a aylon rod. The catheter was
fixed by Histoacryl (B. Braun, Melsungen AG, Genmany)
and Tegaderm transparent dressing {(Medical Products Di-
vision/3M, USA). First, an adhesive was amply placed over
the puncture site. The remaining part of the catheter was
curled up and, within a gauze, attached to the skin around
the puncture site by another adhesive. This procedure ai-
lowed reaching the exterior part of the catheter while leav-
ing the inscrtion site covered. Patients were instructed to see
a doctor in case of increasing or oflierwise severe pain, or
fever, and were given an informative tetter for responsible
physicians outside the subdivision of Hyperthermia.

Thermometry

For thermonetry, Bowman probes were available. These
were cualibrated once daily. Before ecach treatment, the
probes were pulled straight in a current of hot air and
sprayed with silicone to optimize the conditions for map-
ping within the catheters, Before each treatment, the patient
was guestioned about recent history of either locul pain or
fever. In case of fever, other possible causes such as bladder
infection or puimonary infection were excluded. The inser-
lion site was inspected, the invasive length of the catheter
verified, and the direction of the catheter derived from (he
form of the nylon rod. In case of symptoms of focal infec-
tion, or pain, that was badly tolerated by the patient {e.g.,

causing steeping problems), it was decided to remove the
catheter after the treatment session. Patients were positioned
supine. Before and after filling the water bolus, the feasi-
bility of thermal mapping was tested. In case of distur-
bances, any possible cause of obstruction was corrected for,
when possible. During treatment, thermal mapping was
performed every 5 min; the step size was | cm.

Standard trealment procedure

Patients were lightly seduted with 1 mg loruzepam. Fol-
lowing preparations, heating was starfed with power output
at 400 Watt. Patients were carcfully instructed to mention
any unpleasant sensation that might be the result of a hot
spet, such as a burning sensation, a teeling of pressure, any
pain, or bowel or bladder spasms. The treatment settings for
frequency, amplitade distribution, and phase shifting at the
start of the first treatment were chosen on the basis of the 2D
pretreatment planning provided with the BSD-2000 system.
Thereafter, treatment settings were adjusted depending on
either information from E-field measurements or tempera-
ture distribution, Information on temperature distribution
canie from both intraluminally and interstitially placed ther-
mometry probes, and from the patient. Any pain mentioned
by the patient that disappeared within 1 min following
power decrease was considered to indieate a too high tem-
perature, and the teeatment settings were adjusted to de-
crease power input at the specific focation. Adjustments of
treatment settings could be either changes in power output
per chanuel, frequency or phase settings, or placement of
additional water bolusses. Power output was increased to as
high as the patient could tolerate without pain. Treatment
duration was standard 60 min after any of the interstitially
nteasured tumor temperatures had reached 42°C, or maxi-
mum 90 min. In cases where the intratumor catbeters had to
be removed before the ast treatment, the time needed to
reach 42°C averaged over at least two previous treatments
with interstitial thermometry was chosen for subsequent
treatments.,

The course of each treatment was discussed within the
clinical siaff and the treatment settings and specific adjust-
ments for the subsequent treatment selected on the basis of
the previous experience.

RESULTS

Number of imterstitial catheters

One to tiree cathelers were placed interstitiatly, to a total
of 120 catheters, in 78 of the 215 paticats (36%) treated for
deep-seated tumors (mean: b.54/patient). Over the years, the
percentage of patients with interstitial thermometry changed
considerably. Of the first 40 patients, treated in the period
June 1990 to January 1992, 36 (90%) had interstitial cath-
eters, Caleulated over the first 50 patients (until June 1992),
the percentage was 80%. In the second {(June 1992 to
Qctober 1993) and third {October 1993 to January 1995)
groups of 50 patients, the percentage decrensed further Lo 44



Interstitial thermometry in deep hyperthermia

25

Table 3, Available intraluminal thecmometry

Table 4. Morbidity from interstitial catheters

Number of
intraluminal In In
catheters: female male
Patients with interstitial
thermomeiry (n = 78) 3 24
2 12 18
l 2 22
1] — —
Patienls without interstitial
thermometry (8 = 137) 3 8
2 ] 34
I 2 14
0 — 1

and 20%, respectively. In the last group of 65 patients,
treated in the period January 1995 1o June £996, the per-
centage of patients with interstitial catheters was only 9%.
The tunmor velume in the group of patients with interstitial
thermometry ranged from | to 1562 em®, with a mean of
314 ¢m® (SD 323), the average tumor maximum diameter
being 98 mm. Of the 113 patients with rectal cancer, inter-
stitial thermometry was available in 48 (425 ). This percent-
age was lower for cervical (1 of 56; 20%) and bladder
cancer (5 of 26; 19%), and higher for patients with other
tumor types {14 of 20; 70%). In four additional patients, a
vatheter cauld be placed within the tumor through a fistula
hefore euch treatment, and in one patient, an intrawtering
catheter was introduced before the first treatment. Forty-
nine catheters remained in sife uniil the end of the fast
hyperthermia treatment, The 78 patients with interstitial
catheters received a totul of 287 treatments, During 188 of
these treatments (66%5), at least one interstitinl catheter was
available for thermometry. Besides catheters introduced
into depth, 69 catheters were placed subcutaneously in 49
patients, After experiencing that the temperature measure-
menls achieved from these catheters gave never reason (o
adjust treatment setup, the use of subcuntaecus catheters
was omifted,

Number of intraluminal catheters

In the 78 patients with interstitially placed catheters, one
te three (mean two) additional catheters could be plaved
intraluminaty (Table 3). Catheters could be placed within
the urinary bladder in 73 patients, intravaginal in 38, and
intrarectal in 46 patients. In the 37 patients without inter-
stitial catheters, one 1o three (mean 2.4) catheters could be
placed intraluminadly in all but one, A catheter was placed
in the bladder in 132 patients, in the vaginu in 86 patients,
and in the rectum in {10 patients.

Number of interstitial tumor thermomelry sites

By multiplying the number of cathelers with ike number
of treatments that these were fn sifie, the total number of
interstitial catheters in situ during 188 treatments was 282,

Catheters

Subeutaneous infection 25
Tntolerable pain 23
Deep infection 16

Abcess formatien 2

Peath due to sepsis t
Arterial bleeding 3
Venous bleeding 1
Spontaneous loss oulside the hody 4
Spontancous displacemenl to inside the body 2%
Continuous loss of tissue Auid 5
Tumor growth along catheter track 3t

*In one patient, the catheter had disappeared completely. Iis
inlcapelvic lecation wus Jater confirmed by diagnoestic x-ray.

¥ In two patients this was confirmed histopathologically; in one
patient tumor growih was strongly suggested by the clinical ap-
pearance,

Sixty-five times {in 23% of the cases) it was not possible to
map the thermometry probe within the catheter. From [8
catheters (6%), no information on tumor temperature could
be derived. This was either due to spontaneous displace-
ment, to kinking, or to failure to place the catheter within
the tumor during introduction, for example, when the needle
get stuck against a bone, or when the needle pushed the
uterus aside instead of entering it. In 57 cases (20%), only.
one intratumor measvrement covld be derived from the
catheter, This was mostly the resull of failure to map the
probe, Overall, the total number of intraturmor measurement
sites was 1291, Per catheter in sitie during treatment, the
average number of intratumor measurement sites was 4.6,
Per tumor with interstitial thermometry during trestment,
the average number of infraturnor measurements was 6.9,

Morbidity from interstitial catheters

Forty-three (36% of the {otal number) catheters, remain-
ing in place during (=33 (mean 14.7) days caused ne
problems. Seventy-seven catheters caused some kind of
morbidity, oceurring after 0-26 days, mean 10 days. Cath-
cter removal in the first week after insertion (i = 34) was
done for morbidity in 74% of the cases. In week 2 {(n = 47),
week 3 (n = 18), week 4 or later (n = 16) this was 73, 44,
and 25%, respectively. A summary of the complications is
given in Table 4. In 25 cases, the reason for catheter
removil was u subgutinaeous infection. Subcutaneous in-
fections resolved afler catheter removal without further
treatment, In 23 cases the catheters caused pain of sach
severity that the patient experienced problems to sitting or
sleeping. In 13 patients (16 cuthelers) a deep intection
developed, despite antibiotic treatment resulting in abcess
tormation in two, and death due to sepsis in one. In this
fatter patient, the same bacteria isolated [rom the blood were
found within the tumor. In three patients, one catheter
apparently had penetrated through an arterial vessel, which
hecame clear at tire time that the catheter was removed, Two
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of these patients had experienced repeatedly considerable
btood loss, which was reason to remove the catheter before
the last treatment. in the third patient, arterial blecding
occurred after the kast treatment. In all three patieats, bleed-
ing could be stopped by exerting pressure. In one patient a
venous bleeding, apparent immediately after catheter inser-
tion, could not be stopped by exerting pressure, which was
reason to remove it | b later, before the tirst treatment. In
three putients, all with progressive disease either during or
shortly after the treatment series, tumor growth was ob-
served along the track of the catheter, This was histopatho-
logically confirmed in two patients with reclal cancer Jthe
history of one of these patients has been reported previ-
ausly; (5)]. In one patieat with recurrent ureteral cancer, the
clinical appearance of a subcutaneously growing nodule
strongly suggested tumor growth. Three of four catheters
inserted through the perineum were lost. Two ¢atheters
disappeared to within the body; one completely (its intrapel-
vic position later confirmed by diagnostic x-ray), and one
almost completely and was removed for that reason, In four
patients (five catheters) a continuous loss of a considerable
amount of tissue fuid, resulting in loss of adhesive cover-
ing, was observed. The thereby increased risk of infection,
together with the impossibility to control the patient daily,
led to the decision to remove the catheter.

Reasons for not placing interstitial catheters

The decision on placement, or removal before the last
treatment sessicn, of interstitial catheters was very much
influenced by the experience acquired during the first years
of applying deep hyperthermia. Patients with tumors show-
ing necrotic arens on CT scan appeared to have a larger risk
on development of deep infection, unresponsive to antibi-
otic treatment, For patients with cervical cancer, it appeared
diffieult to discriminate between normal tisspe and tumor
tissue and further, insertion of the needle within the cervical
tissue appeared not always feasible: the needle easier
brushed the tissue instead of penetrating it. Furthermore,
interstitial catheters in cervical cancer often cause a dull
type of pain, In patients with preexisting rudiating pain,
caused by twmor exerling pressure on nervous tissue, the
intratumor catheter appeared to aggravate the pain. In cases
where the catheler entered the body under a steep angle to
the skin, thermud mapping often failed. This experience,
together with the finding that the value of interstitial ther-
mometry was limited with regard to improvement in 1em-
perature distribution (see below), has led to increasing ac-
ceptance of applying treatments without interstitial
thermometry, In the most recent years, the availability of
two or three intraliminal sites for thermometry has eased
the decision on not placing interstitial catheters, A list of
reasons for not placing interstitial thermometry is given in
Table 2. Ten patients used anticoagulants that could not be
interrupted. Six patients were treated preoperatively for
rectal cancer, In rectal cancer, implantation and growth of
twmor cells in damaged tissues is not hypothetical, and it

was agreed with the surgeons that interstitial thermometry
in these cases would be omitted. The most frequent reason
(n = 35) for not placing interstitial catheters was anitomy:
the presence of either bone, or bowel, or bludder lumina
between possible puncture site and tumor. In 29 of 56
patients with cervical cancer and in 19 of 27 patients with
bladder cancer no interstitial catheter was placed. In 20}
patients, preexisiing radiating pain was the reason tor aot
introduizcing a catheter. The other conteaindications played a
role in the remaining 18 patients.

Steering possibilities

Generally, the clinical impression is that effective steer-
ing within the target volume is not very well possible.
Treatment setup is adjusted in response to an observed
temperature distribution in disagreement with the desired
ore, or to & foo high temperature experienced by the putient.
Within the group of patients with interstitital thermometry,
it was almost never necessary to wdjust power on the basis
of tco high measured temperatures. Further, it appeared that
the temperature distribution within the farget volume
showed negligible effecis of power distribution adaptation.
Examples of temperature distribution during treatmeni are
given in Fig, 2A-D. From cach tumer group, the patient
with the highest number of interstitial measurements was
selected. In each case, changes in treatment setup do not
decrease the gap between minimam and maximum intratu-
mor temperaturs. The effect of steering is that higher power
levels can be maintained or achieved than without treatment
adjustment, resulting in overall higher temperatures, This
figure also shows that the intraluminal temperature is in
most cases within the range of interstitial temperatures, and
that the course of the intraluminal temperature in most cases
reflects the course of the interstitial temperatures. By the
way, these four patients were all teeated in combination with
radiotherapy to a total dose of =50 Gy. In the picnts with
bladder, rectal and cervical cancer a lecal tumor control was
achieved for u duration of 18+ months, 5+, and 6+ years,
respectively. The patient with a sarcoma died 3 months
following treatment due to pulmonary metastases, with a
partial response in the intrapelvic tumor. A possible advan-
tage of interstitial thermometry is that the total treatment
cduration can be shorter than total 90 min, when an intratu-
mor temperature of 42°C is reached within 30 min from
start heating. This was the case in oniy 39 of 287 (14%)
treatments in patients with interstitiad thermometry during at
least two treatments, The freatment procedure as described
above has shown to be effective in avoiding hyperthermia
induced toxicity, In 215 patients, only one second-degree
skin burn, healed atter | week, and one third-degree skin
burn, healed following conservative treatmenl afler 2
months, has developed. Subcutaneous buras were observed
in fess than 10% of the patients, generally located in the
upper leg, causing tenderness for 1-2 days and thercafter
spontancously reselving. In one patient a larger subcutnae-
ous fat burn developed in the suprapubic region and cuused



Interstitial thermomelry in deep hyperthermia

27

Table 5. Possible advantages and disadvantages of interstitial thermometry

Advantages

Disadvantages

For the individual patient:

During clinical treatment: optitnization of intratunior temperature distribution

Prevention of toxicity
For scienlific reasens:
Reteospective assessment of treatment quality
Leaming how to use the equipment
Useful in intertechnique comparison
Verification of noninvasive thermometry and 3D planning

Unpleasant procedure

Negative influence on quality of life

Risk of bleeding

Risk of infection

Risk of penetrating bowel or bladder lumen
Risk of tumor seeding

Time consuming

Increased expense

tenderness for 6 weeks. In two patients a painful spot at the
hip bone, prebably caused by heat induced bone damage,
necessitated to delay subsequent treatment with one week.
In none of these patients, interstitial thermometry would
have yielded information on temperature distribution in the
bumned area.

DISCUSSION AND CONCLUSIONS

In our experience, the reluctance by the clinicians in our
staff to place interstitial thermometry catheters inecreased
over the years, This reluctance can be explained by the
observation that interstitial catheters caused the most rele-
vant treatment-related morbidity, including death, combined
with the experienced lack of beneficial effects. When the
department started applying hyperthermia for deep seated
tumars, the intention was to have interstitial thermometry in
every patient, In the first 40 patients, exception was made
only for 3 patients with bladder cancer and | patient with
cervical cancer using anticoagulants. In the latter patient, an
intrauterine catheter was placed before the first treatment.
Thereafter, the percentage of patients with interstitial ther-
mometry continually decreased. Intratumor temperature
measurements are considered important for several reasons
(Table 5). Two types of arguments in favor of interstitial
thermometry can be distinguished: first, that it is in the
benefit of the individual patient under treatment, and sec-
ondly, that it is of scientific value—which is in the benefit
of future patients.

For the individual patient, the most important consider-
ation is that the treatment is applied optimally, This means
that the intratumor temperatures are increased o as high and
as homogeneous as possible to achieve maximum tumor cell
kiHl, and that at the same time toxicity is avoided, With the
presently available equipment the reality is that we are able
to move around a relative large volume with maximum
energy disposition. If the aim is more specific, such as to
change the temperatare distribution within the tumor, the
steering toels appear ineffective, as illustraled in Fig, 2, The
influence of steering on intrelumor temperature distribution
for all patients will be the subject of a quantitative investi-
gation, to be published separately. Our clinical experience
has been confirmed by others using the BSD-2000 system

(6-8). The cnergy distribution within the Sigma 60 appli-
cator has been found to be influenced by anatomical and
clinical factors and the resulting temperature distribution by
tissue perfusion (7). In clinical practice, the steering possi-
bilities are used, together with placement of additional water
bolusses, to eliminate power limiting local hot spots, which
then allows to increase the total power output and thereby
the overall regional temperature level, Interstitial thermom-
etry was neither an important requirement for preventton of
toxicity, Well instructed patients do indicate hot spots rather
adequately, as demonstrated by the relatively low percent-
age of thermal burns, Similar experience was reporied by
Gellerman et al. (9). The disadvantages of inferstitial ther-
moemetry were experienced to be many (Tables 4 and 5).
CT-guided insertion of catheters is an unpleasant procedure
and time consuming. It increascs the total costs of a series
of hyperhermia treatments with about Hfl, 900,~. (10). In
many patients injolerable pain was reason to remove the
catketer. Bleeding, severe infection, and twmor seeding have
been observed, and one patient even died due to sepsis in
relation to an intratumorally placed catheter. The incidence
of morbidity in our patient material is twice as high as that
reported by Feldman ef al. (11). They report problems in 26
of 80 catheters placed in intrapelvic and intraabdominal
tumors, with a severe complication in only 2. We have no
explanation for this difference, We have not seen a higher
incidence of complications with longer indwelling times,
such as was observed by Wust ¢t af. (12). The incidence of
catheter-related mrorbidity may be lower when catheters are
inserted before each treatment, However, even when this
would be practically feasible, the advantages must outweigh
the disadvantages. Altogether, in our experience the cost of
interstitial thermomelry far outweighs the benefit when the
individual patient is conrerned. Our rather negative experi-
eace with interstitial thermometry for deep seated tumors is
completely different from that with interstitial thermometry
in superficially located tumors, In the first place, the inci-
dence of morbidity from superficially implanted catheters is
very low; cur recent experience is not different from that
previously published (13). Second, power distribution steer-
ing during superficial hyperthermia is possible with the
multizpplicator multiamplifier microwave system used by
us (1),
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Fig. 2, Intratwmor temperature distiibution during deep hyperthermia in four patients, in each patient measured within
two interstitial catheters, and in a lumen in close relation to the tumer, —0—: intratumor T, ,,; —&— intrafuminal
T 2 intratumor T, % start/steering. (A) Patient with stage T4 bladder cancer, with a total of 10 intratumor
measurements, (B) Patient with large recurrent rectal cancer, with a total of 16 intratumor measurements. For this patient
the temperature distribution during the second treatment is given, because thermal mapping during the first treatment
was possible in only one catheter. Power distribution was changed only once, based upon the experence during the first
treatment. (C) Patient with Stage 1118 wierine cervical cancer, with a total of 12 intratumor meusurements. (D) Patient
with recurrent sarcoma, with a total of 29 intratumor measurements.

The second type of arguments in favor of intratumor
temperature information concerns scientific issues. The in-
formation can be used to assess, retrospectively, the treat-
ment quality in terms of thermal dose. It is clear that higher
temperatures will result in more cell kill (15). Thermal
dose—response relationships have been found in many clin-
ical studies (16), However, clinically found relationships tor
thermal dose parameters are complicated. These are retro-
spectively defined, and not prescribed, thermal doses, and as
such may be just a representative of a tumer characteristic,
which by itself is of prognostic value. Such is suggested by
the negative relation between parameters for thermal dose
and the number of thermometry points, together with the
positive relation between the number of thermometry points
and tumor size (17-19), Further the recent findings of an-
giogenesis being an independant prognostic factor for sev-
eral types of cancer support this hypothesis {20). Dose—
response  relationships  have  also  been  found for
intraluminally measured temperatures (21, 22) and even for
total power output (23, 24}, Wust ef af. (12) found a positive
comrelation between endoluminally and intratumorally mea-
sured power densities. Whether these relationships do exist
in our patients will be subject of further analysis, There are
situations where the valac of interstitial thermometry will

easier owtweigh the possible risks. Tn the first place, in
learning how to use newly instalied equipment. Any infor-
mation on how changes in treatment settings influence tem-
perature distribution are helpful in getting expericenced. In
the second place, when the intratumeor distribution is subject
of investigation, such as when two heating techniyues are
compared, or whea either noninvasive thermometry or 3D
treatment planning is verified. However, these goals are ot
in the benefit of the individual patient. To address these
questions, separate studies should be developed with sirict
demands on standardized thermometry, wnd patients will
have to give informed consent for participation in such
studies, The limited value of interstitial thermonetry will
remain to exist when new equipment, allowing smail-scale
SAR steering will become available for clinical use. The
number of invasive thermometry sites within the treated
volume js relatively small and the criteria as formulued by
the RTOG guidelines {I) can hacdly ever be met. The
information that can be achieved with interstitial measure-
ments on inteatumor temperature disteibution in deep-seated
tumors is Amited. In our patients with interstitial thermom-
etry, the number of measuring points per treatment was only
6.9, which is rather low for umors with an average volume
of 314 cm®, Decreasing the thermal mapping step size to,
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for example, .5 em would have doubled the number of
measurements, but in our opinion not resulted in a relevant
improvement of thermometry quality, We must reatize that
even if technology is no longer a limitation for smalt-scale

10,

SAR steering, we will need considerable progress in other
fields, such as noninvasive thermometry, and real-time in-
formation on anatomy, tissue characteristics and blood flow
within the patient under treatment.
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The effective field size (EFS, SAR > 50% of the maximum SAR at tem depth) of
a comentlondl 433 MHz water filed waveguide applicator (32 em?, uperture area
H00 cm?) has been increased by: (t) replicement of the two diverging brass side
walls which are parallel to the direction of the electric fleld by Lucite walls; and
(2) Placement of a heterogenecus permittivity in the centre of the aperture. SAR
distributions were measured at several depths in layered fat-muscle phantoms.
With Lucite side walls the SAR distribution becomes wider in the H-plane of the
aperture, resulting in a circular SAR distribution, In this situation the EFS is
67 cm?, Additional insertion of a PVC cone \.\nh a top angle of 5% at the centre of
the aperiuee increases the EFS to 9t + 6em? for a waterbolus of 18 x 18 x lem’.
The experiments also demonstrated that the resulting EFS is affected by the
waterbolus size and shape. Calorimetric measuremenis showed that the efficiency
of the improved applicator is comparable to the efficiency of the convenlional
water filled waveguide appticator, 50 and 56% respectively. The modifications
reported provide a simple and inexpensive means to increase the EFS and can be
casily implemented in water filed wavegunide applicators.

Key words: Superficiat hyperthermia, microwaves, SAR distribution, water fitled
waveguide applicator, MW applicator arrays

f. Introduction

Superficial hyperthermia of chest wall recurrences of breast cancer is a [requently
used medality in the clinical application of hyperthermia (HT). With the publication
of the results of five randomized trials comparing radiotherapy (RT) versus RT+HT
in the treatment of superficial located breast cancer by the International
Callaborative Hyperthermia Group (ICHG 1961) it is alse one of the sites for
which the combined treatment of RT+HT has been proven to be effective and, in
several institutes, hias become standard t(reatment. Unfortunadely, as in other ran-
domized (Perez et al. 1989, Overgaard er al. 1993) and non-randomized trials
{(Mevyerson et al. 1990, van der Zee ef al. 1992, van der Zee and Vernon 1936), it
was also indicated in the studics reported by the ICHG (1996) that tumeur depth is
negatively associated with clinical outcome. For the same study material Sherar et al.
(1997) found a significant dose response relationship between minimum thermal dose
parameters and clinical outcome. Hence, it is generatly expected that patients with
large tumour volumes may benefit substantially from an improved quality of the
superficial hyperthermia treatment of chest wall recurrences.

+To whom correspondence should be addressed.

0265-6736/98 $12.00 T 1998 Faylor & Francis Ltd.
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Improvement of the quality of the SAR distribution should aim for a large
eftective field size (EFS as defined by Hand er «l. [1989)), good spatial control of
the SAR distribution and sufficient penetration depth. In practice this can only be
achieved with the use of multi-element HT applicator arrays, However, despite the
ample clinical experience with superficial heating, the exact demands on spatial
control, penetration depth and SAR converage are still unknown.

Currently, several applicator arrays with individual power control of each ele-
ment (Lee 1995) have been developed and are in clinical use. All these systems are
constructed by using numerous (up te 25) conventional applicator elements,
Characteristic for these conventional applicators is the relative low ratio of EFS
to the aperture aren (commonly 30-50%). Ry close packing of the clements a con-
tiguous EFS can be obtained. If special techniques are used (placing these elements
at sufficient distance to the skin or overlapping of elements) it is possible to limit
SAR variations within the effective field to 10%.

Conceptually such small elements may provide the best spatial resolution of SAR
control and conformation to the body contour, however they alse have some dis-
advantages. Firstly, small elements carry the risk of a loss in penctration depth
(Hand 1990). A larger aperture to skin distance may reduce this risk but due to
the divergence of the electric field this has the comsequence of a reduced spatial
control. Secondly and probably more important the use of comples applicator arrays
with many small efements wilt put strict demands on information about the tem-
perature disteibution under each array element and automatic control algorithms in
order to exploit the feasibility of SAR steering during clinical HT treatments, If
power control is performed manually, as is still the case in most HT departmerits,
the number of elements is clearly fimited by the comprehension of the HT technician
and practical limitations of thermometry, The relevance of these demands for the
finat quality of the HT-treatment should not be underestimated, as HT is still an
empirical treatment with the final quality depending strongly on the experience and
abilities of the HT technician.

Based upon our clinical experience our approach to improve the quality of the
SAR distribution differs in the sense that we prefer to limit the number of elements of
the array. This of course will affect the resolution of spatial control. To obtain a
contigrous EFS under the atray aperture using a limited number of elements it is
essential to develop a waveguide applicator with an improved EFS preferable com-
parable to the aperture size. In this paper we describe our method to increase the
small effective treatment area of our conventional 433 MHz water filled waveguide
applicator. The performance of the improved applicator in an array configuration
will be reported elsewhere,

2, Materials and methods
2.1. Waveguide modifications

Two types of wavegnide applicators are used in the experiments, which are
refered to as :

211, Conventional waveguide applicator, A water filled, rectangular waveguide
applicator made of brass and operating in the TEp mode. The dimensions of the
first purt of the waveguide, that is at the dipole antenna, are 3.0 by 5.0em. Dipole
dimensions: diameter 0.3 em, insertion depth 2,5¢cm, and distance to the reflective
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Figure 1. Photegraph of the various applicators and the different feld adapters: (right) the
conventional waveguide applicator; (centre) Lucite Cone wavegnide applicator, note the
PVC cone al the centre of the aperture; (feft) Lucite waveguide applicator,

back-plane of the wavegnide 2.4cm, The second part of the applicator starts at
approximately 0.5% from the dipole. From this point the waveguide cross-section
diverges to the Anal aperture size of 10.0 x 10.0cm? (inmer dimensions). As is well
knewn the electrical (E) field of a TE;y waveguide varies sinusoidatly over the aper-
ture, with a zero E-field at the metal sides, which resuits in the reported small EFS.

2.1.2, Lucite wavegttide applicator. Basically, this is the same water filled, rectan-
gular waveguide applicator operating in the TEjp mode. The first part is identical
with the conventional applicator. The second part is modified with the objective
lo increase the EFS, The modifications applied are:

{1) Replacement of the two diverging brass side walls which are parallel to the
direction of the E-fiefd, by Lucite {thickness (.28 cm). In this way a nonzero
E-field condition at the boundaries is created;

(2} Use of an heterogeneous permittivity in the horn of the applicator. Two types
of field adapters were tested: (A) a PVC cone with a basediameter ol 4.0em,
height 5.5cm, and top angle of 10, 15 or 20°, and (B) a foam insert with a base
of 4.0 x 10.0 % 1.6cm® and on top of that a wedge of 4.0 x 10.0 % 4.5 o’
with a top angle of 15" and & width of Scm at the top. The base of the cone
and the foam insert are positioned centrally in the plane of the aperture. The
foam insert has its long axis parallel to the E-field.

The applicators; conventional, Eucite and Lucite with field adapters ure shown in
figure .
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2.2, SAR measurements for applicator medifications

Relative SAR distributions of each applicator configuration are measured at 1 cm
depth using a flat (50 x 50 % 10 em?) muscle equivalent phantom (Guy 1971), In all
experiments & water bolus (plastic bag filled with deionized water at room tempera-
ture} is placed between the applicator and the phantom. To measure the SAR dis-
tribution according to the ESHO quality assurance guidelines (Hand ef af, 1989) the
phantom is constructed in layers of 1 and 2em thickness for the first Scm. To ease
separation, each layer of phantom material is covered by a 0.005¢m thick PVC
mylar which has no influence on the resulting SAR distribution. The maximum
duration of heating was limited to 1,5 minutes. In this time a temperature increase
of 3-6°C was obtained at the [ocation of maximum energy absorption, After removal
of the applicator, waterbolus and the first (1 or 2cm) layer of phantom malerial the
temperature distribution of the exposed surface was measured by an AGA infrared
camera interfaced Lo a personal computer (Deursen and van Rhoon 1987) within 155
alter power off. Effectively, the measured temperature distribution represents the
SAR distribution. During the experiments the applicator was connected to a
433 MHz generator. Power was measured using Bird power meters and the average
net power used ranged from [00 to 300 W. Following the temperature measurement,
isocontour grey-scale plots of the SAR distribution were made for each applicator
using in-house written software. The area within the 50% iso-SAR contour, the EFS,
is determined by this software,

2.3. Specific experiments for the Lucite Cone applicator

The Lucite applicator containing the PVC cone (top angle 15°), hereafter called
the Lucite Cone applicator (LCA), showed the largest EFS most promising for
clinical applications. Therefore, a number of additional experiments, as described
below, have been performed specifically for this applicator. SAR distributions have
been measured at various depths in a homogeneous muscle equivalent phantom with
and without a 1em thick layer of fat-equivalent tissue (Guy 1971} in front of the
aperture. Additionally, the influence of various thicknesses (range 0-3em) and sizes
{18 3 18 and 25 x 3Gem?) of the waterbolus on the resulting EFS was investigated,

To mimic clinical circumstances the magnitude of SAR distortion by placing the
applicator with an angle of 20° on the flat phantom surface has also been investi-
gated,

The efliciency of the LCA has been measured calorimetrically. Hereto, the LCA
is placed above a Styrofoam box (20 x 20 x 20cm®) with 5em thick walls, which was
filled with saline water (9 gram NaCl per litre water). In this experiment no water-
bolus is used and the aperture of the applicator is placed in close contact with the
saline water surface. The temperature increase of the saline water is measured after
L'h microwave heating at 200 W net input power to the LCA. To correct for heat
exchange of the water with the environment and the applicator the temperature
change of the calorimeter was recorded [or 30 min before and after the microwave
heating. The efficiency of the applicator is defined as the ratio between the power
absorbed in the saline water (corrected for all heat losses) and the net RF-power
delivered to the applicator at the connecting N-plug.

Finally, the stray radiation level was measured for both the LCA and conven-
tional applicator radiating in the muscle equivalent phantom using a waterbolus of
18x 18 % lem’. Stray radiation patterns were measured using an isotropic monitor
(Narda 8662). The normal frequency band of this monitor is from 0.3 to 300 MHz
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with full-scale meter ranges of 2.0, 20.0 and 200.0 mW/cm?. For this occasion the
meter has been calibrated specifically at 433 MHz {van Swinden Laboratorium,
Netherlands Measare Institute).

3. Results

The heating time of 1.5min is longer than that recommended in the ESHO QA
guidelines and may give some concern regarding thermal conduction errors.
Therefore, figure 2 provide a comparison of the SAR-distribution of a Lucite
Cone Applicator at 1cm depth in a muscle-equivalent phuntom obtained by both
the infrared thermograph method or by an E-field scanning method.] Special care
was taken to have identical set-ups in both experiments. As is shown, the SAR
distributions are in good agreement: half beam widths as measured with the infrared
and E-field scanning method are 84 versus 85 mm ulong the E-field direction and 100
versus 99 mm for the direction perpendicular on the E-Beld, respectively. These
differences are well within the accuracy (+10%) of each method and, in our opinion,
validates the further use of the infrared thermographic method with a heating time of
1.5 min.

3.1, Conventional applicator

The SAR distribution as obtained for the conventional applicator is presented in
figure 3a. As expected, the SAR distribution has an elliptical shape, with the major
axis parallel to the direction of the electrical field, The profiles shown in figure 3b
provide more detailed information about the change of the relative SAR along the
major axes, parallel with, and perpendicular to the E-field, of the appiicator, Each
point of the curves represent a spatial mean of the SAR of 4 pixels {lotal width 1 ¢cm)
at the axis. The EFS measured for the conventional applicator is 32 cm?,

Placement of the PVC cone or foam insert in the aperture of the conventional
applicator did not result in & marked increase of the EFS. These results are summar-
ized in table L.

3.2. Lucite applicator

Replacing the brass side wails of the waveguide by Lueite walls made the SAR
distribution at 1em depth in the muscte equivalent phantom circular instead of
elliptical and the width of the 50% iso-SAR contour is almost the same for both
axes 79 and 87 mm?, parallel with—and perpendicular to the direction of the E-field
respectively. For this applicator design the EFS is 67 cm?, approximately 2x as large
as the EFS of the conventional applicator,

3.3, Lucite applicator with field adapters

Adding the field adapters in the aperiure of the Lucile applicator results in a
fusther increase of the EFS. With the foam insert the EFS increases to 106cm?, The
resulting SAR distribution (figure 4a) has the shape of an *8" with a constriction at
the location of the wedge. As can be seen in figure 4b the foam insert results in a large
improvement ol the SAR distribution along the axis perpendicular to the E-field

YIn the E-field scannizg method he upplicator and a receiving dipole antenna (made of
semi-ridged coaxial cable, dipole arm S5mm) were connected 1o a nelwork analyser
(HP3751A). A liquid muscte-cquivalent phantom was used (35.6% ethyl-alcohol, 63.2% dis-
tilled water and 1.2% NaCl; g, = 57 and o = 1.28/m).
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Figure 2. Relative SAR distribution at lcm depth in a homopeneous muscle equivalent
phantom measured with either the infrared thermographic method or with the E-field
scanning method using a small dipole: (a} along the axis perpendicular to; and (b} atong
the axis paraltel with the E-field direction. HBW: half beam width.
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Figure 3. (a) SAR distribution at 1 cm depth of a flal, homogeneous muscle equivalent
phantom for the conventional applicator and a water bolus thickness of 1 em; (b)
Refative SAR along the central axes, parallel and perpendicular (o the E-field, of the
conventional applicator. Each poiat of the curves represents a spatial mean of the SAR of
four pixels (total width | cm).

direction. Simitar, for the PVC cone the EFS increases to 99 cm’ (for six difterent
LCAs 91 & 6cm? average +1s.d.). For this applicator configuration the SAR dis-
tribution has an elliptical shape (figure 5a). Again, as can be seen in figure 5b the
improvement of the SAR distribution is mainly along the axis perpendicular to the
direction of the E-field. The experiments using the PYC cones with top angle of 10 or
20° showed worse results. That is with a top angle of 20° the EFS increases only to
73em?, while with a top angle of 10° it was not possible to reduce the reflected
powcr2 to an acceptable level (<20%) and no SAR distribution could be measured
(see also table ).

2For all other applicator configurations the reflected power could be reduced to <10% by
adjusting the tuning rod located in the first part of the appficator,
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Table 1. Effective field size of the conventional waveguide applicator and the Lucite
waveguide applicator at 1cm depth in a homogeneous muscle equivalent phantom:
effect of field adaplers. Waterbolus 18 x 18 x 1 em?.

Field adapter Effective field size (em?)
Conventional waveguide Lucite wavegaide
applicator applicator
None 32 67
Foam insert 37 106
PVC cone
10° 19
15° 38 99
20° 37 73
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Figure 4, Lucile applicator with a foam wedge. (a) SAR distribution at 1 em depth of a fiat.
hemaogencous muscle equivalent phantom and a water bolus thickness of 1 cny (b)
Relative SAR alang the central axes, parallel and perpendicutar to the E-field. Each
point of the curves represents a spatial mean of the SAR of four pixcels {total width | cm),
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Figure 5. Lucile applicator with a 15° PVC cone. (a} SAR distribution at | cm depih of a
flut, homogeneous muscle equivalent phantom and a water bolus thickness of 1 cm; (b}
Relative SAR along the central axes, parallel and perpendicular to the E-field. Each point
of the curves represents a spatial mean of the SAR of four pixels (total width 1 cm).

3.4, Influence of waterbolus size and ehickness, fat layer and tilted position on the
SAR distribution of the Lucite Cone applicator

Table 2 shows the resniting EES of the LCA as function of the waterbolus
thickness for two different waterbolus sizes. An EFS of 62cm? is measured when
the LCA is placed directly on the phantom. For a waterbolus size of 18 x 18cm? the
EFS increases to 98¢m” for 4 waterbolus thickness of 0.5¢m and 1o 163em? for a
waterbolus thickness of 2.0cm. For the larger waterbolus of 25 x 30em’ the EFS
measures 62 and 65¢m’ for 1 waierbolus thickness of 1.0 and 2.0em respectively.

Table 3 provides an overview of normalized EFS's at different depths as meas-
ured for the LCA using u homogeneous and a fat-muscle luyer phantom configura-
tion. Normalization has been performed to the EFS value measured at |em depth in
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Table 2, Average effective field size of the LCA at [em depth in 4 homaogeneous muscle
equivaleat phantom fer various thicknesses and sizes of the waterbolus between the
applicator and phantont,

Average effective field size {cm?) Waterbolus size (em?)
Waterbelus thickness (cnt) 18x 18 25 % 30
0 62 062
0.5 98
1.0 92 62
2.0 103 65
30 64

Table 3, Normalized" effective fieldsize of the LCA at different depth and for two phantom
configurations. Waterbolus #8 x 18 x |’

Location Muscle phantom Fat-muscle phantom?
Surface fat tayer 0
Surfuce muscle tissue 133 148
At lem depth in the muscle phantom 100 118

"Normalization is performed to the EFS at [ e depth in the homogeneous muscle equiva-
[ent phantom,
*Fat-muscle phantom includes a 1 em thick fat equivalent layer on the muscle phantom.

the homogencous muscle equivalent phantom. It was found that a 1 em thick tayer of
fatiy tissue in front of the aperture resulted in a 20% increase of the EES at lam
depth in muscle tissue.

Tilting the aperture of the applicator 20° parallel with the direction of the E-field
results in a small effect on the SAR distribution. The SAR-profile along the axis
parallel to the E-field is shifted by approximately 10-15 mm towards the direction of
the lower end of the applicator aperture {figure 6). For the SAR-profile perpen-
dicular to the E-field the width of the 50% is0-SAR is reduced by 18 mm (70 to
69 mnn in figure 5b versus —61 to 60 min in figure 6). The effective field, however, still
measures 98 em?, For a 20° tilt perpendicular to the direetion of the E-figld the EFS
is reduced to 81 cm? and a shift of the effective field towards the elevated side of the
applicator oceurs (figure 7). For the SAR-profile along the axis perpendicular to the
E-field this shift is from —70 and +69 mm (o ~-81 and 360 mm, In this case the width
of the SAR-profile parallel to the E-field above the 50% value is reduced by 9 mm
(—35 to 43mm in figure 5b versus —29 to 40 mm in figwre 7). When this type of tilt
would occur in an array of applicators (he latter effect may cause a stronger coupling
to the adjacent applicator.

3.5, Efficiency

From the calorimetric measurements performed it was found that the efficiency
of the LCA is comparable to the efficiency of the conventional water filled waveguide
applicator, 50 + 8% (n = 8) and 56 & 76% (n = 6) respectively (average +£1 s.d.),
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3.6. Stray radiation levels

Table 4 gives the stray radiation levels for both the conventional waveguide
applicator and the LCA along the major axes at various distances to the applicator.
As is shown in 1able 4 the stray radiation tevel of the LCA is higher than that of the
conventional waveguide. For both applicators the maximum intensity of the stray
radiation is measured along the axis paralle] to the direction of the E-field.

4, Discussion

A timitation of all presenily used electromagnetic, radiative applicators is their
small EFS compared to the aperture size (Leg 1995}, Especially in the hyperthermia
treatment of chest wall recurrences, which genecrally extend over large areas, the
small EFS is a serious disadvantage, A significant increase of the EFS for multi-
applicator arrays compared to the EFS of a single applicator with the same dimen-
sions has been demonstrated theoretically and experimentally by Hand (1989). Of
course for practical clinicat use a trade-ofl has to be made between a small aperture
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Table 4. Stray radiation levels (mW/crnz) measured for the conventional waveguide
applicator and the LCA along the major axes. Values are normalized to an input
power of 100 W.

Distance from Conventional waveguide applicator LCA

applicator (com

pplicator (cm) e - .H. B
50 —_ — — 0.02
25 0.01 0.03 0.03 0.16
10 0.07 0.39 0.10 0.6

‘E" axis parallel to the direction of the E-field.
‘H': axis perpendicular to the direction of the E-field.

size for spatial control of the energy distribution and a large aperture size for suffi-
cient penetration depth (Cheever et af, 1987, Hand 1987). Interesting approaches for
applicator arrays are the flexible microstrip applicator (Lee ez «l. 1992), the current
sheet applicator (Gopal ef al. 1992} and the Microtherm 1000 system {Diederich and
Stauffer 1993). Alternatively to the array approach several groups have investigated
the possibilities to improve the EFS of the applicator itself, The resulting EFS of
these modified applicators, dual spiral applicator, EFS 55% of the aperture (Ryan er
al. 1995) and dual-antenna waveguide applicator, EFS 47% of the aperture
(Leybovich e al. [991) cannot compete with the size and quality of the EFS obtained
by the above mentioned array systems.

Other methods focused on optimization ol the SAR distribution through scan-
ning of the treatment area with a single applicator (Samulski ef af. 1990, Tennant et
al. 1990), or by the use of a selective absorption bolus (Sherar ef af. 1993, 1994), For
the larter method the maximum reported EFS covered up to 60% of the aperture
area (Sherar et al. 1993), The disadvantage of this method is, however, that the
power cfficiency of the whole system (applicator plus absorbing bolus) is dramati-
cally reduced and thus applicability of this method depends on the available power
of the microwave generator.

Compared to the above described methods our approach to improve the SAR
distribution of the applicator is different in the way that is based on older and more
established techniques to modify the characteristics of conventional waveguides, The
use of the nonzero E-field boundary in the Lucite applicator can be regarded as a
way to increase the width of the H-plane within the aperture (Epis 1961). For a
cenventional, homogeneously loaded, square aperture wavegnide the E- and H-
plane radiation patten beamwidths usually are unequal with a radiation polar dia-
gram that is ¢lliptical in cross-section. Theoretically increasing the width of the H-
plane is expected to result in a circular symmetrical polar diagram. This effect was
indeed found for the Lucite applicator without field adapters and resulted in a
doubling of the EFS to 67cm® compared to 32cem? for a conventional waveguide
(table I).

A well-known and simple methed to improve the uniformity of the E-field dis-
tribution across the aperture of a rectangular waveguide applicator is to partially
load it with high dielectric slabs (Kantor 1981, Tsandoulas and Fitzgerald 1972), The
introduction of the heterogeneous permittivity in the walerfilled Lucite applicator
shows some resemblance to this technique. As a result of the low permittivity insert,
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foam insert or PYC-cone, at the centre of the aperture a dielectrically loaded horn
applicator is mimicked with water as the dielectric slabs of high permittivity, Here
again our experimental resulis, as reported in figures 4 and 5§, agree with expecta-
tions. Although, the EFS of the Lucite applicator with a PYC cone {top angle 15%) is
slightly smaller than that of the Lucite applicator with the foam insert, we consider
the more uniform SAR-distribution of the Lucite applicator with PYC-cone better
suitable for use in array applications.

Characteristic for the L.CA is that the major axis of the elliptical SAR distribu-
tion is oriented perpendicutar to the direction of the E-field (parallel for 1 conven-
tional waveguide) and extends outside the aperture, which might be advantageous in
array applications, The results obtained with the experiments using an inhomogen-
cous phantom are in agreement with those for the homogeneous phaniom and
showed an additional increase of the EFS by approximately 20% with a Icm
thick fat layer in front of the muscle tissue.

The experiments performed with vatious shapes of the waterbolus indicate that
size and shape of the waterbelus are affecting the resulting EFS. Dependence of the
EFS of a microwave applicator on the waterbolus size is a known phenomenon and
has been reported by others {Lee ef al. 1992, Sherar ef al. 1993, Ryan ef al, 1995),
However, the large difference in EFS as found here for the waterboli of 18 x 18 cm?
and 25 % 3em? is unexpected and cannot be explained from the current experi-
ments. A possible explanation might be the occurrence of resonance effects related
to the precise dimensions of the waterbolus, This will be the subject of lurther
experimental work and 3-D modelling.

For clinical applications it was encouraging that the EFS was only affected, a
decrease by 15%, for a tilt position of the LCA perpendicular to the E-field direc-
tion, Additionally, the facts that the efficiency of the LCA is comparable to that of a
conventional waveguide and that the stray radiation is negligible at a distance of
50cm from the LCA, are of importance during the ¢linical use of this applicator.

Concerning weight and size microstrip applicators offer clear advantages over the
bulky and rigid waveguide applicators. However, for freatment of tumours at the
chest wall this problem is less important, Generally, there is enough room to place
multiple applicators above lhe treatment feld. By fixing the applicators to a well-
designed mounting system as we have in use (hydraulic arms, movable and attached
to the ceiling) most applicator set-ups can be made with minimal discomfort to the
patient.

5, Conclusions

Under laboratory conditions and within a flat, layered, inhomogeneous muscle
equivalent phantom the cfficiacy of! (1) replacing two brass side walls in the horn of a
wavegnide applicator by two Lucite side walls; and (2) placing *field adapters’, like a
foam insert or a PVC cone, in the aperture of the Lucite applicator as o means to
significantly increase the refative effective field size has been demonstrated. This
method provides a simple and inexpensive means to realize an increased cffective
field size for waveguide applicators. For the Lucite Cone applicator preferred by us
for clinical trextment the effective field size was increased from 32cm? to 91 & 6em?
in an homogeneous muscle phantom. We expect that under clinieal condition factors
such as the dimensions of the waterbolus and the complex anatomy of the patient
will influence the effective fietd size. The latter is subject of further experimental
work,
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The Gaussian beam model {GBM) has been shown (o be a suceessful tool in the
development of the curreat sheet applicator. As a result, the offectiveness of the
GBM is investigated in single and dual array applications of the lucite cone
applicator (LCA). The LCA is a modified water-filled waveguide applicator
with an improved effective field size (EFS > 64cm?, aperture 10cm x 10cm).
The GB-source parameters were caleuluted from the emanating E-field of a single
LCA. The SAR distribution from a single LCA wus measured by E-field scanning
and thermographic (TG) imaging, and compared with the GB-predicted SAR
distribution. Deviations in the principal pfanes were found to be less than 5%.

TG-measured and GB-predicted SAR distributions from three different dual’

LCA configurations were compared and evaluated. When water was used as
intermediun: between LCAs and phantom, a maximum SAR difference of 27%
was calculated, In the absence of water as intermedium, this difference increased
to 44%. These large deviations were only found in arcus where the measured SAR
distribution was disturbed due to antenna interactions. The average SAR differ-
eaces with and without water as intermedium were 7% respectively 11%, indicat-
ing that the GBM can provide good qualitative information about the SAR
distribution of dual LCA-arrays.

Key wards: Superficial hyperthermia, microwave antenna, Gaussian beam mod-
elling, SAR distribution.

1, Introduction

In the last decade various theoretical models have been developed (Bach
Andersen 1987, Paulsen 1990a, b, 1995) and are being used as an investigating
tool for the development of microwave antennae. The models availuble differ in
their degree of complexity, accuracy, computation time and computer requirements.
Also the choice of the model to be applied depends on the necessity of modelling full
thrree dimensjonal objects or whether a simpler approach is possible. In the general
clinical application of superficial hyperthermia, most decisions on antenna choice

*To whom correspondence should be addressed.
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and its configurations are based on knowledge of the specific absorption rate (SAR)
distributions obtzined in homogeneous muscle-equivalent phantoms. In such a situa-
tion the use of the Guussian beam (GB} model as developed by Bach Andersen
(1987), Lumori (1988) and Lumori ef &/. (1990a) might be a method of obtaining
more knowledge of the behaviour of the SAR distribution from various antenna
array configurations,

The GBM has been used extensively by other groups {Lumeri ¢ af. 1990b, Gopal
et al. 1992, Prior et al. 1955) in the development of the current sheet applicator
(C8A). They found the GBM (o be a reliable tool in studying SAR distributions
from CSA-array configurations in a mulli-layered phantom. The advantage of the
GBM is its simplicity with regard to the required source parameters and its low
demund for computer power,

As the tucite cone applicator (LCA, figure 1) is a completely different type of
antenny (E-field) compured to the CSA (H-field), it was felt necessary to make a
separate verification of the cffectiveness of the GBM for the LCA. The results of
these investigetions are reported here.

1t was found that the differences between predicted and measured SAR distribu-
tions from LCA arrays are generally increased due to antenna interactions especially
when water us intermedium was excluded.

2. Materials and methods

The mvestigution consisted of two parts. Fiistly, the source parameters for the
GBM were attained from measurements of amplitude and phase by a geometrical
{approximate) method {Lumori 1988) and GB-predicted SAR distributions have
been compared to TG-measured SAR distributions from a single antenna,
Secondly, these primary tests were followed by dual-antenna set-ups for which,
again, predicted and measured SAR distributions in homogeneous muscle-equiva-
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fent tissue were compared to allow a more thorough testing of the GBM since the
LCAs are commonly used in array applications. In this study dual antenna set-ups
without and with a water layerfwaterbolus as intermedium between antenna and
phantom were included. Measurements without waterbolus can be modelled exactly
while a finife water layer (i.e. a waterbolus) cannot be properly modelled in the GBM
and its effect on the predicted SAR distributions was investigated.

2.1. Lucite cone appiicator

The lucite cone applicator (LCA), depicted in figure [, is a modificd water-filled
horn applicator operating in TEp mode at 433 MHz and has been described earlier
by Van Rhoon ef @/, (1992, 1998). In summary, the LCA is obtained by replacing the
two diverging metal side walls parallel to the E-field of a conventional harn appli-
cator with Iucite and adding a PVC cone in the centre of the aperture. By taking
these measures the effective field size (EFS) is increased by a factor of 2-4 (Rietveld
et al. 1990, Rietveld and Van Rhoon [991, Van Rhoon et af. 1998). The radiating
aperture of the LCA is 10¢m x [0cm (outer dimensions: 10.5cm x 10,5 cmy),

2.2, Eleetric field probe

The E-field distribution along the main axes of the antenna was measured using
two types of unbalanced dipole amtennae. The dipole arm fengths were Smm and
I0mm {total lengths of the dipole were 10 and 20 mm, respectively). The dipole
antennae were constructed from an open-folded coaxial cable (outer diameters
1.01mm and 2.0mm, respeciively).

The probes were connected to a HP8751A network analyser (o measure the
transmission coeflicients from antenna to probe. The positioning of the E-field
probe relative to the antenna was controlled by an xyz-steppermotor device
(Wellhofer Kernphysik, Schwarzenbruck, Germany), with stepsize Smm and
0.5 mm precision, Measurements with the [arge B-field probe were performed manu-
ally. When using the smaller E-field probe, both the network anabyser and the
Welthéfer steppermotor device were TEEE-interfaced to a PC which coordinated
the position of the probe and measurement of amplitude and phase.

For these measurements a tank containing a tquid muscle-equivalent phantom,
consisting of water, alcohol and salt (Hand er @/, 198%1) was used. The tank meas-
ured 40em x 32cmn x dem (I x wx d) and the untenna was positioned centrally
under the tank, radiating upwards.

In general, E-field scans were done at 10, 20 and 30 cm depths relative to the
radiating aperture with the probe orientation parallel to the main E-field direction
(x) of the LCA. To minimize disturbance of the E-ficld, the couxial leads of the
unbatanced E-field dipole antennag were fed in the z-direction when E-field profiles
of the LCA were measured in the xy-plane. When measuring in the z-direction the
feads were orientated in the y-direction (perpendicular to the dominant E -field
direction).

Measurements were obtained with Smm spacing. No waterbolus was used
between andenna and phantom. To correct for the imbalance of the E-field probe,
the average of two oppositely oricntated E-field scans was used Lo obtain the fina/ E-
field profile of the antenna.
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2.3, Thermographic SAR measurements

SAR distributions at I cm depth in muscle were obtained using a layered semi-
solid muscle-equivalent phantom (48 ¢cm x 48 em x 10em) made of Super Stull (Guy
1971). A thermographic camera (AGA Thermovision System 680/102B, Lidingd,
Sweden) interfaced to a PC was used to measure the temperature distribution at
the exposed surface.

In order to measure & proper SAR distribution in a dual-antenna set-up with the
thermographic (TG) technique, the duration of the power pulse was set (o 1, 5min,
Although the ESHO Quality Assurance (QA) guidelines (Hand ef al. 1989a) were
violated with respect to the power pulse duration, heat conduction in the phantom
was still in the order of millimetres (<5 mm) which was within the spatial resolution
of the TG-camera. In other aspects the ESHO QA guidelines were followed.

After correction for background radiation and non-linearity of the camera, a
relative SAR distribution was ealculated. Net power input per antenna during the
experiments was about 130 W. In the case ol a dual-antenna set-up, the antenna were
driven incoherently with equally set inpul power.

The E-field orientations for the dual array configurations were: both E-fields
horizontally oriemtated (HH); both E-field orientations vertically orientated (VV);
the left E-field horizontally and right E-ficld vertically orientated (HV).

When a waterbolus was used in a single LCA TG-measurement, the dimensions
were 18cm x 18cm x Lem. In all dual-antenna TG-measurements, the waterbolus
measured 28 em % 20cm x 1 em, The waterbolus dimensions are chosen according to
the clinical set-up of LCAs.

24, Gaussian beam model

The Gaussian beam (GB) model has been described extensively elsewhere (Bach
Andersen 1937, Lumori 1988, Lumori ef al. 1990a, b). The mode! describes the E-
field distribution in lossy media by local Gaussian curves outside the near field region
of the aperture. The source parameters for the model are the balf~width (S) and the
phase curvature of the wave front (R) both in the E- and H-principal planes. The
source parameters for the GBM were calculated from the E-field measurements
along the main axes of the antenna according to an algorithm described by
Lumeori (1988).

A dual-tayered flat phantom configuration was used in the GB-predictions for
incoherently driven LCA-configurations. The top fayer represented water (g, = 76,
o = 0.001 §/m) and the second layer represented muscle-equivalent tissue. The prop-
erties of muscle tissue were set to g, = 57 and o = 1.2 8/m.

In order 1o allow for a comparison between TG-measured and GB-predicted
SAR distribulions, it was necessary that the relative net-power outputs of the two
antennae were comparable for both the measured and predicted SAR distributions.
Therefore, the ratio of the net-power output of the two antennae, as estimated from
the lecal maxima in the measured SAR distributions, were used as power parameters
for the GB-modelling to predict the respective SAR distributions. By optimizing
these power settings in order to decrease the difference between TG- and GB-SAR
distributions, u compensation can be made (partialy) for the interactions between
two antennae in the GB predictions.

ESHO QA guidelines demand the use of a waterbolus (Hand e «f. 19893 para-
graph 6.2) if appropriate in 4 clinical set-up, For that reuson, first antenna set-ups
without water as an intermedium have been petformed to check the reliability of the
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GBM in (dual) array applications of the LCA, and secondly, the ESHO appropriate
‘clinical” relevant set-up has been used lo evaluate the technical usefulness of the
GBM in array applications of the LCA,

Overalt SAR distributions from array applications where mixed E-field orienta-
tions were vsed {i.e. the HV-configuration) could be predicted only by calculating
separately the SAR distribution of the horizontal (H) and the vertical (V) E-fiefd
alignment. Locally-written software was used to combine these H and V antenna
SAR distributions into the required array-application,

2.5, SAR-range related differences

In order to make a quantitative evaluation of the effectiveness of the
GB-predicied SAR distributions in comparison to TG-measured SAR distributions,
the area of the array aperture plus Sem around the dual-antenna set-up was eval-
uated on SAR differences (20cm x 30cm). The TG-measured SAR distribution was
aligned with the GB-predicted SAR distribution and a regular grid (21 x 3F nodes)
wits created for both SAR distributions. The absclute SAR differences between both
distributions |SAR7g—SARgg| were calculated for all grid nodes resufting in SAR-
range related differences (SRDs). These SAR diflerences were sorted per range of
10%-SARp level intervals (10, 20,..., 100) and the average SAR diflerence per
10%-SAR gg range was calculated as well as the standard error of the mean. Also the
maximum difference per SAR-range was obtained.

3. Results

3.1. Single LCA set-up

.01, Electric field measurements and Gatissian beam souwrce parameter selection. Tn
the single scan of E-field profiles, the location of the maximum power level was
measured up to 20mm off-centre. Averaging two oppositely orientated E-field
scans corrected this imbalance and created symmetrical profiles which were suit-
able for calculating GB-source parameters. Table 1 gives a sutnmary of the hall-
width (8) of the power-profiles and radii (R) of the phase profiles as a Tunction of
depih obtuined with both the small and large E-field probe, The uveraged par-
ameters measured ut 10mm depth, Sg=3.9cm, Rg = oo, Sq=50cm and
Ry = 35cm, were sclected for further GB-calculations.

For additional E-field scans performed along the main axes, it was found that the
conlributions of !E}.|2 and |E,|* to the overalt SAR distribution at 10 mm depth in
muscle-equivalent tissue were fess than 0.5% and 2% respectively. The maximum
|E,]2 vilues were found under the brass rim of the aperture. The PVC cone did not
increase the local near-field levels at 10mm depth.

Table I.  Half-power half-width (S) and phase radius (R) of the LCA as function of depth.

Dipole Depth (mm) Sy emy Rg (cm) Su {cm) Ry fem)
1 10 3.6/3.9 oofoo 4.9/5.0 35738
t 20 34437 oafoo 4.7/5.1 35/67
1 30 3.5 o0 4.6 is

2 10 4.2 o0 5.0 22
Average Hil 3.9* oo# 5.0¢ 31

* Average vulue, calculated from all measurements at 10 mm depth.
Dipole I: unbalanced, length 10 mm; dipole 2: unbalanced, length 20 mm.
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Figure 2. Relative SAR distribution at 10mm depth in muscle in the principal (a) E-field
plane and (b) H-field plane of the LCA as measured with the thermographic- and the E-
field scanning technique (20 mm wide unbalanced dipole antenna) or as predicted by the
Gaussian beam model. The E-field amplitudes us measured with the dipole are converted
to a parameter preportional to SAR (E x E). Half-power half-widths (a} TG: 4.3¢cm;

dipole: 4.2cm; GB: 4.2cm; (9) TG: 5.1 emy dipole: 5.0em; GB: 5.2cm.

3,12, Comparison of GB-predicted and  TG-measwred SAR  distributions. The
power-profiles in the principal planes were derived for a single LCA {rom a TG-
measured SAR distribution. Use of a waterbolus was excluded to enable a direct
comparison with the E-field measurements and the GB-predicted SAR distribu-
tions. Figure 2 shows the power-profiles in the principal planes derived from the
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SAR range

(c)

Figure 3. SAR at 10mm depth in muscle-equivalent phantom From 1he HV-configuration.
No water-bolusflayer was used as intermedium. The antennac are indicated by the
squares, SAR range: 0-100. {a) thermopraphic-measured SAR distribution; (b}
Guaussian beam-predicted SAR distribution; and (c) absolute SAR-differences (SRDs)
between the GB-predicted and TCG-measured SAR distributions. The SAR-differences
were caleulated per GB-related 10% SAR-intervals. The bars represent the mean value
per interval, the error bars represent 1he corresponding standard error of the mean. The
line indicates the maximum difference per GB-interval.
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Table 2. Estimated power sctlings derived from TG-measured SAR distributions and
corresponding optimized GB-power settings. The power settings are normafized to
I. Also TG-measured and GB-predicted effective field sizes (EFS) obtaiaed at 1em
depth in muscle-equivalent phantorm from three different E-field orientated dual array
applications of the LCA are presented for antenna set-ups without and with a water

layer/bolus.

Antenna HH Vv HV
configuration

TG GB TG GB TG GRB
no waterbolusfwater layer as intermedivm
P, P [, 0.9 0.9, 0.83 1,09 0.9, 0.77 1,09 0.9, 0.74
BFS [cm?] 134 129 98 119 115 123
1em thick waterbolus/water layer as intermedivm
PP 1,093 (.93, 0.34 1,1 0.84, 084 09,095 0.89,095
EFS [cnt?) 136 131 123 110 139 144

SAR measurement, the E-field scan with the large dipole E-ficld probe and the
SAR distribution as predicted by the GBM. The full widths at half power as
calculated from all three techniques are given in the legend of figure 2.

3.2, Dual LCA set-up

3.2.1. Comparison of GB-predicted and TG-measwred SAR distributions without
water as mtermedivim, Figure 3a shows the TG-measured SAR distributions from
HYV orientated LCA array and figure 3b shows its corresponding GB-predicted
SAR distribution. (Tn alt figures containing relative SAR distributions, the 50%
SAR contour has an increased line thickness.}

Table 2 gives a summary of the measured (TG) and set (GB) power levels
together with calculated and predicted EFSs of the HH, VV and HV E-field orien-
tated dual-LCA configurations.

Figure 3c shows the calculated SRDs for the HV configuration. The average
SRD as well as its standard deviation and the maximum of SRD per 10% SAR
interval are indicated. The average SRI within the predicted EFS area, (SRDgpg),
equals 25%. The results from the HH and VV configuration showed fess pronounced
differences between TG-measured and GB-predicted SAR distributions, the SRDgrg
cqualled 8% (HH) and 11% (VV).

In order to understand the enhanced SAR differences in the HV set-up between
TG- and GB-SAR distribution, an additional experiment was performed to quantify
the antenna interaction. In this sct-up only the “V' antenna was powered and the ‘H’
antenna was conneeted to a 50 chms durmmy load, Figure 4a shows the TG-SAR
distribution. A shift of the maximuth SAR level of 3cm in the outward direction of
the array was mcasured.

3.2.2. Comparison of GB-predicted and TG-measured SAR distributions with water
as intermedium. The antenna interaclion in the HV-set-up was measured firsily,
with the powered V' antennu and ‘H' antenna connected to the dummy load.
Figpure 4b shows the TG-SAR distribution with water as intermedium, The
antenna interaction showed up less prominently. The shift of the maximum levels
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Figure 4. Thermographic-measured SAR distributions (range: 0-100) of the HV-orientated
dual LCA-array configuration at 10mm depth in muscle-equivalent phantom. The 'V’
antenna was powered in order to show the effeet of antenna interaction on the SAR
distributions and the ‘H' anteana was connected to a 50 ohm load. The antennae are
indicated by the squares, (a) no water used as intermedium; and (b} waterbolus of cm
thick used as intermedium.

almost disuppeared (<1 cm) but stilt a distortion of the symmetry in the TG-meas-
ured SAR distributien is shown,

Figures 5a und 6a show the TG-measured SAR distributions from two parallel
orientated LCA arrays HH and VV respectively, whereas figure 7a shows the TG-
measured SAR distribution of two LCAs with perpendicular orientated E-fields
(HV). The corresponding GB-predicted SAR distributions are shown in figures 5b
to 7b; HH, VV and HV. Table 2 gives a summary of the power ratios together with
measured and predicted EFSs of the various dual antenna configurations.
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Figure 5. TG-measured (a) and GB-predicted {b) SAR distribution (range; 0-100) of the
HH-orientated duul LCA-array configuration at 10mm depth in muscle-equivalent phan-
tom. Water-bolus/layer 1¢m thick. The antennue are indicated by the squares.

Figure & shows the calculated SRDs for the dual array applications of the LCA
with water as intermedium. The SRDgps per E-field configuration equal 6% (HH),
8% (VV), und 12% (HV).

4. Discussion

Experimental assessment of the behaviour of the SAR distribution of an array of
antennae can be regarded as 4 cumbersome procedure as it is difticult or impossibte
to distinguish between the effect of each relevant parameter on the resulting SAR
distribution. In such cases, the aid of proper theorctical models can be of great value
in dramatically reducing the period of time needed to develop a clinical applicator.

The reliability of a mathematical model is limited by the quality of the required
source parameters. Measurement of the source parameters for the GBM is done by
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Figure 6, TG-measured (a) and GB-predicted (b) SAR distribution (range: 0-100) of the
VV-orientated dual LCA-array configuration at 10 mm depth in muscle-cquivalent phan-
tom. Water-bolus/layer 1 cmi thick. The antennae are indicated by the squares.

means of a miniature dipole antenna. Some research groups have developed mini-
ature probes to measure the E-field amplitude and phase emanating from an antenna
(Schneider ef af. 1991, Meicr ef al. 1992, Gopal et af. 1995, Wust e al. 1995). These
have dedicated designs which compensate for imbalance. Alternatively, as wus
demonstrated by Lumori ef al. (1990a), it was possible to use unbalanced open-
folded coaxial cable as dipole antennae in order to probe the E-field of the LCA,
The imbulance of the E-field probes can be corrected by averaging two opposing E-
field scuns, Using this technique we found, in the cuse of the LCA, that the con-
tribution to the SAR distribution of the near-field components, Ey und E,, at [10mm
depth, was negligible (less than 2%) and that the E-field measurements at 10mm
depth formed a good representation of the E-field profiles.
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Figure 7. TG-measured (a) and GB-predicted (b) SAR distribution {range: 0-100) of the
H¥-orientated dual LCA-urray configuration at 10.mum depth in muscle-equivalent phan-
tom. Water-bolus/layer Fem thick. The antennse are indicated by the squares.

From the comparison of the SAR profiles in the principal planes at 10 mm depth
in muscle for the three different techniques (E-ficld measurement, TG-measurement
and GB-prediction, figure 2) it was concluded that the GBM can be used to predict
SAR distribution from a single LCA. This was without the use of water as inter-
medium and the error was less than 5%.

Other groups have already shown that the GBM can predict SAR distributions
from urray applications with good accuracy when antennae are placed directly on a
musele-equivalent phantom (Lumori ef af. [990b, Gopal et «f. 1992). However, in
LCA clinically relevant configurations a waterbolus is used as intermedium. In this
cuse the finite dimensions of the 1§ cm x [8em waterbolus influence the EFS of a
single LCA by 30% (Van Rhoon e af. 1998). It is possible to adjust the GBM for
these finite waterbolus effects on a single antenna by using the waterbolus when
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measuring the E-field profites. However, in predicting SAR distributions from array
configurations the latter would require E-field measurements for each relevant
antenna orientation in the array confliguration as the total waterbolus is a variable
and asymnetric load to each antenna. This is considered to be too time-consuming
and contra-indicative for the usability of the GBM. On the other hand, if a relatively
large waterbolus is used (25cm X 30em x [em) for single LCA experiments,
TG-measured and GB-predicted SAR distributions correlate well (64 and 68 cm?
respectively, Van Rhoon ef al. 1998). For these reasons we used the GB-source
parameters derived from a single LCA, measured without the use of a waterbolus,
for GB-based predictions of SAR distributions from LCA arrays.

Dual array configurations without water as intermedium can be described exactly
with the GBM. Although the GB-power settings were optimized to minimize SAR-
distribution differences (table 2), large quantitative differcnces were found: a SRD
maximum of 44% in the HV-configuration; maximum average over all 10% SAR
ranges per dual array configuration: [9% (HV) and global average 12%, averaged
over all three E-field configurations and all SAR ranges were calculated, Especially
in the HV-configuration (figure 3), the 3cm shift of the focal “V’-SAR maximum
caused high values of the SRD. Additionally, in this set-up there was also a poor
qualitative simifarity (i.¢, general shape of the SAR-contours) between TG- and GB-
obtained SAR distribution. These deviations are considered unacceptable for model
predictions. The [arge deviations were caused by antenna interactions which cannot
be incorporated in the GBM. This effect wus demonstrated clearly in the experiment
of a single powered *V’ antenna in the HV-configuration, for which high SRDs were
calculated in the plus 50% SAR range, The SAR distribution from the 'V’ antenna is
pushed aside by the adjacent *H’ antenna (figure 4a).

The guantitative SAR differences were generally smaller (figure 8) for the water
layerfwaterbolus set-up (SRD maximum: 27% (HV); maximum uaverage over all
10% SAR ranges: 8% and global average 7%, averaged over all three E-field con-
figurations and all SAR ranges). Apain deviations between measured and predicted
SAR distributions are caused by unmodelled antenna interactions (figures 5, 6 and
7). I is as yet unclear how the antemna interactions behave exactly and further
investigation is necessary, However, the TG-measured SAR distribution from the
single powered V' LCA in the HV-configuration (figure 4b) showed that these
antenna interactions are less prominent when a waterbolys is used. The eflect of a
finite waterbolus on the SAR distribution is of less magnitude than the antenna
interactions (and might even compensate partly for these interactions), The qualita-
tive compitrison between the GB-predicted and TG-measured SAR distributions,
with respect to the general shape of the SAR-contours and to the 50% SAR-contour
(=EFS8) in parlicular, is of a greater resemblance which is reflected in a lower average
SRDers: 14.5% (no water} versus 8.4% (including a water layer/waterbolus),

In conclusion, for a single LCA, the GBM predicts the SAR distribution cor-
rectly if the source parameters for the GBM are obtained according to the experi-
mental set-up. If single LCA source parameters dre used to predict SAR
distributions from dual arrays of LCAs with a waterbolus, the GBM is accurate
enough for gualitative predictions. This is not the case without a waterbolus as
intermeditm,

As the configuration parameters (e.g. power input antenna or alignment) arc
better controlled in the GBM than in experimental set-ups and because only a single
antenna is necessary to obtain source parameters for the clinically more interesting



62

Chapter §

array configurations, the GBM is found to be a useful tool for (a) guiding experi-
mental verifications of LCA confipurations and (b) performing qualitative studies of
SAR distribution from clinfcally relevant LCA array configurations.
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Abstract. SAR distribations from four different £-feld-orientated 2 x 2 arrays of incoherenily
driven Lucite cone applicators {1.CAs) were investigated, The LCAs operated at 433 MHz with
an aperture of 16.5 cm % 10.5 cm each, Twe techniques were used {o obtain SAR distributions
in Aat layered phantows: Gaussian beam (GB) predictions and thermographical (TG) imaging.
The GB predictions showed that the effective field size of the different ammy configurations
varied by up to 3%.

The TG-measured SAR distribution showed significant deviations from the GB-predicted
SAR distributions (maximum 34.6%). The difference between GB-predicted and TG-measured
SAR levels {averaged per 0% GB-predicted SAR intervals) equalled less than £1.3% for the
parallel £-field erientated amray and respectively 15.1% for the clockwise-orientated amay.
When antennae in the clockwise-orentated array were more widely spread (amay aperture
23 cm x 23 cm) in ordér to diminish their mutual interactions, these differences decreased
to 12.4%. However, the overall difference within the 50% SAR or higher range decreased from
14% to 9%. The results lead us to conclude that LCAs can be used clinically and their antenna
interactions are not considered to be a problem under ¢linical conditions.

1., Introduction

In earlier publications (Rietveld et af 1990, 1991, 1998, Van Rhoon et al 1992, 1998) we
have reported on the propress of the development of the Lucite cone applicater (LCA),
In the same publications we have demonstrated the value of the Gaussian beam model
(GBM) (Lumori ef al 1990a) as an efficient and practical ool for investigating the specific
absorption rate (SAR) distributions from single- and dual-clement array configurations of the
LCA. Although a disadvantage of the currently available GBM is that antenna inleractions
and other practical side offects can only partly be integrated by means of optimizing GB
input parameters {Lumari ef al 1990b), current available 3D models capable of dealing with
tissue structures and anienna interactions are yet not feasible for applications presented here.

§ Reprinl requests to: P J M Rierveld, Daniel den Hoed Cancer Center, Department of Radiation Oncology,
Subdivision of Hyperthennia, PO Box 5201, NL-3008 AE Rosterdam, The Netherlands, E-mail address:
retveld@hyph.azr.al
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However, time-consuming thermographic (TG) measurements of SAR distributions in flat
layered muscle equivalent phantoms demonstrate such interaction effects clearly.

In this paper we report on the fechufcal performance of the four possible
E-field-orientated 2 x 2 LCA array configurations and a comparison is made between
the GB-predicted and TG-measured SAR distributions in a flat [ayered muscle equivalent
phantom. The quality of the arrays will be evaluated based on the ESHO quality assurance
guidelines for superficially used single antennae (Hand ef al 1989).

Differences between GB-predicted and TG-measured SAR distributions of the four 2 x2
LCA-array configurations will be discussed, These differences cannot be expressed only by
the effective field size (EFS: area enclosed by 50% SAR contour at 1 cm depth in muscle
tissue, Hand ef af 1989) since location or shape of the effective field relative to the aperture
is not incorporated in this parameter. Therefore, an additional SAR-derived variable, the
SAR-related difference parameter (SRD), will be defined to quantify the TG-measured SAR
deviations from the GB-predicted SAR distributions. It will be found (hat the relative E-field
crienlations in the 2 X 2 LCA aray do not contribute (o a significant difference in EFS and
that the mean difference between GB-predicted SAR distributions and TG-measured SAR
distributions is caused by antenna interactions and finite water bolus effects.

2. Materials and methods

In order to evaluale the technical performance of array applications of the LCA, firstly the
SAR distributions at 1 cm depth in a homogeneous muscle-equivalent phantom from all
four possible E-field configurations in a 2 x 2 array set-up are predicted with the GBM.
Secondly, the SAR distributions from the parallel and clockwise orientated amray set-ups
of the 2 x 2 array are measured and compared to their correspending GB-predicted SAR
distributions.

2.1 Lucite cone applicator

The Lucite cone applicator (LCA) is a modified water-filled horn antenna operating in TEyg
mode at 433 MHz and has been described in detail by Van Rhoon e af (1992, 1998). The
outer dimensions measure 10.5 cm x 10,5 cm and thus a 2 x 2 LCA array creates a total
aperture of 21 cm x 21 cm,

2.2. Anfenna array configurations

Figure I shows the four relative E-field configurations in a 2 X 2 array of LCAs which were
tested. In afl experiments a non-perfused water bolus al recom temperature was used which
measured 28 em x 25 cm X 1 cm.

Two series of experiments were performed. In the first series, the antennae were
positioned adjacent to ¢ach other (compact array). The total aperture of the compact 2 x 2
array was 21 cm x 21 cm,

In the second series the antennae were separated from each other by creating a virtual
antenna aperture of 11 cmx [2 em (11 cm in the E-field direction and 12 cm in the H-ficld
direction), In this series only the clockwise orientation was evaluated concerning propertics
of the SAR distribution. The total aperiure of this inter-antenna-spaced 2 x 2 amray was
23 em x 23 cm.
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Figure 1, Relative E-fictd orientations in a 2 x 2 array of LCAs., The E-Reld directions
are indicated by arrows, the antennae by squares. {a) Paralle! odentated, () Q-orientated,
(¢} U-orientated and (4) clockwise orentated.

2.3. Thermographic SAR measurements

SAR distributions at 1 cm depth in muscle were obtained vsing a layered semi-solid muscle-
equivalent phantom (48 cm x 48 cm x 10 ¢m) made of Super Stuff (Guy 1971). A
thermographic camera (AGA Thermovision System 680/102B} interfaced to a PC was used
to measure the temperature distribution of the exposed surface.

Net power input per antenna during the experiments was about 130 W; the healing
time was set to 1.5 minutes in order to obtain a significant temperature rise. The anlennae
were driven incoheremly and powers were adjusted in order to obtain an equal net power
output at the aperture of cach antenna, If within the aperture of each antenna a local SAR
maximum of 70% (relative to the absolute SAR maximum under the andenna amray) was
measured then this measurement was considered acceptable.

2.4. Gaussian beam model

The Gaussian beam (GB) model has been described extensively elsewhere (Bach Andersen
1987, Lumori 988, Lumori et af 1990a,b), The L.CA source parameters for the model, the
half-power half-width (5) and the phase curvature of the wave front {R), in hoth the E-
and H-principal planes were derived from E-field measurements: Sg = 3.9 cm, Ry = oo,
Su = 5.0 em and Ry = 35 cm (Rietveld ef @l 1998) and are based on single antenna
measurements wititout use of water as an intermedium, The E-field measurements were
derived from the dominant E-field component (E;). E, and E, contributed less than 2%
to the entire E-field distribution {Rietveld ef al 1998).

A triple-layered Hat phantom configuration was used in the GB predictions for
incoherently driven LCA configurations. The top layer represented water (s, = 76,
o = 0,001 S m™!), the second layer represented fat (g, = 5.6, ¢ = 0.05 S m~'} and the third
layer represented muscle-cquivalent tissue {6, = 57 and 0 = 1.2 § m™!). Locally written
software was used to caleniate SAR distributions from the mixed E-field configurations and
to calculate EFSs.
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The antenna power seltings in the GBM were set equally when investigating the effect
on the EFS of the four possible E-field configurations. For comparison of TG-measured with
the GB-predicted SAR distributions, the GB-set power level of each antenna was estimated
from the TG-measured local maximum under the anleana. By trial and error these power
settings were adjusted in order o minimize the difference between the TG-measured and
its corresponding GB-predicted SAR distribution.

2.5, Quantification of differences between TG-measured and GB-predicted SAR
distributions from array applications of LCAs

In order to compare SAR distributions from the GBM and TG measurements, the ESHO
quality assurance (QA) guidelines provide the EFS, the surface enclosed by the 50% SAR
contour(s). However, the EFS does nol contain information about the location of the 50%
SAR contour(s) related to the antenna apertures in the array. The SAR-related difference
(SRD) represenis an average SAR difference between GB-predicted and TG-measured SAR
distributions based on ranges of [0% SAR values as predicted by the GB model. Since
the GBM predicts Gaussian beams with its centre located in the middle of the aperture, the
SRD aldo incorporates a location sensitivity. The SRD; is defined by:

|SART6 — SARGr()/ny

#; = number of data in GB-predicted SAR range §; i = 1: [0,10), 2: [10,20),..,,
10: {90, 100}% iso-SAR,

By averaging the SRDys in the 50-100% SAR range, an EFS-derived parameter
is defined, the SRDggs, which conlains both information on position misfits and SAR
differences for the enclosed GB-predicted 50% SAR contour(s). The SAR distributions
were superposed on a 55 x 55 grid, resulting in a 0.5 em x 0.5 cm resolution.

2.6. Measurenient of cross-coupling in 2 x 2 arrays

Cross-coupling in the 2 x 2 arrays was measured on a muscle-equivalent phantom using
the HP network analyser 8751A, Firsily, the reflection coefficient was minimized for all
antennae, secondly the transmission between two anlennae was measused both with and
without the use of a water bolus., The other two antennae were terminated with 50 chm
loads. The accuracy of the measurements was +3 dB.

3, Results

3.1, First series: compact 2 x 2 LCA arrays

Figures 2{a) to 2{«'} show the GB-predicted SAR distributions at [ cm depth in muscle of the
four different E-field configurations of the compact 2 x 2 LCA array with equally set power
levels, Figures 2(e) to 2(h) show the SAR distribulions for the same configurations but
now with an additional 1 cm thick fat Jayer, Table 1 gives a summary of the GB-predicted
EFSs of all E-field configurations of a 2 x 2 LCA array both without and with the use of
a 1 cm thick fayer of fat on top of muscle tissue. The minimum SAR in the centre of the
2 x 2 amay equalled 55% without and 65% with a 1 cm thick fat layer.

Figures 3(a) and 3(k) show the TG-measured and the corresponding GB-predicted SAR
distribution of the parallel orientated 2 x 2 LCA array. The BFSs equalled 331 em? and
261 cm? respectively. During the experiment with the LCAs in the parallel orientation,
reflected power fevels of 5-12 W (still below 10% of the forward power level) were
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Figure 2, Gaussian-beam-predicted SAR distribotions (SAR range 0-1) from 2 x 2 LCA arrays
at | ¢m depth in muscle-equivalent tissue. The antennae (indicated by squares) are equally
powered and the total aperture measured 21 cin x 21 ¢m. The E-ficlds are orientated according
to figure 1. A 1 cm thick water layer was modelled as intermedium. The effective field is
indicated by the bold line. The used configurations are: {a) paralle] orientated, (&) Q-crientated,
(c) U-orientated and (d) clockwise erentated.

measured, In the H-field direction (the ‘Lucite’ direction of the LCA) the width of the 50%
iso-SAR contour measured 18.8 cin and 214 cm for the GB-predicted SAR distribution
and the TG-measured SAR distribution respectively. In the E-field direction this width
measured 17,1 cm and 17.3 cm.

Figures 4{a) and 4{&) show the TG-measured and its corresponding GB-predicted SAR
distributions of the clockwise-crientated 2 x 2 ECA array. The EESs cqualled 303 cm? and
248 cm? respectively, The reflected power levels were in the range of 1-6 W, The local
maxima under each antenna showed a significant shift in the H-field direction, towards the
edge of the array.

Figures 3(c) and 4(c) show the calculated SRDs from the parallel and clockwise
TG-measured and their corresponding GB-predicted SAR distributions. The SRDgxs
equalled 9.4% and 14.0% for the parallel respectively the clockwise configuration.
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Flgure 2. (Conrinited). (e) 1o {h) like {a} to (d) but now including a 1 cm fat layer on tep of
the muscle-equivalent tissue.

Table 1. Summary of the GB-predicted effective field sizes of four different 2 x 2 LCA array
cenfigurations. The antennae were equally powered and closely packed, A water layer of | ¢m
thickness has been modelled. The total aperture covered 21 em x 21 em,

2x2LCAamay BFS [em?] BFS [em?)
configuration no fat 1 em faf fayer added
parallet 1 358

Q 343 363

U 359 390

clockwise 359 419

To quantify the shift of the local maxima, as shown in figure 4(a), a single antenna in the
clockwise-orientated array was powered while the remaining antennae were lerminated with
a 50 ohm lead. The resulting SAR distribution is shown in figure 5(a). The corresponding
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Figure 3. SAR distributions at 1 cm depth In muscle equivalent tissue obiained from a parallel
E-field odeatated 2 x 2 LCA wray. A | cm thick water bolus (TG) or water layer (GB)
was included as intermedium. The antennae are indicated by squares; the effective field (EF)
is indicated by the bold line. (n) Thermographic (TG) measurement (SAR range: 0-100);
{h) Gaussian beam (GB) predicted, with power settings optimized to fit the corresponding TG
measucement (SAR range: 0-1); (¢} absolute SAR differences {range: 0-100) between the GB-
predicled and TG-measured SAR distributions calcolated relative to 10% GB-predicted SAR
ranges. Bars indicate the avermge per SAR range, errorbars indicate the standard error of the
mean and the ling represeats the maximum difference per 0% GB-predicted SAR range.

EFS was 41 cm? and the shift of the local maximum in the H-fietd direction equalled 3 cm,
No shift was observed in the E-field direclion,

Table 2 summarizes the measured cress-coupling between antennae in the compaci
parallel- and ¢lockwisc-orientated arrays.
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Figure 4, SAR distributions at 1 cin depth in muscle equivalent tissue obtained from a cleckwise-
E-field-orientated 2 % 2 LCA armay. The E-ficlds are orientated according to figure 1{d). A
1 cm thick water belus (TG) or water layer (GB) was included as inteymedium, Antennae are
inticated by squares; BF is indicated by the bold lire. (¢} Thermographic {TG) measurenment
(SAR range; 0-100); (b} Gaussian beam (GB) predicted, with power settings optimized to fit the
comesponding TG measurement {SAR range: 0-1}); (¢) absolute SAR differences (rnge: 0-100)
between the GB-predicted and TG-measured SAR distributions calsulated relative to 10% GB-
predicted SAR ranges. Bars indicate the average per SAR range, errorbars indicate the standard
error of the mean and the line represents the maximum difference per 10% GB-predicted SAR
range.

3.2, Second series: inter-element spaced clockwise-orientated 2 » 2 LCA array

Figure 5(b) shows the SAR distribution of a single-powered antenna in the inter-element
spaced 2 x 2 LCA armray setup, while the other antennae were terminated with 50 ohm
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Figure 5. TG-measured SAR distribution (range: 0-100) from a single-powered LCA in a
2 % 2 clockwise-orientated LCA amay. The E-fields are orentated according to figure 1(d).
‘The total aperture measured: (2) 21 cm x 21 ¢m (closely packed array) and (£) 23 cm % 23 ¢m
(inter-clement spaced array).

Table 2. Summary of the cross-ceupling between LCAs in a 2 % 2 amay. The antenna
configurations are chosen as in figure §. In the compact configuration the amy aperiure
measured 21 cm x 21 ¢m; in the inter-element spaced configuration the array aperture measured
23 ¢m x 23 ¢cm. The water bolus measured 25 cm x 28 ¢m % | cm.

No bolus  With bolus

Antenna configuration  Couple [dB] [dB]
parallel, compact =+ 2 —18 —i8
paratlel, compact "3 26 =27
paraltel, compact ‘14 22 —24
clockwise, compact ‘4" ‘2 28 33
clockwise, compact 1T 'Y 26 -3
parallel, spactous 7Y 36 ~33
parallel, spacious B A i =33
parallel, spacious - =21 ~21
clockwise, spacious P =32 =6
clockwise, spacious B R B -35

loads. The shift in the H-direction of the SAR maximum still equalled 3 cm. However,
the TG-measured EFS equalled 61 cm® which was an increase of 20 cm? compared to
the equivalent compact setup. Figure 6 shows the SAR disiribution of the inter-element
spaced 2 X 2 LCA-amay: (a) GB predicted, equally powered, {(#) TG measured, {¢) GB
predicied with TG-derived and optimized power seitings. Figure 6(d) shows the SRDs as
calculated from the TG-measured and GB-predicted SAR distributions, The measured EFS
(384 cm?) and predicted EFS (equal antenna powers: 370 cm?; power sefiings according
to TG measurement: 330 cm?) vary by [6%. When a 1 cm fat layer was incorporated
in the GB model, the EFS equalled 444 cm?®. The SRDs ranged from 8.2% to 9.4% and
the SRDgps equalled 8.8%. The GB-predicted minimum SAR at the centre of an equally
powered inter-element spaced 2 x 2 LCA array was 39% and 59% respectively without and
with a 1 cm thick fat layer,
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Figure 6, SAR distributions from the inter-element spaced 2 x 2 clockwise-orientated LCA
array. The [E-fields are orientated according to figure 1(4). Data are ebtained from: (a) GB
prediction with equally set power levels, (b) TG measurement and its {€) corresponding GB
prediction,

Table 2 also summarizes the measured cross-coupling of the inter-element spaced
clockwise-orientated configuration.

4. Discussion

4.1, Quantificaton af the quality of arrays of antennag

The total SAR distribution of an amray of anlennae is generally not a superposition of the
SAR distributions of individual elements, since adjacent E-field distributions may overlap
or antennae may interact. Although only incoherently driven LCA arrays are evaluated and
constructive E-field interference between individual antennae can be excluded, the arcay
must be evaluated as if it were a single antenna (Ibbott e? al 1989), i.e. an evaluation is
made of the total EFS, as defined by Hand et al (1989). The expected penetration depth
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Figure 6, {Confinued). (d) Absolute SAR differences (range: 0-100) belween the GB-predicted
and TG-measured SAR distributions calculated refative to 10% GB-predicted SAR ranges, Bars
indicate the average per SAR range, errorbars indicate the standard eeror of the mean and the
line represents the maximum difference per 10% GB-predicted SAR range.

of the incoherently driven array will be of the same order as of a single LCA (Hand ef al
1992}, Evaluation of the penetration depth of 2 x 2 LCA arrays is excluded from this report
since deviations from the single-LCA penetration depth of up to 20% are not measurable
with techniques available to us.

The BFS of an array of antennae quantifies the technical usefulness since it is a measure
of the covered treatment area under the total aperture, However, whether the EFS (relative
to the total aperture’s physical dimensions) is the measure for ensuring clinical quality of
an anlenna amay, is still debatable (Oleson 1989, Myerson et af 1990, Gelvich et al 1996).
In fact, unambigious clinical quality reguirements of a SAR distribution for any application
of hyperthermia has not been defined as yet (Hand ef @f 1989, 1bbott e/ al 1989, Oleson
1995).

For arrays of antennae, the EFS is calcufated from the total SAR distribution from the
array. However, the [ocation of the effective field (EF), relative to the total aperture, is
not expressed in the EFS, This is not considered 10 be a prablem when used for single
antenna applications: the EF has its centre of gravity located near the centre of the aperture,
For arrays of antennae, the BF has generally a more complex shape. In characterizing
antenna arrays, the mutual interaction between aniennae can cause changes in the SAR
distribution which may not influence the EFS from that amay significantly but which can
change the shape of the EF significantly, In the GBM, effects of antenna interactions on SAR
distributions can be discriminated into a superposition of (@) a change of GB power settings
of each individual antenna and (&) a change of GB source parameters {or each antenna, The
tatter will result in a different SAR print of each individual antenna depending on its place
in the configuration of the array. This is only possible when the 2 X 2 antenna interaclions
are fully anatysed. This is beyond our comprehension. For that reason we use the GB
source paramelers obfained from a single antenna operated without adjacent antennae.

The SAR-related difference (SRD) combines differences between TG-measured and
GB-predicted SAR distributions and relates these differences to the location in the
GB-predicted distribution which is a superposition of aperture-cenived single-antenna SAR
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distributions, The SRD therefore quantifies the SAR anomalies in an array which are caused
by antenna interactions in the array.

4.2. Effects of E-field configurations or a fat layer on the SAR distributions from 2 x 2
arrays

When optimizing the temperature distribution during a hyperthermia treatment, one of the
procedures is to rotate an antenna over 90°, thereby changing the E-field orientation and
thus creating a different array configuration. From GB-predicted EFSs for the four different
E-field-configured 2 x 2 LCA arrays as shown in figure 2 and as summarized in table 1, it
can be concluded that the different configurations have little effect on the resulting EFS of
a 2 x 2 array and have equal power deposition quality.

All four E-field configurations of the compact 2 x 2 LCA amray have a GB-predicted
minimum SAR level at the centre of the array of above 55% when calculated at 1 cm depth
in a homogeneous muscle-equivalent phantom. Incorporating a 1 cm thick fat layer in the
GBM increased the minimum SAR at the centre of the array to 65% and the average EFS
of the four possible E-field configurations from 348 (o 383 cm?. Incorporating a fat layer
increases the reflected power level by up o 56% (Johnson and Guy 1972} and thus reduces
the effective heating of the underlying muscle tissue. Since the available power units could
not produce an adequate temperature rise within 90 seconds when a fat layer was used, TG
measurements involving a fat layer were excluded from the experiments,

Although the QA guidelines (Hand ef af 1989) have no regulations on the shape of
the EF, we find it appropriate for ammay applications to demand a contiguous EF under the
ammay when obtained in a homogeneous muscle phantom. SAR values within the 50% SAR
contour should therefore not drop below this 50% SAR level, Adding a fat layer in the
GBM improved the quality of the EF in this respect,

4.3. Comparison of GB-predicted and TG-measured SAR distributions from 2 x 2 LCA
arrays

The TG-measured and GB-predicted SAR disteibution of the parallel 2x 2 array configuration
showed a good qualitative resemblance (figure 3(a) and figure 3(b) respectively). This was
reflected in low average SRDs of around 10% (figure 3(c)) and SRDgps (9.4%). The main
difference in TG-measured and GB-predicted EFS of the parallel 2 x 2 array configuration
(331 versus 261 cm?), especially in the “open' H-field direction, is caused by a finite water
bolus effect (Van Rhoon ef al 1598),

Low reflected power levels are observed in the clockwise orientation of the 2 x 2 array,
which is to be expecled because the adjacent E-fields are orientated orthogonally. Therefore,
the average c1oss-coupling is significantly Jower than in the paraltel configuration (5 dB, no
water bolus used; 9 dB, with water bolus; lable 2), However, in the case of the clockwise-
orientated array, a 3 cm shift outwards in the H-field direction of the local maxima under
each antenna was measured {figure 4{a)), This shift of local SAR maxima in the clockwise-
arientated configuration is irherent to the ‘open’ design of the LCA and was confirmed
by the single-powered LCA in the clockwise-orientated 2 x 2 amay (figure S(a)). This
phenemenon is caused by interaclion of the RF field through the ‘cpen’ Lucile side wall
with a metal side wall of an adjacent anlenna, This was reflected in a high SRDggs (14.0%)
whereas the SRDggs equalled 9.4% for the parallet configuration.

In the second series the LCAs were separated from each other by a gap of 2 cm, and
through taking this measure, the cross-coupling between the antennac was substantially
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decreased (averaged over all configurations: 8.4 dB, without water bolus; 4.8 dB, with
water bolus, table 2). The resulting TG-measured SAR distribution of a singte-powered
LCA in this inter-glement spaced 2 x 2 clockwise-orientated array confirmed these findings
(figure 5(b)). The EFS of the single-powered antenna in the inter-clement spaced 2 x 2
array was in the range of the EFS of a single ECA as measured with a large water bolus
{Van Rhoon et af 1998). Still the same shift of the maximum SAR level was found
as in the compact array but the odd shape of the single-antenna EF in the inter-element
spaced 2 % 2 amray was less prominent, reflecting less disturbance, This was confirmed
by a smaller SRDgps (9.1% for the inter-element spaced array versus 14% for the compact
array). Although the lower level SRDs for the inter-element spaced array configuration were
higher than for the compact configuration {figurc 6(c) respectively 4(c)), the overall average
SRD from the inter-element spaced array configuration was lower (9.7%) than that from the
compact array (10.4%). Cross-coupling can have a significan( effect on the position of the
local SAR maximum under cach antenna (figure 5(a)) but it neither results in poor quality
(i.e. discontiguity) of the SAR distribution from a 2 x 2 LCA array (figure 4(a)} nor leads
to unaccepiable levels of reflected power.

By creating the inter-clement spaced array, the GB-predicted EFS increased by 11 cm?
to 370 cm? but also became discontiguous, Comparison between the TG-measured and
GB-predicled SAR distribulions again showed that the TG EFS was enlarged by antenna
interaction and water bolus effects. The discontiguity of the GB-predicted EFS disappeared
when a 1 cm thick fat fayer was modelled,

In summary: the OB-predicted EFSs from the 2 x 2 arrays of LCAs showed no
significant sensitivily to selected E-field configurations. Differences in shape between
GB-predicted and TG-measured SAR distributions have shown firstly that GB predictions
alone are insufficient 1o describe full RF behaviour of the LCA in an array application
and secondly that for antenna amay applications quality assurance guidelines should be
formulated concerning necessity of conliguity of the EFS. The relatively large EFS of the
2 x 2 arrays of LCAs provides a solid basis for clinical use of the LCA power settings and
E-field configurations.
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abstract

The technical comparison of Current Sheet Applicator (CSA) and Lucite Cone Applicator
{LCA} arrays covering an area of approximately 20520 em? is investigated based on Gaussian
beam {GB) predicted SAR distributions. The comparison is made in muscle equivalent tissue
at 1 cm depth {(maximum SAR nornmalised to 100%) and over a volume of 3 em depth under
the aperture of the antennae. The planar SAR distribution is tested on field sizes (FS,: area
covering x% SAR), penetration depth (PD) and homogeneity coefficient (HC = F8,/FS,;).
From the SAR volume, a SAR-Volume histogram (= volume enclosing y% SAR/ total
volume) is calculated as well as the volumetric HC.

Firstly, the prototype CSA (aperture 5867 mm?, FS,, =21 em?) is technically modified to
assure clinical safety and load independence. The modified CSA, the D-C8A, has an aperture
of 6675 mm” with an FS,, = 28 cm® and a PD of [0 mim, the LCA (aperture 105105 mm?)
has an FS;, = 76 em® and PD = [2 mm. The HC equals 0,21 (D-CSA) respectively 0,22
(LCA).

Secondly, a 3*3 D-CSA array is compared with a 2+2 LCA array. The FSs equal 72%
{D-CSA) respectively 75% (LCA). The SAR-volume histograms, planar and velumetric HC
show no significant difference, however the ptanar HCs for D-CSA and LCA increase from
0.2 fo 0.3 indicating that incoherently powered arrays from these antennae build SAR

distributions constructively.
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1. Introduction

In the treatment of recurrent breast cancer with superficial hyperthermia, we have shown
that a) improved technology results in better clinical outcome (Van der Zee et al. 1999) and b)
an enlarged effective field size results in higher interstitial temperatures (Ristveld ef af. 1999).
The basis for both these studies was a clear technical improvement of equipment; a) a change
from 2450 MHz to 433 MHz combined with higher quality applicators and b) further
technically improved applicators (Van Rhoon ef a/. 1998). Other groups have also reported on
technically improved antennae and/or their chinical relevance, The fechnical possibilities of
micro strip antennae in array applications have been extensively reported on by, for instance,
Samuiski ef al. 1990, Lee ef al. 1992, Tharp and Roemer 1992, Zhou and Fessenden 1993,
Diederich and Stauffer 1993, Ryan ef al. 1995, Stauffer ef af. 1998, Rosetto and Stauffer 1999
and they show that small antennae are capable of heating a large area adequately. Also, the
clinical performance of smalt antennae has been reported to be satisfactory.

In more than 1900 treatments (over 260 patients) we generally used arrays of 2 to 5
wavegnide antennae operating at 433 MHz- ie. conventional water-filled waveguide
applicators (WGA) or the improved waveguide antennae, the Lucite Cone Applicators (LCA)
{Van Rhoon ef af. 1998, Rietveld et af, 1998a) — both with an aperture of about 10+10 cm?
We treated the entire reimradiated area and, since we drove the antennae non-coherently, the
power fevel of each antenna was the main control parameter, The treatinent area was
composed of a complex distribution of varying tissue types and a very inhomogeneously
distributed blood flow. These inhomogeneities require adjustment of power levels to create an
optimal SAR deposition. Although theoretically one can make finer volumetric SAR
adjustiments with small antennae, the complexity of treatment optinisation increases quickly
with the number of antenmae, Also, theoretical studies have demonstrated that a negative
consequence of small aperture antennae is lesser penetration depth (Hand and Hind 1986,
Heinzl et al. 1990) which may counteract the benefit of higher spatial control,

As yet, it is not clearly understood what impact the combination of penetration depth and
spatial resofution has on the quality of the 3D-SAR distribution for antenna used in array
applications. The fechnical SAR-evaluation parameters as deseribed in the current available
Quality Assurance guidelines (Hand er al. 1989, American Association of Physicists in
Medicine (AAPM) report No. 26 ‘Performance Evaluation of Hyperthermia Equipment), the
Effective Field Size (EFS=FS;;) and penetration depth (PD), are based on the 50% SAR value
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(relative to the max. SAR value at lem depth in muscle-like tissue), However, thus far, the
only clinieally substantiated prospective SAR-indicator is the 25% SAR area from an array of
antennae (Myerson ef al. 1990, Lee ef af. 1998). On the other hand, Gelvich ef af, (1996} have
defined an additional evaluation parameter from a more technical point of view: the
Homogeneity Coefficient (HC) which is defined as the ratio of the 75% SAR field size (FS;;)
over the 25% SAR field size (FS,;) at 1 cin depth in muscle-equivalent tissue. Because of
these variations in quality definitions, we require an extensive technical comparison of
antennae before we begin a clinical comparison between different antenna types.

To answer the first question concerning the relevance of spatial control and penetration
depth, we technically compared the SAR quantities of the LCA (aperture: 105#105 mm®} and
the Current Sheet Applicator (CSA, aperture about 70+60 mm?) al 75%, 50% and 25% in
[ ¢m depth in muscle-equivalent tissue We also compared the 3D-SAR distributions over the
entire treatment volume,

Bach Andersen er al. (1984) and Johnson ef afl. (1987, 1990) have developed the basic
principle of the CSA. Lumori ef al. (1990a,b) and Gopal er a/. (1992) have developed the
antenna into a clinical version, the first of two prototypes, the G-CSA. Several groups used G-
CSAs and have reported technicat and clinical results (Leigh ef al. 1994, Prior ef al. 1995).

A second clinical prototype CSA, the P-CSA, became available to other groups via a
COMAC-BME programme’. In 1993, we obtained {wo examples of the P-CSA. it was
repoited to have some major drawbacks concerning load dependency, tuning frequency and
cross-coupling (T. C. Cetas, personal communication).

In this report we present fechnical results of the P-CSA and a redesigned and improved
low-cost Dutch CSA, the D-CSA. The D-CSA will prove to have a better technical
performance than the P-CSA concerning tuning stability as function of tissue toad and a lower
cross-coupling. The D-CSA meets the European Society for Hyperthermic Oncology (ESHO)
Quality Assurance (QA)-guidelines making it suitable for clinical applications. Also we will

show that the GB-modelled SAR distribution of a 3#3 array application of D-CSAs meets the
quality of that of a 2#2 LCA array.

! afficial denominatio: COMAC-BME Concerted Action in Biomedical Engineering, EC Medical and Health
Research Programma [987-1991, Target I1.1 Medical Technology Development, Area I1.1.2 Treatment and
Rehabilitation, Title ‘Optimization of Hyperthermia Techsiology and the Assessment of its Clinical Efftcacy in
the Treatment of Cancer’
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Currently we are carrying out a clinical study to compare the performance of the D-CSA

with that of the LCA. This will bring our investigation on the D-CSA to an end.

2. Material and Methods
2.1. Antennae

In this study two CSA type anfennae were used, the version two-prototype CSA (P-CSA)
and the redesigned Dutch CSA (D-CSA). The technical behaviour of the CSA has been
described in detail by Bach Andersen ef af. (1984), Johnson ef ol (1987, 1990) and Gopal et
al. (1992}, The LCA with which we compare the D-CSA has been described in detail by Van
Rhoon ef al. (1998). The technical qualities of the LCA in array applications have been
reported by Rietveld et al. (1998b).

2.1.1. P-CS4 Two P-CSAs were obtained through the COMAC-BME programme, The outer
dimensions of the antenna are 67+58 mm?® (I#w) and 23 mm (h). The inner parts are
constructed of polytetraflucrethylene (PTFE) plate (0.85 mm and 3.2 mm) and copper plate
(0.8 mm). The P-CSA is built in stainless steel housing. The PTFE-plate at the radiating
surface is held in place by two metal rims from the steel housing located at the short side of
the aperfure. Note that the steel housing is in close contact wilh the radiating part of the
applicafor and its load. The RF-design of this anfenna is symmetrical but the feeding line, a
coaxial cable, is asymmetric ie. the outer conductor is connecled to earth. Since the outer
conductor of the coaxial cable and feeding point are also connected to the housing of the

antenna, the housing becomes a part of the radiating structure of the antenna.

2.1.2. D-CSA The locally redesigned CSA (D-CSA) is made of sticky copper foil (0.05 mm)
and polyethene (PE) (for the RF-circuit 1 and 3 mm PE plates and the copper foil were used,
see figure 1a). The outer dimensions of the antenna are 75%65 mm’® (I*w) and 19 mm (h). The
radiating aperture equals 55%49 mm’. The housing is constructed of copper foil glued onto a
PE-box. A 1:4 1/2 wavelength balun was integrated in the housing of the antenna creating a
balanced radiating structure. The balun is made of type RG 316 U coaxial cable, positioned in
the PE box holding the radiating parts, and is kept in place by (black) polyurethane-cement
(figure 1a). The construction is such that the radiating antenna parts, including housing, are
placed in the walertight PE-container (figure 1a (lefi side) and b). The D-CSAs can easily be

sef up in an array with use of Velcro which is attached to the side walls of the watertight PE-
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container (not shown in figure 1) and which acts as a semi-rigid connection to adjacent CSAs.

A heatsink is glied on top of the copper housing to transport internal RF-losses (figure 1b),

Figure 1, Photographs of the Dutch Current Sheet Applicator (D-CSA)

2} shows the inner parts of which the D-CSA is constructed. At the left side the watertight PE container; in
the middle the upper part of the radiator is shown, containing the coaxial feed plus the % lambda balun
which is held in position by black polyurethane-cement. The balun is connected fo the two upper
capacitor plates, In front of the upper part the | mm thick PE sheet, which is used as capacitor dielectric.
At the right, the resonance circuit is shown which is constructed of copper foil glued on 3 mm and 1 mm
(middle piece) thick PE plate. The front piece shows the capacitor parts, which face the upper part of the
radiator.

b} complete D-CSA wiih heat sink placed in the watertight PE-container,
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2.2, RF properties of antennae

The measurements front a single CSA on resonance frequency, transmission and reflection
{at 433 MHz) were obtained with a network analyzer (Hewlett Packard 8751 A).

Efficiency of the antennae was measured via the transmission coefficient using two
oppositely positioned antennae each connected to the network analyzer.

Load dependence of a single CSA was measured for four configurations: 1) CSA directly
positioned on a flat seri-solid muscle-equivalent phantom (48#48+(1+242+5) ecm’) made of
Super Stoff (Guy 1971)), 2) Tem-thick solid fat layer (20520 en?, (Guy 1971) added on top of
the muscle layer, 3) a lem-thick water bolus added, no fat and 4) both water bolus and fat
layer added.

Stray radiafion from one anlenna positioned on muscle-equivalent tissue and powered at
50 W was measured with an isotropic Holaday-E-field probe (HI-3000) at 0.2 and 0.5m
distance in the aperiure plane. No water bolus was used in these experiments,

Cross-coupling between fwo adjacent CSAs was measured on the flat muscle-equivalent
phantom. Both 2*1 array configurations i.e. long sides adjacent or short sides adjacent, were
measured. In these experiments & water bolus (20%12#1 cm®) was used as intermedium to the

phantom. The accuracy of the measirements was + [dB,

2.3. Thermaographic SAR measurements

SAR distributions at 1 cm depth in muscle were obtained using the layered semi-solid
muscle-equivalent phantom with and without an additional 1 cm-thick fat layer on top of the
muscle-equivalent tissue, The CSA was driven by a power pulse of approximately 75 W for 1
minute. A thermographic camera {AGA Thermovision System 680/102B) interfaced to a PC
was used fo measure the temperature distribution at the exposed surface.

The effective fisld size (EFS), defined by the ESHO QA-guidelines (Hand ef ¢/. 1989) was

calculated from thermographically (TG)-measured SAR distributions,

2.4. Gaussian beam modelling of SAR distributions from (arrays of) antennae

Gaussian beam (GB) modelling is extensively used fo predict SAR distributions from CSA
arrays (Lumori ef al. 1990a,b, Gopal ef al. 1992, Prior ef al. 1995). The GB-input parameters,
half-power width (S) and phase radius (R) in both E- and H-field directions in the principal

planes for the D-CSA, were obtained from measurements of the dominant E-field directions in
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liquid muscle-equivalent tissne (Hand ef al. 1989) using an unbalanced 1 em wide dipole and
measured: Sg= 2.1 cm, R,= 50 cm, 8= 3.7 cm and Ry= 23 cm. The unbalance of the dipole
sensor was corrected for by averaging two opposife-orientated dipole scans.

The resolution of the GB-model was 0.6 cm in both x- and y-direction, This led to a P-CSA
aperture of 75#66 mmy® which was created by averaging the results from calculations with a
78+66 mm® and 72+66 nmm” aperture. From the GB-predicted SAR distribution the EFS, FS,;
and F8,; are calculated (FS,: area covering x% or more SAR relative to the maximum at 1 cm
depth in muscle-equivalent tissue). Also the homogeneity coefficient as defined by Gelvich et

al. (1996) HC = FS,/FS,; is calculated.

2.4.1. Spatial resolution and penetration depth from an array of antennae We compared a 353
CSA array with a clock-wise E-field orientated 22 LCA array {Rietveld et al. 1998b). Both
LCA and D-CSA arrays covered about 20%20cm? of treatment area i.e, 21.0%21.0 cnv* (LCA)
and 22.5%19.8 em® (D-CSA). By calculating a single D-CSA SAR foolprint and adding a
single footprint into a 3*3 CSA array pattern, a SAR distribution was obtained from an
equally non-coherent powered 3%3 array of CSAs. From that SAR distribution, again the FS,;,
EFS, FS;; and HC were obtained at 1 cin depth.

To incorporate the penetration depth into the quality evaluation of the antenna being tested,
GB-predicted SAR distributions from the 2+2-LCA and 3#3-CSA array at different depths in
muscle (delta z = | mm) were included to calculate a SAR-volume histogram. The SAR-
volume histogram is defined by:

Volume of relative SAR [%] / total volume,
where the 100% SAR level is defined as the maximum SAR at 1 em depth in muscle. The
volumes are restricted by the outer boundaries of the anfenna atray times 3 cm depth into
muscle tissue.

From the fotal SAR volume the ESHO defined PD was obtained as well as the volumetric
ficld sizes (FSV) based on 25%, 50% and 75% SAR. The quotient FSV,/FSV,; represents the
volumetric HC (HCV).
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3. Results
3.1. Antenna properties

For both the P-CSA and D-CSA an overview of the transmission at the resonance
frequency and at 433 MEHz as a function of (tissue) load is given in table 1. It clearly shows
that the D-CSA was more stable in resonance frequency than the P-CSA as a function of the
(tissue) load, 8f=3 MHz versus 14 MHz. Also the reflected signal at resonance frequency was
fower: (-9 .. 29 dB) for the D-CSA than for the P-CSA (-5 .. ~21 dB) as a function of the
tissue load.

The efficiency of the P-CSAs could not be measured accurately due to funing problems.
The efficiency of the D-CSA measured 60% (+/- 10%) and was comparable to that of the
LCA, 50% (+/- 5%) (Van Rhoon ef af. 1998).

Table 1. Overview of the resonance frequency f,, and reflected signal at 433 MHz s,,(433) and at the
resonance frequency s, {f,..) of the prototype CSA (P-CSA) and the redesigned CSA (D-CSA)asa
function of the antenna load.

Antenna: P-CSA D-CSA
fres Sll(f}es) 52[(43 3) frcs S2l(frei) S21(433)
LOAD: [MHz] [dB] [dB] [MHz] [dB] [dB}
Muscle 442 -5 -5 435 -12 -11
tem fat, muscle 456 =20 -2 436 -9 -8
[em water bolus, muscle 445 -12 -6 433 -18 -18
lem water bolus, fem fat, 451 -21 -4 433 -29 -29
muscle

The TG-measured EFSs from the P-CSA and D-CSA equalled 21 cm’ (standard deviation
(sd). 1 en?’, n= 4) respectively 28 cmt’ (sd: 3 cm? n = 5). A water bolus (20%x20%]em’) was
used as intermedium, A complete overview of SAR-related parameters is given in table 2. For
comparison, the G-CSA data (Gopal et al. 1992, Gelvich ef ol 1996) and LCA dala (Van
Rhoon ef al. 1998, Rietveld et af, 1998a) are included in table 2.
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Table 2. Overview of basic SAR-related parameters from a single CSA or LCA.

aperture  ESy EFS (FS;,) FS; HC PD
[rny’] [em’] [%]  [em?] [%]  [em®] [%] [mrn]
PCSA(TG) “sss67 52 134 21 54 9 23 0.7 -
D-CSA(TG)  66+75 87 176 28 56 10 20 0.11 -
D-CSA (GB)  66+75 58 117 28 56 12 24 .21 10
G-CSA(GB) 59«73 16 83 17 40 7 16 0.20" 10
0.277
LCA (GB) 105%105 144 131 76 69 kY 28 .22 12

The 25%, 50% and 75% SAR related field sizes (respectively FS,;, EFS (=FSy) and FS,;) from
both thermographically {TG) measured and Gaussian beam (GB) predicted SAR distributions at
1 em depth in muscle-equivalent tissue are calculated. Data are presented in both absolute measure
and refative to the aperture size. Also the SAR homogeneity coefficient (HC = ES,,/TS;;5) is given.

The GB-predicted SAR distribufions were obtained with an infinite water bolus of 1 cm thickness.

Data from the G-CSA were obtained from Gapal ef al. (1992), Gelvich ef al. (1996) and additional
Gaussian beam calculations (PD),

Data from the LCA obtained from Van Rhoon et @/, (1998) and Rietveld ef al. (1998).

Y according to our GB-predicted SAR distribution
Zaccording to Gelvich ef af. 1996

The stray radiation levels from the antennae fed with 50 W input and measured at 20 cm

and 50 cm distance are given in table 3. For comparison, we also included data from the LCA

in table 3. Although the LCA would appear to be of a design that permits more RF leakage,

stray radiation levels are considerably lower than in the ease of the D-CSA, The P-CSA

generated the highest level of stray radiation, which was due fo the unbalance in the antenna,

Table 3. Maximum stray radiation levels {mW/cm’] of the P-CSA, D-
CSA and LCA at 0.2 m and 0.5 m measured with a Holaday HI-
3000 isotropic field strength meter. The power input equalled 50 W,

Antenna: Stray radiation at 0.2 m  Stray radiation at 0.5 m
P-CSA 2,5 0.2
D-CSA Lo 0.1
LCA 0.3 0.04
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Table 4. Cross-coupling between two D-CSAs measured on a muscle-equivalent phantom
with a water bolus of 25%18%1.5 cm’® as intermedium. The antennae were positioned
centrally on the water bolus.

cross-coupling  (mean (sd))
between two D-CSAs with Velcro
at side walls; [dB], n=5
(single antenna aperfure

cross-coupling  (mean  (sd))
between two D-CSAs without
Velero at side walls; [dB], n=3
(single antenna aperture

75466 mm?) 71%62 mm?)
long sides adjacent  -16 (0) -16 (0)
short sides adjacent  -26 (2) =29 (1)

An overview of the cross-coupling between two adjacent D-CSAs is given in table 4. This

table also includes data from D-CSAs without Velero strips.

3.2. D-CS4- and LCA array-related parameters from GB-predicted SAR distributions

The GB-predicted SAR distribution at [ cm depth in muscle-equivalent tissue from an

equally non-coherent powered close-packed 3*3 array of D-CSAs is shown in figure 2a, The

Figure 2. Gaussian beam predicted SAR distribution arrays of antennae. The SAR is calculated
at | em depth in muscle-equivalent tissue and the maximum normalised to [00%. The
rectangles indicate the apertures.

a)  3%3 D-CSA array (E-fields parallel}
b) 2%2 LCA array (in a clock-wise E-field orientation)

corresponding EFS measured 320 cn’ (72% of the 33 amay aperture), Figure 2a shows
clearly that the GB-predicted EFS was contiguous over the 343 array as was also the case for

the 2+2 LCA array (figure 2b, EFS=332 em?). The homogeneity coefficient HC equals 0,33
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for the 3#*3 CSA array and 0.34 for the 2%2 LCA array. The upper part of table 5 gives a
complete overview of alt 25, 50 and 75% SAR-based field sizes at 1 cm depth in muscle-

equivalent tissue,

Table 5: SAR related parameters from GB-predicted SAR distributions of arrays of antennae.

FS,, FS,, (=EFS) FS, HC
surface at | em depth [em?] [%] fem?] [%] [cm?] [%]
3+3 D-CSA array 434 97 320 72 145 33 0.334
22 LCA array 493 112 332 75 170 a9 0.344
FSV,, FSVy, ESVi HCV
volume of 3 em depth [em’] [%e] [em?) [%0] feny’] [%6]
33 D-CSA array 1094 82 554 4 261 20 0.239
2%2 LCA array 1250 94 622 47 290 22 0.232

The upper part gives values obtained from the SAR distribution at 1 cm depth in muscle. The
lower part gives numbers based on the entire SAR volume, which covers 3 em depth in muscle

equivalent tissue,
The values in terms of percentage are related to the size of the aperture. The 343 array aperture of
D-CSAs measures 19.8%22.5 cm?, the 22 array aperture of LCAs measures 21+21 om?.

By calculating the SAR distribution from an array of antennae from 0 to 3 cm depth per
1 mm, a volumetric SAR distribution was oblained from which the SAR-volume histogram
was derived, Figure 3 shows the GB-predicted SAR-volume histograms obtained from a 3+3
D-CSA array and a 22 array of LCAs. The GB-predicted 50% SAR volume of both antenna
types was 41% for the D-CSA array and 46% for the LCA array relative to the covered
volume. The array-PD of the D-CSA and LCA array: 11 and 12 nun respectively, we obtained
using the volumetric SAR-data. A complete overview of the volumetric field sizes FSV,
(x=25, 50 and 75%), and volumetric homogeneity coefficient (HCV) is given in the second

part of table 5.
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Figure 3. Relative SAR-volume histogram obfained from Gaussian beam predicted planar SAR
distributions at 1 mm interval in depth. Normalisation is to the volume of 3 em depth, which
covers the entire aperture of the array under test. The 100% SAR is defined as the maximum
SAR value at | em depth, )

4, Discussion
4.1, Single CSA

The predecessor of the P-CSA, the G-CSA, is used successfully under clinical conditions.
it is a robust antenna, and gives no trouble, The P-CSA was an initial commercial prototype
that was distributed to a few centres before satisfactory refinements were carried out. Due to
several external causes, the final refinements were never made which left two main defects in
the construction of the P-CSA.

The first defect was the metal housing. This became an active part of the radiating
structure, as the outer conductor of the coaxial cable was both connected fo the metal housing
and also to one of the capacitor plates inside. The CSA is a RF symmetrically-designed
radiator (Johnson et al. 1987, Bach Andersen ef af. 1984) and since the metal housing of the
P-CSA was in close contact with the load (less than 1 mm), the unbalanced P-CSA showed a
RE-behaviour strongly dependent on the load (table 1), The second defect was the

construction of the U-shaped bottom PTFE-plate in the P-CSA, which allowed water
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contamination of the RF circuits and could lead to unsafe clinical situations. Due to these two

serious drawbacks, we decided that a rigorous redesign of the construction was necessary.

4.1.1. RF-properties of « single antenna The unbalance in the feeding point of the P-CSA was
newralised by the implementation of a balun in the D-CSA. Also increasing the distance from
the metal housing to the aperture from less than 1 mm (P-CSA) to 4.5 mm (D-CSA, including
the PE-box) improved the stability of the resonance frequency as a function of tissue load
(table 1),

Efficiency of the P-CSA was not measured. The opposed anterma set-up was not feasible
because of a) direct coupling from one metal housing to the opposite metal housing which
influenced the efficiency significantly and b) too large a discrepancy in resonance frequency
between the two antennae. A caloric efficiency measurement on liquid muscle-equivalent
tissue was not successfal because the liquid penetrated the inner construction of the P-CSA.
This caused power errors and the experiment had to be abandoned.

The efficiency of the D-CSA was equal in quality to that of the LCA,

Stray radiation from the P-CSA was largely due to standing waves at the outer conductor
of the coaxial cable. By implementing a balun in the D-CSA the stray radiation levels dropped
significantly to a level far below 1 mW/em? at a distance larger than 0.5 m (table 3). Although
the LCA has two open (i.e. Lucite) side walls, the stray radiation level was less even when
operated at the average power level of 62 W (Rietveld er al, 1999).

The cross-coupling we measured for the D-CSA was the same level as measured by Gopal
ef al. (1992) for the G-CSA (-16 dB: long sides adjacent; -22 dB short sides adjacent) when an
inter-element spacing of 10 mm was used. Since the D-CSA is contained in a PE-box, the
inter-element spacing is intrinsically dealt with in its design. Furthermore, the PE-box
automatically functions as insulation for the patient. We tested the D-CSA under clinical
conditions and canie to the conclusion that the Velcro-connections might not be suitable for
larger arrays. Therefore, we did cross-coupling measurements without the Velcro attached {o
the PE-box. Although the inter-element spacing is reduced by 4 mm, the level of cross-

coupling remained low (table 4).

4.1.2, SAR-related properties of a single antenna The FS,, and FS,; of the TG-measured SAR
distributions from the P-CSA and D-CSA (table 2) were obtained from the most

representative TG-images, We found the TG-obtained FS,; to be especially sensitive to heat
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conduction during a 1 minute power pulse. This explains the discrepancy in the HC obtained
from a TG-measured and a GB-predicted SAR distribution (table 2) and our preference to use
GB-predicted SAR distributions to obtain quantitative parameters,

The EFS,,; of the P-CSA (54%) was larger than that of the G-CSA (37%, Gopal ef al.
1992). The EFS,; of the D-CSA compared with that of the P-CSA was larger on an absolute
scale and (almosl) equal if related to the sizes of the apertures. The (B-calculated EFS
(EFS,,) relative to the aperture for a single LCA was highest, followed by the D-CSA and G-
CSA (table 2),

The PD obtained from GB-predicted SAR distributions showed that the D-CSA and G-
CSA were of equal magnitude (10 mm, table 2) while the PD of the LCA was 2 mm larger, a
significant difference on this scale.

Based on these EFS and PD findings, the quality (according to the ESHO guidelines) of the
P-CSA and D-CSA are about equal. We incorporated the HC-parameter to further quantify the
quality of the antentnae, We used the entire SAR areas from an (array of) antenma(e) to define
FS,;, EFS (and FS,). We calculated the HC{G-CSA) to be 0.20 by weighing the areas
covering 75% and 25% SAR cut out from an enlarged photocopy of figure 3b in Gopal ef al.
(1992), Using this method we obtained an EFS=17(.4) cm® (40%), as reported by Gopal ef al.
{1992). The corresponding values of the graphically obtained FS,; and FS,; (table 2) were
used to calculate our HC-value. However, Gelvich et al. (1996) reported the HC(G-CSA) 1o
be equal to 0.27 (table 2). Since we found an EFS{G-CSA) equal to that reported by Gopat et
al. (1992), we concluded, using our data (table 2), that the GB-based HC of D-CSA, LCA and
G-CSA were of comparable quality.

Use of the GB-predicted SAR distribution for obtaining a reliable FS,; and HC of the
D-CSA in its comparison with the LCA was justified by the good similarity between the TG-
measured and GB-predicted 50% and 75% SAR field sizes.

In conclusion, we found the construction of the D-CSA to be simple and cheap. It is a good
quality antenna, suitable for use in the study of array applications and was a useful counterpart

to the LCA in the comparisons made between the arrays of the two.

4.2, SAR-related properties of antenna arrays
The LCA array outperformed the D-CSA array by 3% in EFS (=FS,,). The FS,,, when
calculated relative to the aperture, was 15% larger for the LCA than for the D-CSA. However,

if the absolute 25% SAR area of both antenna arrays, are compared, as depicted in figure 2,
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the difference is caused mainly by the LCAs 25% SAR areas outside the array-aperture. Since
in our clinical practice the entire (RT-)treatment area is covered by antennae, this FS,-
difference between D-CSA and LCA does not play an important role.

In both arrays of antennae, the HC was increased significantly compared to the values of
the single antennae (table 2 and table 5). This was due to a constructive inter-antenna SAR
overlap. From the GB-predicted SAR distributions, we found that the SAR-volwme histogram
of the D-CSA array and LCA array differed by less than 3%.

Although it is not yet clear which parameter best describes the technical performance of an
antenna array, we conclude, from the fact that their differences fall within acceptable limits,

that the D-CSA and the LCA show comparable technical performance in array applications.

Up to now, the D-CSA worked without problems under clinical conditions (maximum
array size 3%2), The reflected power remained within acceptable fimits. However, in larger
than 3*2 arrays, the Velcro inter-antennae connection was not sufficient to keep the antennae
in position and additional rods have been placed on top of the heatsink to overcome this.
These rods can be used to fix the CSA in a mounting device in order to maintain a stable
position relative to the patient.

Technical adaptations in hard- and soft-ware are currently being made to be able to use up fo

443 arrays of D-CSAs in the clinic and to extend the clinical evaluation.

4.3. Problems concerning the technical evaluation of antenna arrays

We lack one single parameter that reflects the quality in both spatial control and
penetration depth of an array of superficial antennae {operating under clinical circumstances).
In the presented study we compare a small aperture type of antenna with a large one. It is clear
that a small antenna has better spatial control over a treatiment area than a large antenna since
the degrees of freedom to adapt to the SAR deposition requirements for that given treatment
area are proportional to the number of antennae. On the other hand, it has been shown
theoretically that an aperture of 8+8 cm® or smaller has less penetration depth than a
10%10 cm?” aperture antenna (Hand and Hind, 1986). For that reason, a theoretical comparison
between the LCA and D-CSA on their ability to adapt to clinical heterogencous SAR
requirements in a treatment volume will not help to determine the importance of the

combination of spatial control and penetration depth. Therefore, we have decided to use a
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basic approach to compare the SAR distributions from incoherently equally powered D:CSAs

or LCAs in an array covering about the same treatment area.

The minimum quality requirements for an array can be tested by applying the ESHO
guidelines (Hand ef «/. 1989) to a single applicator. These are based on 50 % SAR (EFS and
PD) on an array of antennae. The AAPM Report No. 26 ‘Performance Evaluation of
Hyperthermia Equipment” describes how an array can be evaluated, but it does not provide
information on minimum required quality aspects. Since the performance of antennae in an
array cannot generally be reflected by the superposition of a single antenna SAR distribution
because of cross-coupling or other side effects (Gopal et al. 1992, Lumori ef al. 1590b,
Rietveld er al. 1998a) we believe that:

» the BFS from one antenna is not satisfactory as basic parameter in evaluating an array,

¢ the PD gives only very local information about an array i.e. the maximum depth of 50%

SAR under 1 cm depth in muscle-equivalent tissue,

¢ the array must be evaluated as an intact unit (as suggested in the AAPM report No, 26

and the ESHO guidelines (Hand ef al. 1989})) and

o insisting on 50 % SAR as an indicator of quality may be too strict a norm since Lee ef

al. (1998) and Myerson et al. {1990) have reported that the 25% SAR coverage is a

prospective indicator which is correlated to clinical outcome.

Furthermore, Gelvich ef al. (1996) have studied homogeneity of SAR distributions which
were based on both 75% and 25% SAR levels. For these reasons, we have evaluated the SAR
distributions from the arrays on 75%, 50% and 25% SAR levels with the restriction of equal
powering of all antennae in the array.

We introduced the SAR-volume histogram, which takes the whote volume under the
antenna array into account as a more global measure for the PD of an array of antennae. To
enable comparison between the D-CSA array and LCA array SAR-volume histograms, the
volumes are given as a percentage of the total volume. The 3 cm depth that we used was
chosen rather arbitrarily but covers the maximum depth for which (incoherently driven)

superficial antennae can be used.
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COMPARISON OF THE CLINICAL EFFECTIVENESS OF THE 433 MHz
LUCITE CONE APPLICATOR WITH THAT OF A CONVENTIONAL
WAVEGUIDE APPLICATOR IN APPLICATIONS OF SUPERFICIAL

HYPERTHERMIA

PauL J. M. Ristverp, M.Sc.,* Wi L. J. van Putten, M.Sc.,’ JacoBa van ver Zeg, M.D., Pu.D, *
AND GERARD C. vaN Ruoon, PuD.*

*Department of Radiation Oncelogy, Subdivision of Hyperthermia, and "Department of Statistics, University Hospital
Rotterdam~Daniel den Hoed Cancer Center/Dijkzigt Hospital, Rotterdam, The Netherlands

Purpose: This report presenis the final stage of our program to improve lhe quality of our superficial
Ryperthermia treptments. We have already demonsirated that the Lucite cone upplicator (LCA}, our technically
improved waterfilled, wave.-guide applicator (WGA), is superior 1o the conyentional WGA, ‘The main ahjective
of the present study was to invesfigate whether the technical improvemenis of a WGA were reflected in an
improved clinical performance, e.g., u hetter temperature distribution,

Methods and Materials: Power and temperature analyses were performed retrospectively on I28 treatments of
superfcially located tumors (Jess than 4 e depth). Twenly-three patients were treafed alternafely with a WGA
setup and o LCA setup,

Resulis: The average pmwer level per anfenua in an array was 48 W and 62 W for the WGA and LCA
respectively. The average invasively measured temperatures increased by 0.27°C when the LCAs were used, The
temperature difference belween tite center and the periphery of an antenna, averaged over (he complele array
of antennae, was 0.43°C using WGAs and —0,05°C using LCAs indicating a more uniform heating, The Ty, of
the vasively measured temperatures remained unclhianged (WGA: 39.4°C versus LCA: 39.5°C). .

Conclusion: The LCA is now our standard applieator for supezficial hyperthermia treatments as it Is technically

aud clinicatly proven to be superior to (e WGA.  © 1999 Elsevier Science Inc,

Superficial hyperthermia, Microwave antewnn, Thermal dosintetry, Clinical study.

INTROGDUCTION

Since 1985 we have used a conventional 433 MHz water-
filled, wave-guide applicator (WGA) with aperture sizes of
5% 5cm?, §X [0om?, 7.5 X 10em?, and 10 X 10 em? for
the clinical application of superficial hyperthermia (maxi-
mum depth 4 ¢cm), The mujority of our patients are treated
with superficial hyperthermia in addition to reirradiation for
recurrent breast cancer. The treatment surfaces of these
patients vary from 64 cm? to 800 cm? with a mean of 316
cm?, When hyperthermia is applied in combination with
reirradiation, the department’s strategy is to heat the entire
radiation treatment lield, This means that the majority of
these patients are (reated with an aray of applicators, the
number of applicators varying from 1 to 6. The combined
treatment modality of reirradiation (8 X 4 Gy in 4 weeks)

and hyperthermia (following cach fraction for a duration of 60
minutes) has resulted in good clinical results in this patieat
group. The overall probability of complete response (CR) is
74 which is higher than the results following 30—-40 Gy of
radiation alone (20—48% CR) (1}, However, in larger tumors
(maximum diameter > 3 cm) a significantly lower CR rute was
observed (659) compared to saller tumors (maximum diam-
eter << 3 co: 879%) (2, 3). Although it is known that larger
macroscopic tumor volumes are negatively comelated with
treatment outcome {4, 5), we hypothesize that due to the
intrinsic smatl effective field size' (EFS) of the WOA, the

“larger tecatrent fields have been treated with a lower hyper-

therntic quality {2, 63 and therefore we expect that the current
clinival results can be improved by using a higher technical
quality of specific absorption rate (SAR) distdbutions, ke,
Lucite cone applicator (1.CA) wrays.

Reprint request to: P, I M. Rietveld, University Hospital Rot-
terdum-Danicl den Hoed Cancer Center/Dijkzigt Hospital, Depart-
ment of Radiation Oncolegy, Subdivision of Hyperthermia, P.O.
Box 5201, NL-3G08 AE Rotterdam, The Netherlands,
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Grant 93-603, “Stichling Willem H. Krbiger,” “Stichtivg Bevor-
dering van Volkskracht,” and “Maurits en Anna de Kock Stich-
ting.”
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! The EFS is defined us the area enclosed by the 50% specific
absorption rate (SAR) contour measured at a depth of 10 mm frem
the surfece of a plane homogeneous phantom with the dielectric
properties of muscle,
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Fix. I, Photogruph of the conventional water-filled wave-guide
applicator {left) and Lucite cone applicator (right). Both antennae
have a radiating aperture of 10 X 10 em?,

In order to improve the technical quality of SAR distri-
hutions, we developed the LCA which is technically supe-
rivr to the WGA and has an EFS of approximately (00 cm?®
1 7-9) compared to 33 em? for the WGA. In array configu-
rutions, the EFS is vontiguous using LCAs us opposed to
lvme local hot spots when using WGAs {6). Based upon this
higher EES value of the LCA, we expect that LCA arrays
will heat the trestment area more homogeneously than
M GA arrays and that the average temperature will increase.
Huowever, given the faet that a temperature distribution is
vreatly influenced by tissue brregolarities and blood flow
characteristics and given the good clinical results obtained
with the WGA (10), we decided to quantitatively assess
whiether the LCA arrays would indeed perform better than
WA arrays under clinical conditions.

Therefore a clinical study was performed in which the
sane patiend was treated altermnately by WGA and LCA
arrays. In this way a comparison could be made on power
delivery and achieved temperatures between the two an-
tenna types. Twenty-three patients with superficially lecaed
tuimors were entered in this study,

[t will be shown that the LCA is a better antenna than the
WOA  concerning  invasively  meusured  temperature
1 27°C) uad that average temperature differences be-
een the central aren und periphery under the antennae
decreased to zero when LCAs were used,

METHODS AND MATERIALS

Nitennae

Both antennue, the conveational WGA and the LCA,
operate in TE, mode at 433 MHz and are water-filled, Both
raulivting apertures measure 10 X 10 em?’. Figure 1 shows
photograph of both antennae.

The first part, that is the dipole, of the antennae are
wlentical and measwres 3.0 cm by 5.0 cm (£ X H). The
sevond part of each antenna starts at approximately Y2
lumhda from the dipole. Fram this level, the wave-guide

cross-section diverges to the radiating aperture of 10 X [{
cm?. The outer dimensions of the antennae are 11 X 11 em?
for the WGA and 10.5 X 10.5 cm? for the LCA. In case of
the WGA the sidewalls are brass, as in the first part of the
anienna. In case of the LCA, the two diverging sidewalls,
which are parallel to the E-field, are replaced by Lucite,
Further a polyvinyl chioride (PVYC) cone (base diameter 3
¢m, height 5 ¢m} is introduced into the center of the aper-
fare.

Both madifications to the conventionul WGA resulted in
an EFS of 100 cm® (8 X 13 em?, £ X H direction) for the
LCA compared 1o un EFS of 33 em? (8 X Sem’, E X H
direction} for the WGA. In any configuration of an LCA
array, the EFS is a contighons area whereas WGAs in an
arruy configuration only produce focal hot spots. The phys-
ical performance of both antenna types has been reported in
detail elsewhere (6, 7, 9).

The efficiency of both antenna types is in the range of
45-5556.

Temperature recording

A 24-channel fiber optic thermometry system (Takaoka
FT1210) was used to measure temperatures superficiaily or
invasively. The tempermure probes are immuae to RF ra-
diation and the probes are sequentially scanned, The aver-
age meusuring time per channel is 3.3 seconds and an
update of all 24 channels is given each 80 seconds. The
technical performance vader clinical conditions are (tem-
perature range A —45°C): resolution 0.1°C, aceuracy 0.2°C,
Multipoing probes have up to 4 measuring poials with an
interelement spacing of EQ, 15, or 20 mm. Probes were
placed invasively within a closed-tip catheter.

The average number of thermometry sites per {reatment
in this study was 21.0, of which 10.0 were invasive (5.1
sites in macroscopic tumor tissue and 4.9 in other tissue).

Power deliverance and recording

Each antenna is powered by a single RF generator (150
W max), therefore in an array application, the antennae are
driven incoherently. After each optimization during treat-
ment, the forward and reflected power level per antenna, as
indicated by the generator, are manually recorded. In order
to analyze power level data, the power levels as registered
at each 5 minute-interval during steady state {i.c., more than
[0 minutes treatment time), were copied into a unique
patient- and treatment-related ASCII fite.

Clinical procedures during liyperthenmia treaiments
Before the first hyperthermin (HT) treatment starts, {he
physiciun and physicist decide: (a) where invasive ther-
mometry is possible und preferable and (b) the optimal
antenna configuration for both WGA und LCA applications,
Closed-tip catheters are positioned invasively und remain in
place during the entire HT series (11). information on
thermometry sites concerning the location in the treatment
field, tissue type, and depth, is documented (12). After each
treatment ke clinical team evaluates the treatment using the
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available temperature data and dose parameters and if nec-
essary, the clinical setup is adapted.

In the first half of the week WGAs were used and in the
second half of the week LCAs were used during HT treat-
ments. The start of a treatment series was dictated by the
department’s time schedule and can be considered as ran-
dom. The first treatment is default started with 50 W for-
ward power per antenna in order to learn the patieal’s
characteristics, e.g., what lemperature rise is obtained by the
applied power level and how the patient reacts to the heat
load, If possible the power level is increased gradually
during the treatment. Since the two antenna types are used
alternately and might behave differently, the second treat-
ment in this study, which is performed with the other
applicater type, is udministered as if it were a first treatment,
Fram the third treatment on, the power level settings at the
beginning of each treatment are adjusted to the power levels
used in the previous treatment of that antenna type.

During (reatment, the hyperthermia technicians per-
formed the normal procedures in order to optimize the
treatment and ta react to tecatment-related information from
paticnt and hardware, On indication of patient discomfort,
pain andfor achieved temperatures, the E-field orientation of
individval antennae, power distribution, antenna positioning
and tilt, water bolus thickness, and water bolas temperature
were changed accerding to the technician’s experience. This
was done regardless of the applicator 1ype used and was
permitted in order to achieve the highest quality of treat-
ment. Changes in antenaa setups {(e.g., E-field orientation)
during treatment were recorded but left out of the analyses,

Treatment characteristics

All patients received radiotherapy (RT) in combination
with HT. The total RT dose (32 Gy) was administered as
8 X 4.0 Gy per treatment twice a week, Monday-Thursday
or Tuesday-Friday. Each RT fraction was followed by a HT
treatment with an average interval of 40 minutes. The com-
bined treatment series started any of these < days. The HT
treatments lasted 60 minutes.

Depending on the dimensions of the treatment area, the
aptimum number of antennae fo be used during HT treat-
ments was decided upon. The number of antennae in this
study ranged from 1 to 5. When vsing WGAs, a 7.5 X 10
em? aperture untenna also was available and was used to
optimize the WGA tweatment when necessary. In the LCA
treatments only 10 X £ em?® aperture sized antennae were
available. In sume cases a 2 X 2 array of WGAs was used
whereas only a2 X | arruy ol LCAs wus applied to have an
optinud SAR coverage of the treatment area.

All patients were clearly informed about the nature of the
clinical study and they gave informed consent to participate
in this study,

Quantification af treatment paramieters

Power level variables. Per treatment the net power per
antenna was calculated during steady state. Per time record-
ing (each 5 minutes), the standard deviation over the net

EIEINEIE

(A) B (C)

Fig. 2. Schematic disgram of a1 % 1,2 X 1, and 2 X 2 amay of
LCA indicating the areas “center” and “periphery”. Each center
area measures 6 X 6 em?” and is indicated by the shaded square.

powers was calculated, From these parameters, the average
net power level over all antennae was calculated (P, ) and
the average standard deviation in time (Pgp,) was caleulited,
P, expresses the deposited energy in the treatment volume
and Pgp, is a measure {or the homogeneity in power levels
over the entire treatment volume.

Temperature variables. Only invasively measured tem-
peratures were included in the analyses since superficially
measured temperatores are influenced by water bolus tem-
peratures (13). In order to have the most useful temperasure
information during a treatment, the position of the temper-
ature probes could change from trealment to treatment as a
result of experience obtained during a former treatinent and
as a consequence, the number andfor position of invasively
measured tissue temperatuses per treatment series could
vary. In all cases an optimized distribution of multipoint
probes was used Lo have maximum invasive thermometry.
Since the entire treatment area is considered at risk, no
discrimination was mide between temperature probe loca-
lions in invasive macroscopic tumor sites and other inva-
sively measured locations,

For quantitatively technical comparisen of the homoge-
neity of the temperature distributions obtained by WGA and
LCA, the aperture of each antenna was divided in 1wo
regions, The center region measured 6 X 6 em?® and is
located centralty under the aperture (approximately the di-
mensions of the BES of the W{GA), the remaining region of
the aperlure is numed periplery. In this way an overall
treadment area built with # antennee was divided inton + |
regions (Fig. 2). Two corresponding lemperature parameters
were defined: the average invasive center located lempera-
ture (T,) and the average invasive periphery located tem-
perature {T,,) which were calculated dusing steady state of a
HT treatment. The data were obtained by labeling the tissue-
indicator of each invasive temperature site in the tempera-
ture files. The difference between these two parameters T,
and T, expresses the homogeneity in the temperature dis-
ttibution under the evaluated array.

For further clinically relevant evaluation of a HT treat-
ment, the average temperature (T, ) over all invasive tem-
perature probes recorded during steady state and the Ty, i.e.
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Table 1. Overview of number of patients, number of treatment
series, und number of treatments as a function of treatment

series
No. of
No. of patients in Total no,
reatment series n series of series Tutal no. of
n op np treatments
1 16 16 o7
2 6 12 88
3 1 3 24
Total 23 K] 219

the 10th centile of all invasive temperature recordings dur-
ing steady state, were calculated.

Statistical setup und exclusion criteria. Twenty-three pa-
tients entered the study, of whom six patients received two
~eries of treatments and one patient received three trestment
series on separate areas (Table 1), In 10 series the number
ol HT treatments was less than 8 {range: 3-7 treatments;
median 4.5). In total 31 series containing 219 treatments
were entered in the study.

A series of exclusion criteria had to be met 1o enter the
analyses of the study (Table provides an overview). From
all 219 treatments evaluated (i.e., 219 records), 90 were
performed with the WGAs, 118 were performed with the
I.CAs, und 11 treatments were performed with a mix of
WGAs and LCAs, The mixed-antenna treatments were ex-
vluded from the analyses (208 records left), The average
input power aad invasive temperature showed a significant
correlation (p = 0.025, by analysis of variance [ANOVAJ)
with the treatment number. All statistical analyses were
performed with Stata 5.0 (Stata Corporation, College Sta-
tion, TX), After excluding the first two treatments from the
analysis, this trend disappeared {p = 0.3) and 151 records
were left. Four treatments (in the range of 3rd—8tl treat-
ment) were excluded from analyses due to a lack of invasive
thermometry (147 records left),

luble 2, Overview of elffect of exclusion criterin® on number of
evaluuble treatments and series!

No, excl, Mo, excl.
Na. Exclusion eriterion triments series
1 Mixed LCA-WGA antenna
treatiments L1 i}
2 Treatment number 1 and 2 57 0
3 No invasive thermometry 4 [
4 Lack of WGA and LCA treatments
in a series of 3rd 1o &th
freatment 19 8
Total 91 9

* The number of excluded treatments and series as given in the
Lihle are taken from the {sub)set of still inclided treatments and
suries. For example exclusion of treatment | and 2 in originally 3§
~eries results in only 57 excluded treatments because the first
arplied exclasion criterion excluded already 5 treatments 1 er 2.

" Ouiginally 31 serics containing 219 treatmenis were entered
into the study,

In order to be able to analyze differences between the two
antenna types using a patient as his or her own reference,
each patient had to be treated at least four times including
two WGA and two LCA (reatments since the first two
treatments were excluded from the analyses. This criterion
excluded 8 series with a total of 19 treatments from the
analysis resulting in 128 evaluable records. From the total
sel of 219 treatments in 31 series, 128 treatments (59 WGA
and 69 LCA treatments) in 22 series passed the exclusion
criteria. The 22 series were obtained from 16 patients.

From this final set of 128 treatments, four treatments (2
LCA and 2 WGA treatments) were stopped after less than
60 minules treatment time. Reasons for this premature stop
were: general discomfort and pain of the patient (2) and
tecinical problems (2). From the final data set, several
parameters were calculated. Per treatment series and per
antenna fype (x), with x equal to LCA or WGA, the P, (x),
Psp(x) Tuyp®), Telx), Ty(x), and Ty (=) were calculated as
the average of the corresponding parameter per treatment
series as previously defined under “Power level variables”
and “Temperature variables.” Nine treatmeats did not have
“center” thermometry sites and one treatment did not have
a “periphery” thermotetry sile. This resulted in an average
temperature difference dT,, (= T, — T} culeulated over
[ 18 records.

The average number of antennae used was 4.02 (SD:
1.03) for the WGA and 3.79 (8D: 1.27) for the LCA.

Statistical analysis consisted of the caleulation of means
and standard deviations vver patients of the parameters per
antenna type and their paired ditferences. Analysis of vari-
ance was applied to test for differcnces between the two
antenna types in the distribution of the parameters per
tieatrnent. In this analysis trestment parameters, for exam-
ple the T, of the treatment, were used as dependent
variables, while patient and antenna type were included as
citegorical covariates.

RESULTS

The power ard thermal dose parameters averaged over al
treatment series per antenna type are shown i Table 3. The
corresponding paraneter differences per antenna type are
also shown in Table 3 as well as their statistical p-values
obtained from ANOVA,

The average power cutput of the LCA was statistically
significantly higher than the outpwt of the WGA. No differ-
ence was observed in the variation in an amray of the output
power, The average invasive temperature, using the LCA,
was (L.28°C higher than under the WGA (p = 0,004}, which
was primarily due to higher peripheral temperatures T, No
difference in centrally focated invasive temperatures (T,)
was observed.

DISCUSSION AND CONCLUSION

The relationship between SAR and any thermmal dose
parameter is still a complicated matter and subject of dis-
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Table 3. Overview of caleulated power and temperature related
dose puramneters®

bifference

WGA LCA LCA-WGA

Mean  SD Mean  SD Mean SD  p-Value

P (W) 48 12 62 15 14 9 <0.000]
Poo (W) 144 57 164 87 4 14 01§
T (C) 4090 069 4117° 055 028 04  0.004
T,(°C) 4126 064 4120 059 —003 06 03
T,(°Cy 4077 Q81 4120 070 043 05 0.0006
dT,. (°C) +0.43 092 —005 096 ~040 07 0005

op

Te(°C) 3944 077 3954 073 010 06 046

*The average values were calculated over the treatment series
per anfenna type.

" The average invasively measvred temperature for LCA treat-
ments (T,,, . +1.17 °C} i5 0.03 °C lower than both correspending T,
and T, This artefact is caused by lack of either T, or T, sites in 10
treatments.

cussion {14—17). In tact, literature concerning clinical eval-
uation of the dose—effect relations of hyperthermia provides
a broad field of treatment-related purameters which all cor-
relate more or less with CR or other defined endpoints ¢4,
14, 16-24). Hyperthermic quality expressed in terms of
dose parameters is not defined yet (25),

The question whether the technical superior LCA will
result in better clinical outcomes of the HT treatment series
can only be conclusively demonstrated in a randomized
prospective study, Since the CR rate is already in the range
of 70-90% (2, 3) lor combined reirradiation plus HT, it is
statistically not likely that such a study with the current
patient acerual (40-50/yr) can be finished successtully in an
appropriate time scale (<0 5 years).

In this study we are nnt primarily interested in a corre-
lation between clinical outcome and antenna type used,
therefore we concentrate only on basic treatment parameters
as a function of antenna type used to quantitatively evaluate
the eifect of an increased EFS of the LCA under clinical
conditions. Firstly the power-related parameters P, and
Pgp, are discussed and secondly the temperature-related
parameters are discussed.

Evaluation of power-related parameters

Average power (P, ). Although net power (P,.,) as a
hyperthermic parameter does not contain any biological or
clinical input except for patient tolerunce, it is a simple
variable fo relate to SAR distributions {or EES), If the EES
is small, the antennae wil effectively heat cnly a smuall
volume under the aperture. An increased EES results in a
smaller derivative of the SAR us a function of position x in
the horizontai plane (dSAR/dx). Furthermore, the absolute
maximuin SAR level is dictated only by a small volume
element under the antenna where either a maximum toler-
able temperature is measured or the patient feels a pain
sensation. Both antenna types have ceatrally tocated maxi-
mum SAR, therefore we think that the absolute maximum

SAR level is mere putient/treatment-area-dependent than
antenna-dependent. So, in a particolar treatment area the
100% SAR in the relative SAR distributions trom WGA and
LCA will have about equal magnitude.

A positive correlation between P, and a SAR distribu-
tion (or EFS) is probable, because the LCA has a smaller
dSAR/dx, and thus an overall higher energy deposition (as
indicated by P,,,) can be delivered to the target volume
under the antenna aperture, This effeet is counteracied by
the following factors: (J) local tissue properties: an in-
creased energy deposition in arcas where the WG A does not
heat adequately can alse lead to additionad hot spots when
the LCA is used and may ¢iuse additional Hmiting power
depositions in those cases where LCAs are used, which are
nol present for WGAs; and (2) preheating of peripheral
incoming bloed can create an additional temperature vise in
the center region of the aperture (26, 27). Although the EFS
of the LCA is roughly threetold the EFS of the WGA, the
combination of above-mentioned negative side etfects re-
sulted onby in a significant 14 W power increase for LCA
arrays (306%), 62 W versus 48 W for the WGA applications,

Homogeneity in power settings (Pgp). The homogeneity
in power levels in an array application, as expressed by the
standard deviation of power levels in un array, Py, did not
change significantly as u function of antenna type (144 W
versus 16.4 W for WGA and LCA treatments respectively).
We expected that by using the LCAs the chance of creating
hot spots would be diminished because the range of per-
centage SAR in the treatment arca is smaller, This ussump-
tion was based on Gaussian beam predictions of SAR dis-
tributions from arrays of WGAs and LCAs (6). Although in
an array of LCAs a contiguous EFS is feasible (by upplying
an egual power over the antennae) (6), local power steering,
remained a necessity in order to optimize the hyperthermia
treatment, Anticipation on {dynamic) local tissue churucter-
istics (e.g., blood flow and electromagnetic propertics) had
a strong tmpact on power settings independent of 1he an-
tenna type used,

Evaluation of invasively measured temperature-rvelated
parameters

Tissue characteristics make the influence between a SAR
and its corresponding temperature distribution a dynamic
process which is still vnpredictable in its development (28,
29). However, it is unlikely that an increased tissue temper-
atare will result in a decreased hyperthermic effect (19),
therefore we assume that improvement of the technicul
quality of a HT treutment (when using technically improved
anfennae) can also be tested by analyzing temperature-
related variables,

Average temperatire (T, ). The uverage invasive tem-
perature increased from 40.9°C for the WGA to 41.2°C
when the LCA was used. Although this improvement may
seem small from a clinical point of view, in the restricted
setup of this study where the technical improvements were
investigated clinically, it is statistically significant. More
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detailed analyses (not presented in this paper) did not reveal
any additional understanding of this minor increase in in-
vasive temperature in relation to the major increase in EFS.

Temperatitre difference between conter (Tg) and periph-
ery [T} of the aperture, The small EFS of the WGA resalts
in a hot spot located in the center region of the antenna. If
the WGA is used in an array application, there are no
significant overlapping SAR levels at the periphery of each
aperture inciuding the aperture periphery located in the
center of the 2 X 2 array {6). A difference in dT,, is
expected for the WGA uand LCA becuuse the EFS of the
LCA in an ammay application covered almost the entire
vutside contour of the 2 X 2 array and has a local SAR dip
ol S0-80% SAR at the center of the 2 X 2 array (6). For
that reason, the periphery region located in the center of an
array is not treated as a separate region.

In the clinical application of the LCA, the difference be-
tween temperatures (AT,,) measured over the cenler region und
periphery repion of an amy of antenna (Fig. 2} is about zera
for the LCA, whereas in case of the WGA the center regions

under the antennae reach a 0.43°C higher temperature than the
periphery (Table 3}, The average lemperature in the center
region of the aperture, the region of highest SAR levels for
both antenna types, remained unchanged as o function of
antenna type used (—0.03°C, p = 0.8) and therefore, with the
increase of average peripheral femperatares in case the LCAs
were used, the unchanged Ty, (39.44°C [WGA] and 39.54°C
[LCAT} can only be explained by a minimum peripheral tem-
perature during treatment measured at a peripheraf local val-
ume element thal could not be heated properly with gither
WGA or LCA. Since the Ty, is more dependent on the location
of the thermometry site, we think it is a less relevant thermal
parameter in investigating a technical improvement than the
invasive temperature,

The results obtained from these wnalyses have led s to the
conclusion that use of the LCA in treatmeats of breast cancer
with superficial hyperthermia does give a slightly better inva-
sive temperature in the troatment area without any negalive
side effects. For that reason the LCA is now used as our
standard antenna in the treatment of superficial hyperthermia,
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Abstract

The benefits of using superficial hyperthermia together with radiotherapy has long been
proven for recurrent breast carcinomas. The lucite cone applicator (LCA} has been introduced
by some hospital hyperthermia units for superficial treatments. Tt is characterized by a large
effective field size (EFS). The modeling techniques used in the past for the study of this as
well as other applicators used for superficial hyperthermia have failed to address the
significance in clinical practice of some treatment parameters, like the dimensions of the
waterbolus. In this work the Finite-Difference Time-Domain (FDTD) method is used for
modeling the applicators, The numerical results are compared with thermographic
measurements. The agreement between predicted and measured SAR distributions is very
good. The use of the FDTD method is expected to promote the study of treatment specific

factors and help improve future treatment quality.
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L. INTRODUCTION

The International Collaborative Hyperthermia Group has clearly demonstrated the benefits
of combining radiotherapy with hyperthermia against radiotherapy alone in the treatment of
superficial breast cancer [1]. Since the publication of the resulis superficial hyperthermia has
become a standard treatment modality in several instifutes, especially for the treatment of
chest wall recurrences of breast cancer. Although it was found that clinical outcome is related
to thermal dose {2], it still remains unclear which of the physical parameters of the treatment
can improve its quality and, therefore, its efficacy.

The main requirements which are put forward in the development of new systems for
superficial hyperthermia are the achievement of a large effective field size (EFS"), sufficient
penetration depth’ and good spatial conlrol. It is usually necessary to employ an amay of
applicators to fulfill the above requirements,

The lucite cone applicator (LCA) is a superficial hyperthermia applicator which offers a
large EFS and can be used in an array configuration. Hs efficiency has been confirmed both in
technical [4] and in clinical [5] terms. The theoretical modeling of the applicator with the
Gaussian beam model (GBM) has given very good agreement with the experimental results
for some configurations [6], [7]). However, there are some drawbacks of this modeling
technique in the case of the LCA: The GBM cannot take into account the finite size of the
waterbolus which is placed between the applicator and the patient in order to couple the
electromagnetic energy into the body and to control the skin temperature. Yet, the waterbolus
seems fo have a direct effect on the SAR (specific absorption rate} distribution [4] and, hencs,
the ability to model it is important. Another disadvantage of the GBM is that it cannot predict
correctly the coupling between the applicators, when they are used in an array configuration
[6], [7]. The above problems of GBM can he overcome, if electric field measurentents are
performed before modeling for every treatment configuration, but this is a cumbersome task.
Finally, the GBM cannot deal with tissue inhomogeneities, which are present in the clinical
sitnation,

In this work it will be shown that it is feasible to study theoretically both the LCA and the

older applicators used for superficial hyperthermia with the finite-difference time-domain

' The effective ficld size is defined as the area which is enclosed within the 50% iso-SAR curve at lem depth

inside the flat homogeneous phantom [3],

2 The penetration depth is defined as the depth in the phantom at which {he SAR becomes 1/e? of its value at the

surface of the phantom.
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(EDTD) technique. This numerical method aflows the use of a more realistic model, but is
more expensive in computational resources compared {o the GBM. The major advantage of
the FDTD method is that it allows a 3-D analysis of the applicator configurations, without the
need for time-consuming measurements. Quantities like the penetration depth and the EES
can directly be deduced from the calculated results, From the 3-D analysis we expect to gain a

good insight in the significant parameters of the treatment leading to treatments of better

quality.

II. MATERIALS AND METHODS
A. Lucite cone applicator (LCA)

The conventional applicator which has been used in the past for superficial hyperthermia
consists of a water-filled rectangular waveguide which ends to a horn antenna. The waveguide
is made of brass and operates at TE,; mode at 433MHz. The waveguide dimensions are 3cm x
S5cmy and the aperture size of the radiating antenna is 10cm x 10cm. The LCA is a
modification of the conventional applicator: The two diverging metal walls of the homn
antenna which are parallel to the electric field are replaced by lucite walls. Additionally, a

PVC cone with a height of 5.5cm is inserted in the applicator at the center of the aperture.

Fig., 1 Photograph of the various applicators: (left) the lucite applicator {LA) with the two
diverging walls of the homn antenna paralle! to the clectric field made of lucite;
{center) the lucite cone applicator {LCA) similar to the [ucite applicator with a PVC
cone inserted in the center of the antenna; (right) the conventional applicator (CA)
made totally of metal,
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Different cone angles have been tested and it was found that the angle of 15° gave the best

results, The LCA is described extensively in [4]. The various applicators are shown in Fig, 1,

B. Electromagnetic modeling

The FD'TD technique is used for modeling the LCA. The technique is well established in
the field of biomedical applications of electromagnetic radiation [8], although most of the
work performed with it in the area of hyperthermia concerns deep regional treatments.

The developed numerical model attempts to simulate the experimental set-up as closely as
possible. The assumed electrical properties of the materials are shown in Table 1. The
applicators are placed on top of a flat muscle-equivalent phantom constructed according to
[9].

The size of the phantom used in the experimental measurements was 50 x 50 x 10cm’,
However, the simutated phantom dimensions were chosen to be 38 x 30 x 14om’, in order to
reduce the computer memory requirements. The choice for these dimensions was based on the
results presented in [6]. In this study it was shown that in a liquid muscle-equivalent phantorn
of almost the same size (40 x 32 x 14em’} the distribution measured with a scanning electric
dipole under the aperture and at lcm depth agrees with the measurements performed for the

semi-solid phantom with the thermographic camera.

Table 1. Electrical properties of the materials used in the numerical calculations.

Material £ o (8/m}
De-ionized water 76 0.001
Lucite 2.59 0.003
BVC 2.2 0.004
Mauscle phantom 57 1.2

A uniform rectilinear mesh was used with a cell size of 0.2cm. The lotal size of the
computational domain (including the applicatory was 190 x 150 x 225 cells. The domain was
terminated with Mur’s second-order absorbing boundary conditions [10]. The applicators
radiate mainly into the direction of the tissue-equivalent phantom which is made of a lossy

material. The dimensions of the simulated phantom are large enough with respect to the
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wavelength of the radiation in it to ensure that the largest part of the power reflected on the
truncation planes will be dissipated on ifs way to the radiating aperture. Hence, the above
boundary conditions are expected fo be adequate in this case (see [11], [12]).

The metallic walls of the applicator were treated as perfect electric conductors (PEC’s}, so
that the “diagonal split cell model” [8] could be used in a straightforward manner for the
diverging metallic walls of the applicator which are oblique to the rectilinear mesh. This
contour-path model is derived directly from Faraday’s law and is simple to implement
compared to the conformal modeling which had been used in other works for horn antennas
[13]. The simulations have shown that even this simple modification for the metallic walls
gave better numerical results than the “staircasing”™ approach, which was, however, retained
for the lucite walls and the PVC cone.

The excitation was modeled by a group of co-linear electric field components which
connect the lower metal wall of the waveguide with the end of the feeding pin. A sinusoidal
signal at 433MHz with a linear time-ramp was used for the excitation.The total simulation
time was twenty periods of the source signal. The CPU time for a simulation on a compatible

PC with a Pentium II¥ microprocessor at 450MHz and 512MB of RAM memory was about 10

hours.

C. Thermographic SAR measurements

The SAR distributions were measured experimentally with an infrared camera (AGA
Thermovision System 680/102B, Lidings, Sweden) interfaced to a PC. The applicators were
placed on top of a semi-solid muscle equivalent phantom (50 x 50 x 10cm’) [9], Between the
applicator and the phanton: a walerbolus (a plastic bag filled with de-ionized water) was
positioned. The phantom consists of 1 and 2cm layers for the first 5cm fo allow the
measurement of the SAR distribution at different depths from the phantom surface, The layers
are made of the material enclosed in a 0.005¢m thick PVC mylar which has no influence on
the deposited electromagnetic energy. Because of the low sensitivity of the camera the
phantom had to be heated for a maximum time of 1.5 minufes for the temperature to rise
between 3-6°C. This time is slightly farger than the one specified in the ESHO quality
assurance guidelines [3]. However, in [6] 1t is shown that the relative SAR distributions at
Lent depth as measured with the thermographic camera for the semi-solid phantom and with
the scanning dipole technique agree very well, especially under the center of the aperture. The

applicator, the waterbolus and the required phanfom layers were removed after the power had
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been turned off. The temperature distribution on the top surface of the remaining phantom was
measured within 15s. The measured distribution of temperature rise cotresponds essentially to
the SAR distribution. The method is explained in detail in [4]. The time which is necessary
for the experimental assessment of a single SAR distribution is roughly | hour. After each
measurement a period of 2-4 hours is necessary for the phantom to reach again thennal
equilibrium. Therefore, it is less convenient to acquire by means of measurement the 3-D

information on the SAR distribution, which is provided with a single computer simulation.

1. RESULTS AND DISCUSSION
Numerical calculations have been carried out for all three types of applicators of Fig. 1,
i.e., the conventional applicator (CA), the lucite applicator {L.A) and the lucite cone applicator
{LCA). The discretized model which was used for the simulations is shown in Fig. 2. A finite-
size waterbolus of 18 x 18 x lem’ similar to the one used during measurements was included

in the model,

Tugite wall

brass wall

FYG ¢one

(a) (b)

Fig. 2 Representation of the numerical mode! in (a) 2-D and (b} 3-D. In both medels the
“staircasing” effect is apparent, This requires that a contour-path approximation be
employed for a more correct modeling,
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Fig.3 SAR distributions (normalized to their maximum value} on the transversal cross-
section of a flat homogencous muscie-equivalent phantom at a depth of lcm for a
conventional applicator and a waterbolus of Tem thickness,

{a) Measured distribution. (b) Predicted distribution.
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Fig.4 SAR distributions (normalized to their maximum value) on the transversal cross-
section of a flat homogeneous muscle-equivalent phantom at a depth of lem for a
lucite applicator and a waterbolus of Iem thickness.

(a) Measured distribution. (b} Predicted distribution.
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Fig. 5 SAR distributions (normalized to their maximum value) on the transversal cross-section of a
flat homogeneous muscle-equivalent phantom at a depth of lem for a lucite cone applicator
and a waterbolus of 1em thickness.

{(a) Measured distribution. (b} Predicted distribution.

On the cross-section of the muscle-equivalent phantom normal to the propagation direction
the SAR distributions are compared at a depth of lem, Figs, 3-5 show the predieted and the
measured distributions for all three types of applicators. The values are normalized to the
maximum value of each distribution. For clarity only iso-SAR values above 40% are plotted,
It should be pointed out that Fig. 4a which depicts the measured SAR distribution of the hicite
applicator is of poor quality, due to the poor matching between the feeding line and the
applicator. The reflected power for the measured lucite applicator was about 20%, whereas for
the other two applicators the reflected power was about 3%. Consequently, the net output
power {rom the lucite applicator was low and the maximum temperature rise achieved in the

phantomn was only 3°C. This resulted in a noisy measurement compared with the other two

applicators for which the maximum temperature rise was 6°C.

Additionally, a comparison of the predicted and measured SAR profiles along the main
axes of the aperture for all three applicator types is presented in Figs. 6a-c for the axis parallel
to the E-ficld direction and in Figs. 6d-f for the axis perpendicular to the E-field direction. The
SAR distributions of Fig, 6 are normalized to the maximum along each axis.

It can be seen from Figs. 3-6 that there is a very good agreement between the predicted and
measured distributions for all applicators. As was mentioned above, these resulis were

obtained with a cell size of 0.2cm. Initially a coarser mesh with a cell size of 0.5cm was tested
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for which the lucite cover was modeled in one case and was omitted in another. The
electromagnetic field distributions inside the phantom were significantly different in the two
cases. Therefore, the cell size had to be reduced to 0.2cm to allow the correct modeling of the
lucite cover in front of the radiating aperture. Work is currently under way to implement a
“thin sheef” approximation for this dielectric cover in order to examine the use of a coarser

mesh in the numerical calculations.
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Fig, 6 The SAR distribution along the aperture axis of the applicators which is parallel (a-c)
and perpendicular (d-f) to the electric field, The predicted (thick line), the measured
(circle points) and the spline fit for the measured {thin line} distributions are given
for the conventional (a,d), the lucite (b,e) and the lucite cone (c,f) applicators,
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An imporiant quantity for the characterization of superficial hyperthermia applicators is
their effective field size (EFS). Table 2 summarizes the results with respect to the EFS. Beside
the measured and predicted values at lem depth, predicted values are given around this point

to show the steepness with which the EFS decays.

Table 2. Measured and predicted EFS for the three applicators.

Measured at a Predicted at a depth of

depth of lem 0.8cm lem F2em
Conventional applicator 32em? 40.92cm®  40.16cm’ 39.64em’
Lucite applicator 67cm? 54.64cm”  54.32em’ 54.08cm’
TLucite cone applicator® 9lem? 85.92em’ 84.88cm? 83.40cm’

*The average measured value for six LCA's was 91+Gem? (one standard deviation),

The difference between predicted and measured resuits can be attributed to errors of both
the numerical and the experimental methods, Tt must be noted that the resolution of the
infrared camera is poor with a pixel size of roughly 4mm x 3 mm. Furthermore, heat diffusion
during measurements can alter significantly the measured distributions [14], The
determination of the effect which heat conduction has on the measured distribution is under
investigation.

The results verify that the lucite cone applicator has an increased EFS compared to the
other applicator types, This is achieved in the two steps which were considered for the
development of the LCA:

(1) It was shown in [15] that the width of the H-plane within the applicator aperture can
be increased by replacing the metal walls which are parallel to the electric field with Icite
walls.

(2) It is known that the partial loading of a rectangular applicator with slabs of high
permittivity leads to a better uniformity of the electric field across its aperture [16], [17]. The

PVC cone which is inserted at the center of the aperture has a low permittivity compared to
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de-ionized water. Thus, the water which surrounds it acts like a high permiftivity slab,
improving the uniformity of the electric field.

Along the direction of propagation it was not possible to measure the SAR distribution.
The calculated SAR distributions on the H-field and the E-field planes show that there is little
difference among the three applicator types for the energy deposition patterns inside the
phantom as a function of depth. Nevertheless, the lucite cone applicator is still slightly
superior to the other two applicator types in termis of the penetration depth. Hs penefration
depth - calculated with an exponential fit of the numerical resulls - was found to be 3.6cm
compared to 3.2cm for the conventional applicator and 3.1cm of the hicite applicator. The
penetration depth for plane wave exposure at this frequency is reported to be 3.56 cm [3],[92].

The efficiency of the applicators has also been caleulated from the ratio of the power
absorbed in the muscle phantom to the power input to the applicator. I was found that the
efficiency of all three applicators was about 48%. Table 3 contains information about the
calenlated maximum SAR which is achieved at the surface of the muscle phantom and at lem
depth in it per W of input power. It is assumed that the muscle-equivalent phantom has a
density of =1000kg/m’ [18]. The maximum tempefature rise per W of input power for a
heating period of Imin can be estimated from the maximum SAR values®, assuming that the

specific heat of the phantom is 3600J/kg/°C [18].

Table 3, Capability of applicators to deliver power to the phantom.

SAR .. T SAR e T
(Wikeg/W) at (°Cmin'Wy,)  (Whkeg/Wo  (CC/min/W.))
surface at surface at lem at lem
Conventional applicator 5.25 0.0875 2.93 0.0488
Lueite applicator 4.15 0.0692 2.15 0.0358
Lucite cone applicator 2.81 0.0468 1.55 0.0258

SAR - At . L , .
4 , where At is the heating time and ¢ is the specific heat.

? Using the equation AT =
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IV. CONCLUSTONS

A three-dimensional model based on the Finite-Difference Time-Domain (FDTD) method
was developed for the study of superficial applicators, With this model it is feasible to further
investigate the three applicator types considered. The resulfs have verified that the lucite cone
applicator (LCA) has a better performance than the other two applicator types in terms of
EFS. The relevant numerical results agreed with the experimental ones. They both confirmed
the expectations of the two-step design process of the LCA as described in the above section,
Moreover, the numerical results presented in this work have shown that the penetration depth
of the LCA is higher than for the other two applicators. This adds another advantage to the
LCA.

The approaches that had previously been attempted in modeling the applicators could offer
limited information on the resulting SAR distributions. Furthermore, they did not carry the
potential for examining clinically significant factors, like the dimensions of the waterbolus
and the complex patient anafomy, On the contrary, the developed numerical model allows a
direct 3-D analysis of (he lreatment set-up. This will certainly facilitate the determination of
clinically significant treatment factors and help improve treatment quality. Although the
model is based on a very fine mesh which is probably prohibitive for the simulation of 2 x 2

applicator arrays work is already being carried out for the use of coarser models.
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General discussion

In the last two decades, progress has been made in hyperthermia in the fields of biclogy (Kong
and Dewhirst, (1999)), tumour physiology (Kanamori &t af, (1999)), clinical applications and
heating techniques (Dewhirst ef al. (1997); Dahl er al (1999)). Especially in interstitial
hyperthermia and deep regional hypeithermia have 3D-adjustable heating techniques, 3D patient-
orientated treatment planning and their clinically related data have been made accessible through
several studies. Different groups have contributed to these results through their specialised know-
liow, based on either theoretical, technical or clinical research (Lagendijk, (1920); Sullivan et a/l.
(1993); Sneed ef al. (1998); Turner, (1998); Wust ef al. {1999); Paulsen ef al. (1999); Van der
Zee ef al. (2000)).

A combination of these more recenf results has led to the overall mechanisms of hyperthermia
being better understood. Although at present several clinical applications of hyperthermia are
either under investigation or are (aiready) considered as part of a standard treatment modality, no
consensus appears to exist in treatment schemes'. There are also large differences of opinion as to
what is considered to be the main issue that should be investigated in hyperthermia,

In our group, the emphasis in the research done, was generally on the more practical sides of
the clinical application of hyperlhermia. We presented the clinicat resulis of the treatment of
recurrent breast cancer which formed the basis for this thesis (see chapter 2). It was clearly shown

that the used techniques can have a great impact on the clinical outcome as was reported earlier

! Int this discussion, the progress within the Asian hyperthermia community is not included for reasons of clarity.
Research and development in Caucasian-related and Asian-related hyperthermia therapies have ather technical and
clinical accents. This has an impact on certain hyperthermic treatment aspects, which would complicate the
discussion more than desirable. Asian hyperthermic research as an entity has, however, contributed significantly to
the progress of hyperthermia,
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by Perez ef al. and Emami ef al. (Perez ef al, (1989); Perez ef al. (1991); Emami ef al. (1996))
and that hyperthermia can work providing a minimum quality is guaranteed.

Quality of hyperthermia can be measured on different levels. One ideally should compare
quality relative {o the standard treatment scheme through CR rates, local control or survival rate.
However, this set up is sometimes not feasible due to a limited influx of patients or the
expectation of relatively small differences in clinical oufcome between the two treatment
schemes, Alternatively, the hyperthermic quality can be expressed based on measured
temperatures. However, in clinical practice, invasive thermometry has its limitations (chapter 3)
in providing data for thermal dose analyses. Also, accurate non-hivasive measurement techniques
are not yet available on a routine basis, More merits and demerits of the use of measured
temperatures will be discussed further on in this chapter.

The technical parameter of hyperthermic quality is SAR and its use is defined in the Quality
Assurance (QA) guidelines of ESHO and RTOG (Hand et /. (1989); Dewhirst e/ al. (1990)).
However, the SAR requirements for hyperthermic quality are not unequivocal when transferred
from QA guidelines into clinical practice. Whether the QA guidelines-based 50% SAR coverage
is the ultimate goal for clinical applications or the 25% SAR coverage that was found as
prognostic factor for response (Myerson ef af. (1990b); Lee ef al. (1998)) or the homogeneity
coefficient as defined by Gelvich et al. (1996) is as yet unclear. A validation of the 25% SAR
correlation with CR in combination with the use of different types of antennae will make clear
whether this paraineter, which can be rmeasured or calculated relatively accurately, will hold its
prognostic capabilities and thus its clinical relevance.

For the remainder of this chapter, the discussion will be restricted to different aspects of
thermal dosimelry in relation to the ultimate question, as described in the General Introduction:
‘Does technical improvement in a hyperthermic application actually resulf in a quaniifiable
improvement in the clinical liyperthermtia freatment?

The following items will be addressed:

o Problems of confounding factors in thermal dosimetry
o The use of the T, Ty, Tine OF average lemperature (T,,) and measure for deviation,
e The question of whether thermal dose-response studies should take place prior to the

conunencement of phase 1T studies.
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The chapter concludes with future research possibilities for our Hyperthermia section of the

Radiotherapy department of UHR-Daniel based on currently presented results,

10.1  Problems of confounding factors in thermal dosimetry

In vitro experiments have shown that higher temperatures generate more cell kill (Harisiadis e/
al. (1975); Dewey et al. (1977); Bhuyan, (1979)) i.e. there exists a thermal dose-response
relationship, One of the important lines in hyperthermic research is the translation from in vitro
thermmal dosimetry into in vive thermal dosimetry (Alfieri and Hahn, (1978); Perez and Sapareto,
{1984)). However, in viva, the thermal dos-response correlations are influenced by confounding
factors like the dynamic micro enviromment of the (fumour) cells i.e. tumour characteristics like
oxygenation, nutrition and pH, thermo-tolerance or -resistance. Not only the biological cell
mechanisms have to be taken info account but also the (varying) dose of the other freatment
modality (i.e. radiotherapy or chemotherapy) plus pre-treatment {chemo, radiation therapy). Also,
the function of temperature in time acts as a complicating factor. The total effect of the response
to the combined treatments is a function of all variables including thermal dose. To distinguish
the contribution of hyperthermia to the clinical response via a thermal dose parameter from this
complex of variables is difficult but not impossible. First results on the possibility of delivering a
prescribed thermal dose have been reported (Thrall ef a/.(1999)).

When alt variables with the exception of time-temperature are kept constant, a thermal
measure for hyperthermic quality, not thermnal dose, of the hyperthermia treatment can be
obtained, The intra-patient comparison of LCA- and WGA.-related invasive temperatures (chapter
8) is an example of such use of a thermal measure. In this comparison, it is not the absolute value
of the average temperature per freatment (as a thermal dose parameter) which is imporiand, but
the difference between the two applied clinical set-ups. This parameter provides a measure for the

evaluation of technical quality under clinical conditions based on a basic thermal dose parameter,

The development of thermal dose-response relationship is seen as critical for progress in
hyperthermia by the major North American hyperthermia researchers (Dewhirst ef al. (1997)).
For this reason several definitions of thermal dose parameters have been tested (Oleson ef al.

(1993); Leopold er ol (1993); Kapp and Cox, (1995); Nishinnra et al. (1995); Sherar et al.
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(1997); Hand et al. (1997)). Many groups have reported on retrospective thermal dose parameter
studies and in particular reported on minimum temperature based parameters, which showed
correlation with treatment outcome (Cleson ef al. (1984); Cox and Kapp, (1992); Kapp and Cox,
(1995); Hand ef af. (1997); Overgaard ef al, (1996)),

From these clinical findings and the biological support in lierature, it is evident that a strong
associafion exists befween a time-temperature parameter and clinical response. However, due to
the above-mentioned confounding factors, it is impossible to say that an unequivocal causal
connection exists. I will illustrate this by two examples.

Example I: Van der Zee ef al (1992) found that the series average maximum tumour
temperature at the coldest spot correlated with the number of intra tumour measurement sites
(figure 10.1) and that the number of temperature measurements correlated with tumour size
(personal communication),

Also, Cotry et al., Perez and Emami and Overgaard ef al. (Corry ef af. (1988); Perez and
Emami, (1989); Overgaard ef al. (1996)) regorted on a correlation between number of
temperature sites and a thennal dose parameter. Their findings were based on either a minimum
temperature (Overgaard ef al.), an average temperature (Corry ef ¢/) or the number of probes
reaching a maximum temperature above an index temperature (Perez and Emami). Overgaard ef
al. and Perez and Emami also found that the response was smaller for large tumours than for
small tumours and since a large tumour can accommodate more temperature sites (on average),
the correlation between thermal dose and response actually may be a non-hyperthermic
correlation between tumour size and response. Furthermore, the value of a thenmal parameter may
also be influenced by the temperature measurement technique (Overgaard ef al, (1996)), Hand er
al. (1997) reported no correlation between number of temperature sites and minimum- or
average-based thermal parameters. They argued that their number of thermometry sensors
{median 10) was considerably greater than those used by Corry ef al. and Overgaard ef al. (up to
3 respectively median 4). Also, a correlation between the position of thermometry catheters and
the radiation characteristics of the used antennae can have an impact on the interdependence of
temperature and number of sites. In short: the influences of tumour size and the quality of

thermometry on the thermal dose concept are yet unclear,
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figure 10.1: The treatment series average of the maximum temperature at the coldest spot
as a function of invasive tumour sites. The numbers of sites are grouped; the numbers of
observations are indicated as the data points.

Example TI: If has been shown in the treatment of cervix cancer with radiotherapy that
vascularity of the tumour is a prognostic factor (Schlenger et al. (1995); Cooper et al. (1999)):
cervix tumours with higher vascularity have less local control and survival probability. Suppose
that;

1. this patient group was treated with radiotherapy plus hyperthermia,
2. the grade of vascularity was unknown and
3. wvascularity is proportional to blood flow,

then most probably the patient group with (unknown) high vascularity and thus high blood
flow will have a lower T, and also an insufficient response to hyperthermia. However, as this
group has already a lower chance on local control because of its vascularity-dependant effect of
radiotherapy, this non-thermal tumour-related parameter would then influence the

(retrospectively) obtained thermal dose-response correlation,
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In conclusion, with the current available temperature data, results from refrospective thermal
dose and thermal dose-response studies may be confounded by several partly unknown variables.
Therefore, data from retrospective studies cannot be used to define optimal hyperthermic
treatment strategies. Defining quantitative measures for hyperthermia treaiments {in combination
with other treatment modalities) can only be done through prospective thermal dose studies.

Should we concenirate first on defining clinically reliable thermal dose parameters that
comrelate with response by addressing the problem of confounding factors in a controllable

experimental set-up or temporarily settle for limited quantitative temperature-based analyses?

10.2  The use of the Ty, Ty Thpy, or average temperature (T, ) and measure for deviation

Good correlations between minimum temperature-related parameters and clinical response
regarding the effect of hyperthermia have been reported (Engin ef al. (1995); Kapp and Cox,
(1995); Hand ef al. (1997); Sherar et al. (1997); Lee ef al. (1998)). Oleson (1990} introduced the
T (i.€. 10" percentile) as an alternative to the minimum temperature in order to reduce statistical
noise. Likewise, the T, and T,, were introduced as representatives of the maximum temperature
in thermal dose analyses.

A thermal dose parameter should:

¢ Handle the temperature and time independently. In this way, thermotolerance by step-
up and thermosensitivity by siep-down heating can be incorporated in the thermal dose
model. Also the duration of the treatment or fractionation of the hyperthermia treatment
series is then incorporated,

o TFunction in optimisation routines during treatments and in between successive
treatments,

¢ Correlate well with response and with local control.

The clinically derived thermal dose parameter should ideally be independent of other
patient/tissue-related properties such as treatment volume, perfusion and treatment history (e.g.
former radiotherapy/chemotherapy/surgery). These requiremenis of independence are difficult if

not impossible to meet,
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The temperature data obtained from the clinical hyperthermic applications gives a limited
reflection of the actual overall temperature distribution. With the currently available level of
clinical thermometry we are confronted with clinical limitations:

e The number of invasively located catheters in the treatment volume is limited due to
patient-related constraints.

¢ The number of invasive temperature sites per catheter is limited,

o The spatial distribution of invasive thermometry is always a sum of local linear maps
(multi-point temperature measurements in mainly straight catheters).

With the assumption of lem’ tissue temperature information per invasive site, the order of
coverage of the treatment volume is 1%. These limitations can have an effect on the accuracy of
the thermal dose parameters and influence correlation relationships. Some efforts have been made
io overcome the first two limitations: e.g. the clinical use of non-invasive temperature techniques
(Bertsch er al. (1998); Delannoy ef al. (1991)) and corections in temperature distributions
{Bdelstein-Keshet er al. (1989)) in spherically shaped tumours. However, these solutions are only
applicable in specific cases. Therefore, the use of currently available clinical thermometry in
thermal dose calculations is of limited value and the search for the ultimate thermal dose
parameter with the strongest association with response cannot be successful with the current
quality of thermometry since ihe outcome of such analyses is still strongly data-dependent and

dependent on the random fluctuations in the noise of each parameter.

To investigate the usefulness of the more basic ‘thermal dose’ parameters like T, T and
T\o0 Calculations were performed using Stata® on temperature data from a selection of patients
treated with superficial hyperthermia in our section. Each treatment lasted 60 minutes. The data
set contained temperature measurements from:

¢ 176 patients;,
o 137 treatments,
* 6.5 {reatments per treatment series (std: 2.1);

e an average of 20.2 temperature sites, (range 9 — 24), std: 3.3 of which
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o 10.9 invasively (4.8 in tumour) located sites and

o an average of 53 readings per site per treatment (std: 22).

In the calculations presented hereafler, the first 10 minutes of the treatments are excluded from
the analyses to eliminate side effects from the warming-up period.

Since the Ty, and Ty, are estimates of the minimum respectively maximum temperature, it is
important to have an understanding of the‘ shape of the temperature distribution. It is often the
case that biological data follow the Normal distribution (Campbell and Machin, (1993)). The
temperature data set is therefore analysed on its resemblance to the Normal distribution. To
implement this, the quantile-Normal plot, which emphasizes the tails of the Normal distribution,
was used. The straight line in this plot represents the Normal distribution, Figure 10.2 shows
quantile-Normal plois of the average temperature per invasive temperature sife per treatinent
from nine randomly selected patient treatment series.

The quantile-Normal plots of patient numbers 208, 338, 477 and 604 show significant
deviations from the Normal distribution. In patient 723 the quality of invasive thermometry is
very poor. For five out of nine temperature distributions, the minimum or maximum temperature
falls outside the Normal distribution. However, the Ty, and Ty, in these distributions fail within
the Normal distribution. but since these parameters do not represent the ultimate thermal dose
parameters, it is conceivable that other temperature based parameters like the T,, or T,, can be
used instead.

The interdependence of the Ty, Ty, average temperature T,, and T,,,, i3 given in a matrix plot
(figure 10.3). This plot clearly shows that the T,, and T,, are strongly corretated which makes
their use interchangeable in a comparison of different temperature analyses. This is also the case
for the T, and T,, However, the qualitative correlation between the Ty, and T, 1s of more
importance. The T, (based on the average temperature per invasive site) follows the Normal
distribution relatively well (figure 10.2). If we take into account the T,y- and T, -dependence on
statistically based fluctuations (e.g. the number of temperature sites), the Ts, plus a measure for

deviation are favoured from a statistical point of view and inform us equally well.,

? Stata Corporation, 702 University Drive East, College station, TX 77840, USA
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figure 10.2: Quantile-Normal plots of the Ty, per site per treatment over all invasive sites. Nine
randomly selected patient treatment series are plotted.
The temperatures are handled in ten-fold to reduce PC memory usage.

%0
588 R
@) L *
«@o y TS)
=],
e ”
N -
Pl
EM M Tav
.. o
s . - ks
Ry .
o W y f 120
al v v 2
), h . i s
S dut il ;i ;
. .‘-'. Tio
EE O EE O S I ) Eg T =f

Invasive temp. sites per treatment

figure 10.3: Interdependence mairix plot. Each dot represents a thermal dose parameter calculated
per temperature site per treatment. The parameters are Ty, Ty, T,., Tz and Ty,



132 Chapter 10

Although a correlation between Ty, and the number of infra-tumour temperature sites has been
reported, this could not be confirmed in our current data set. A plausible reason for this could be
the larger number of invasive temperature sites used. This amount was similar to that as reported
by Hand ef al. (1997) who did not find a comrelation between Ty, and the number of sites. In the
current data set, WGA, LCA and CSA antennae have been used. The radiation characteristics of
the LCA and CSA differ significantly from that of the WGA, this may have contributed to this

non-reproducible result,

Closing remarks With the current available quality of invasive thermometry, it has been
possible to make basic clinical verification of technical improvements (chapter 8). However, with
the current level of treatment volumetric coverage it will be difficult to clinically confirm small
technical differences as we showed it the technical comparison of SAR from the LCA and CSA
(chapter 7).

With the current treatment planning tools it will be pessible in the future to map modelled
fine-meshed temperature distributions onto coarse clinically measured temperature data. When
this technique becomes available, higher quality thermal dosimetry can be made available. Also,
the possibility of non-invasive thermometry by MRI will boost know-how on the concept of
thermal dose (Carter ef al. (1998)) and last but not least the functionality of hyperthermia in
general,

Concerning the dependence of the thermal dose parameters with variables other than time and
temperature, it is essential that further biological research, with clinical backup, should be done.
Only then can more know-how be obtained on the influence of non-hyperthermia treatment-

related paraineters on cell kill, which plays a significant role in clinical thermal dosimetry.

103 The consideration of whether thermal dose-response studies should take place prior to the
commencement of phase Il studies

The rationale to quantify the effect of hyperthermia is beyond discussion. Biclogical in vitro
studies have clearly shown that hyperthermia is effective in cell kill. fn wivo studies on
hyperthermia alone and radiation with or without hyperthermia have demonstrated a thermal

dose-response relationship (Dahl, (1982); Dewhirst et al. (1982); Denman ef al. (1991);
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MecChesney Gillette et al. (1992); Frew ef al. (1995); Meijnders, (1998); Stubbs and Griffiths,
(1999)). However, these in vivo studies are based on non-lnuman data and are somewhat limited
as to direct human clinical relevance. We have already discussed that in clinical (human)
hyperthermia the question of quality is as yet impossible to define due to clinically limiting or
confounding factors. However, if technical or clinical progress in hyperthermia is to be
monitored, we need a hyperthermic parameter that is capable of dealing with known confounding
factors. Human-based clinical prospective phase T/II hyperthermia studies may help in that

respect i the confounding factors from clinical (invasive) thermometry can be dealt with,

The importance of thermal dose-response studies In the Unites States of America, phase I/l
studies on thermal dose-response prevail over the utilisation of the currently available new
hyperthermic technologies for phase I11 studies (Emami ef al. (1991); Dewhirst ef al. (1997)). In
general, clinictans are reluctant to start phase III studies. The main reason was the outcome of
two American phase I frials (running from 1981 — 1987 respectively 1986 - 1992) that
compared radiation alone to the combination of radiation plus hyperthermia (Perez ef al. (1989);
Perez et al. (1991); Emami ef al. (1996)) and which failed to show a benefit from the addition of
hyperthermia. In their analyses, it was shown that the temperature targets were not met in the
majority of the hyperthermia treatments. The equipment used apparently was not capable of
producing édequate heat in the treatment volumes and they concluded that this failure was the
main reasen hyperthermia appeared not o be beneficial. If a sound concept for thermal dose can
be defined, this parameter will automatically reflect the technical quality of the hyperthermic
treatments. One of the main problems is that if a thermal dose parameter has {o be tested under
clinical circumstances in phase I/H studies, one has to prescribe & (yet unknown) hyperthermic
underdose to a subgroup of the cancer patienis under study in order to correlate it with response
over the whole clinical hyperthermic dose range. From an ethical point of view this could be

considered not to be a viable option.

The justification of running phase I siudies A different approach (o estimate hyperthermic
quality is by comparing patient- and treatment-related characteristics in different patient groups.

If for a certain tumour type the addition of hyperthermia to the primary treatment resulis in an
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improved CR rate and another tumour type has comparable initial CR rates after the primary
treatment, one can anficipate the same improved CR rate through the addition of hyperthermia if
at least the same technical quality for this type of hyperthermic application is available.

In the period 1980 — 1990, either new equipment became available or its limitations were
better understood (Lagendijk, (1983); Turmer, (1984)). Also promising results from superficial
aird interstitial hyperthermia studies were reported (Aristizabal and Oleson, (1984); Van der Zee
ef al. (1988); Van der Zee ef al. {1992)). This resulted in new phase Il studies carried out using
the efficacy of the new ‘second generation’ techniques in the freatment of specific tumour groups,
The rationale to start the Dutch Phase TII study on treatment of inoperable pelvic tumours by
radiotherapy (RT) with or without deep regional hyperthenmia was:

L. For patients with inoperable pelvic tumours, RT alone gives relative low CR rates.

2, Our basic temperature analyses of superficial hyperthermia treatments of recurrent
breast cancer show relatively low values (imean invasive temperature 40.9 °C). The CR
rates for radiation alone are relatively low. The combined freatment of RT plus
hyperthermia appears (o be highly beneficial (Vernon ef al. (1996)).

3. With radiative ‘second generation® hyperthermia equipment Myersen ef af. (Myerson
ef al. (1990a);, Myerson e al. {1996)) measured temperatures comparable {o our
superficial hyperthermia treatment temperatures,

4, Even if an adequate hyperthermia treatment can be given to only a part of a patient
group, improvement in CR can be expected for the whole group as we have seen in our
study on treatment of recwrent breast cancer with RT plus HT (chapter 2, this thesis).

5. Solid proof was needed to establish a generally approved position in regular health

care.

This study, and other recent phase III studies, using current state-of-the-art equipment, has
shown a positive effect of hyperthermia in a combined treatment modality for both palliative and
curative hyperthermia treatment set ups (Overgaard ef al. (1995); Sneed et al. (1998); Van der
Zee ef al. (1999)). In these second series of phase III studies, a critical attitude towards technical

(im)possibilities was credit to their clinical success. Application of the Quality Assurance
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guidelines from the European Society of Hyperthermic Oncology (ESHO) (Hand ef al. (1989))

and RTOG (Dewhirst ef af. (1990)) made certain that a minimal technical quality was guaranteed,

Pros and cons of phase I and phase I studies The disappointing results from the first series
of phase III studies have led to believe that the potential of hyperthermia can only be fully
exploited if one can assure a certain minimal thermal dose, i.e. thermal quality. Some {American)
groups believe that a second series of phase III studies with a negative result for the addition of
hyperthermia will result in a total halt of hyperthermia research and they recommend that phase
I0 studies are initinted only affer methods are developed that allow for optimal treatment
{Dewhirst, (1996)). Whilst from 1993 onwards the first positive results from the Duich deep
hyperthermia Phase III study were made public (during the 13" Meceting of the North American
Hyperthermic Society in Nashville 1994 and by (De Wit ef al(1994a,b); Van der Zee and
Gonzalez Gonzdlez, (1995); Van der Zee ef al.(1996)), still in 1996 a negative attitude continued
to exist towards the application of deep regional hyperthermia because of the apparently
insufficient technical quality (Gibbs, Jr. (1996)) and the uncertainty in providing an optimal
treatment (Seegenschmiedt and Feldmann, (1996)).

If a clear propoesal with well-founded (technical and clinical) boundary conditions for the
application of hyperthermia is made, progress can be made in the treatment of cancer with
hyperthermia, even in the cases whereby a beneficial contribution from hyperthermia is not
found. The development of QA guidelines (Hand ef of. (1989); Dewhirst ef af. (1990}) were an
indirect result of former (unsuccessful) experiences in applications of hyperthermia. If one can
assure a minimal quality of a freatment modality by means of QA guidelines, the chance of a
phase I failure is substantially diminished. On the one hand, the consequence of conducling a
phase TIT study on specific cancer types, guided by yet imsufficiently defined QA guidelines
which could result in the conclusion that hyperthermia is not beneficial, is far-reaching and could
effect the applications of hyperthermia in other fields {due to mechanisms of non-scientific
nature). On the other hand, if no phase HI study is initiated at all, the scientific {and financial)
support for hyperthermia could soon significantly diminish.

The question of a) whether the more theoretically based (American) approach of assurance of a

minimum thermal dose before applying hyperthermia clinically or b the more pragmatic attitude
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in the {(Buropean) approach in heating up to the maximum tolerance will result in a long term

acceptance of hyperthermia in the treatment of well-defined cases of cancer is still to be answered

in the current decade.

10.4  Future research possibilities based on current presented resulfs

This thesis describes a series of studies involving the development of superficial hyperthermia
antennae. These studies were performed as a result of funding by the Duich Cancer Society
project entitled ‘Clinical verification and optimisation of the quality of hyperthermic treatment of
large superficial tumours of the chest wall’ (grant DDHK 93-603).

We encountered two recwring problems relating to the different studies: a) the lack of
appropriate technical QA guidelines for evaluating arrays of antennae for superficial
hyperthermia and b) how to perform simple and adequate clinical studies to evaluate technical
improvements,

Recently, technical QA guidelines for deep regional hyperthermia have been formulated,
However, the specific demands for deep regional‘hyperthemﬁa cannot be transferred into the field
of superficial hyperthermia. The current available superficial hyperthermia QA guidelines do not
cover the (RF-radiating) multi-element non-coherent antenna array techniques. Reporis on these
systems show a wide variety of ideas in addressing the possibilities and restrictions (Auger ef al.
(£993); Diederich and Stauffer, (1993); Ryan ef al. (1995); Rietveld ef a/. (1996); Gelvich ef al.
{1996); Rietveld et al. (1998); Tharp and Roemer, (1992); Stauffer ef al. (1998)). An update of
QA guidelines for superficial hyperthermic equipment dealing with current available antennae
techniques and modelling capabilities is badly needed on short term. Only then can one properly
exploit the possibilitiecs of current and future state-of-the-art (superficial) hyperthermia
techniques.

The first results from the use of FDTD-based modelling of superficial LCAs, as shown in this
thesis (chapter 9), are promising. Consequenily, clinically relevant set-ups in superficial
hyperthermic applications can be modelled. In particutar, the cross coupling between the different
antennag can be studied and optimisation routines can be developed that enhance non-interactive
handling of antennae in an array. Also the effect on local SAR from a finite waterbolus or tissue

inhomogeneities can be studied in detail. When FDTD-modelling of smaller CSA becomes
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available, more thorough analyses of the two superficial antenna types can be performed
including modelled 3D-temperature distribution analyses.
The next steps in quality quantification hyperthermia research are:
o Incorporation of SAR/temperature medelling in the process of optimisation during
treatinent.
* The use of non-invasive MRI techniques in temperature monitoring which will validate

current modelling results.

Despite the fact that still many problems have to be solved, the current status of hyperthermia

research justifies its role in regular public health service in Europe.
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Summary

In this thesis we have presented technical and clinical results from research in mainly

superficial hyperthermia.

The basis for this research project was formed by the analyses of clinical superficial
hyperthermia data obtained from two different heating techniques {(chapter 2). The main
conclusion from this study was that reirradiation with hyperthermia in recurrent breast cancer
resulted in a worthwhile local palliation. The overall complete response (CR) rate was 58%
for the original technique (2450 MHz) and 74% for the new technique, using water-filled
waveguide applicators (W(GAs) operated at 433 MHz. A remarkable difference in CR was
found as finction of maximum tumour diameter (€ 3 em or >3 em): for the small tumours the
CR was 287%, for large tumours the CR was 31% (2450 MHz) or 65% (433 MHz). We
concluded that smail tumours were properly heated, but even with the improved technical
qualities of the 433 MHz system, the larger tumours responded less well. An additional
technical improvement was needed. A research project proposal titled ‘Clinical verification
and optimisationt of the quality of hyperthermic treatment of large superficial tumors of the
chest wall' was granted by the Dutch Cancer Societly (grani DDHK 93-603) and formed the

backbone of this thesis,

The basic method used to monitor clinical hyperthermic quality is that of measuring the
temperature during freatment. However, under clinical circumstances, practical limitations of
invasive thermometry exist. They are discussed in chapter 3 and the value of invasive
thermometry for optimisation of the treatment appeared limited. Due to the relatively low
number of temperature sites over the treatment volume, the caleulated thermal dose

parameters are considered to be of limited value. The problem of validation of thermal dose
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calculations is addressed more extensively the General Discussion {chapter 10). To quantify
antenna quality more accurately, a technical SAR-based evaluation of antenna characteristics

was carried out first,

In chapter 4 we presented the first results from a new type of 433 MHz antenna, the
Lucite Cone Applicator (LCA). Quality was calculated from SAR distributions from antennae
radiating in muscle-equivalent tissue. In an attempt to improve the quality of superficial
hyperthermia treatments of larger tumours, we modified a conventional waveguide antenna
(aperture 10x10 cmm?) which increased its effective field size (EFS) from 32 em? to 100 cnt’
This was obtained through replacement of the diverging metal sidewalls that are parallel with
the dominant E-field by Lucite and inserting a PVC cone in the aperture, During experiments
with different dimensions of waterboli, which couple the radiation to the patient, strong

influences on the EFS were found,

Based on this improvement, the SAR distributions from arrays of antennae were
investigated by means of thermographical (TG) imaging and Gaussian beam (GB) modelling
{chapter 5). Firstly, the SAR profiles along the principal planes were measured with a sinall
dipole and compared with TG-measured SAR values, These dipole data were used as input for
the GB modelling. The GB modelling is capable of calculating SAR distributions from 1D-
layered structures, so its major drawback is the impossibility of modelling finite shaped water
layers (i.e. waterboli}. Using a large waterbolus in the TG-measured SAR distribution gave a
proper match with the GB-predicted SAR distribution from a single LCA. Secondly, SAR
distributions at 1 om depth in muscle-equivalent tissue from 2x1 arrays of LCA were TG-
measured, GB-predicted and compared. For clinical settings the differences between TG-
measured and GB-predicted SAR distributions were acceptable although we measured some

interaction between the LCAs in the aray,

In chapter 6, we investigated 2x2 arrays of LCAs in different E-fleld orfentated
configurations. The GB model was used to predict SAR distributions from incoherently
equally powered antennae. In the case of a clockwise-orientated E-field configuration, the
maximun EFS was found that covered almost the entire aperture. Also the problem of
antenna interaction was addressed. TG-measured SAR distributions showed that adjacent
antennae moved the local maximum SAR towards the outer lucite aperture boundaries. The
GB model does not take mutnal interactions into account. However, the difference between

TG-measured and GB-predicted SAR distributions was less equal than 15% on average and
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dropped to 12% when an additional spacing of 2 cm was added to decrease anterma
interactions. Especially in the more important EFS area, the difference decreased to 9% after
implementing the 2 cm inferspace in the clockwise-orientated B-field configured 2x2 LCA-
array. From these (GB-modelled) results we concluded that the LCA was a technical better

anienna than the WGA.

A second important item in the project was to find out the relevance of high spatial
resolution in power control in optimising treatment quality. This can decrease penetration
depth (PD}. The Cutrent Sheet Applicator {CSA) was developed into a clinical applicable
anterna (aperture 6.6x7.5 cm?®) and technically compared with the LCA {chapter 7). The CSA
represented the small antenna capable of relative high spatial adaptation of power at the cost
of 2 mm GB-predicted PD compared that of the LCA, Further technical comparison was
based on field sizes (FS) of 50% (i.e. EFS), 75% and 25% SAR at either T cm depth in
niuscle-equivalent tissue or over a 3 cm deep volume covering the array aperture. For a single
LCA and CSA, the EFS measured 69% respectively 57%. The SAR homogeneity coefficient
{HC=FS,,/FS,;) for both single antennae was about equal, The comparison based on 2x2 LCA
array and 3x3 CSA array GB predicted SAR distributions showed an increase of EFS to 75%
respectively 72% and an increase of HC from 0,2 to 0.3. This indicated that a summation of
single SAR distributions in an array application of both LCA and CSA resulted in
constructively hefter SAR distribution. We concluded that the LCA and CSA performed

technical equally well.

Based on the results from the GB-predicted SAR distributions from 2x2 LCA arrays, a
clinical intra-patient study was set up in which the L.CA was compared with the WGA to find
out to what extent the technical improvements would be reflected in the power and
temperature distributions, Although the BFS was about 3 times larger for the LCA compared
to that of the WGA, the average power per LCA only inereased by about 30%. The invasively
measured temperatures increased by 0.27 °C on average. Since the main SAR difference
between the two systems was found in the periphery of the anfenna aperture, we analysed the
temperature difference between the centre and the periphery of the aperture. For the WGA the
average temperature in the centre of the aperture was 0.43 °C higher than in the periphery,
while for the LCA this difference was —0.05 °C. This meant that the LCAs heated more

wniformly than the WGAs. The minimum temperatures remained unchanged. From these
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results we concluded that the LCA was clinically superior to the WGA. The LCA became

therefore our new standard antenna for superficial hyperthermia.

From basic GB modelling of the LCA and basic temperature analyses of clinical data
from LCA and WGA treatments we concluded that the LCA was superior. However, there are
still questions to be answered: what is the optimal waterbolus size for clinical applications
with the LCA, which problems generate mutual antenna inferactions under clinical
circumstances and why is the increase in temperature relatively small compared to the clinical
resulis using the WGA? Since TG measurements of SAR are cumbersome and relatively slow
when dealing with array applications of antennae, we started research on more sophisticated
SAR modelling by means of Finite-Difference Time-Domain (FDTD) caleulus. Chapter 9
presents the first resulis of modelling the LCA with FDTD. Special attention was paid to
modelling the diverging metal sidewalls. The ‘diagonally split cell model’ was implemented
on fhese sidewalls. Furthennore, it was found that modelling the Lucite cover in front of the
antenna plays an important role for the calculations. Taking these two points into
consideration, the FDTD-predicted SAR distribution of the LCA at 1cm depth in a flat,
homogencous, muscle-equivalent phantom became comparable to that of the TG-measured

SAR distributions,

The- first FDTD results encouraged us to set up additional research in FDTD-
calculations in the near future, which will include a thorough parameter study. Firstly, this
study will be concerned with waterbolus size effects on the SAR distribution and typical side
effects (e.g. mutual interaction} in array applications of the LCA and secondly it will
concentrate more on clinically-orientated situations involving array applications on (curved)
3D tissue geometries, We expect that this study will push the quality of superficial
hyperthernia treatments of especially the larger chest wall recurrences of breast cancer to a
higher level and eventually will result in an improved CR rate comparable to that found for

smaller lesions that are treated with low dose radiotherapy plus hyperthermia.



Samenvatting

In dit proefschrift worden technische en klinische resultaten gepresenteerd van onderzock gedaan in
voornamelijk oppervlakkige hyperthermie,

De basis voor dit onderzoek werd gevormd door de analyse van gegevens van opperviakkige
hyperthermiebehandelingen waarin  twee verschillende verwarmingstechnieken werden vergeleken
(heofdstuk 2). De belangrijkste conclusie van dat onderzoek was dat de combinatie van een lage dosis
bestraling en hyperthermic bij de behandeling van terugkomende borstkanker leidde fot waardevolle
klachtenverminderingen. De gecombineerde behandeling sloeg aan {d.w.z. gaf een complete respons (CR))
bij 58% van de patiénten indien de oude techniek werd gebruikt (frequentie 2450 MHz) en bij 74% indien
de nieuwe techniek werd gebruikt van Watergevulde GolfpijpAntennes (WGAs, frequentie 433 MHz). Een
opmerkelijk verschil in CR werd gevonden als functie van de tumordiameter (kleiner gelijk dan 3 em of
groter dan 3 em); voor de kleine tumoren was de CR 87%, voor de grote tumoren was de CR 31% (2450
MHz) of 65% (433 MHz). We concludeerden dat de kleine tumoren goed konden worden verwanmd maar
dat zelfs met de verbeterde technische kwaliteiten van het 433 MHz sysieem, de grotere tumoren slechter
reageerden op de gecombineerde behandeling dan de kleine tumoren. Een aanvullende technische
verbetering was gewenst, Ben onderzoeksproject getiteld “Klinische verificatie en optimalisatie van de
kwaliteit van hypertherme behandelingen van grote oppervlakkige tumoren van de borstkast” werd
financieel gehonoreerd door de Nederlandse Kankerbestrijding-Koningin Withelmina Fonds (project
DDHEK 93-603). Dit project vormde de ruggengraat van dit proefschrift.

De eenvoudigste methode om de kwaliteit van de hyperthermiebehandeling te bekijken, is door
femperaturen te meten lijdens de behandeling. Er zijn echter klinische omstandigheden die tot praktische
beperkingen leiden bij inwendige temperatuurmetingen. We behandelen deze beperkingen in hoofdstuk 3,
De waarde van inwendige temperatuntrmetingen voor het optimaliseren van de behandeling bleken beperkt.
Door het relatief lage aantal meetpunten in het behandelingsgebied, zijn de berekends hyperthermie
dosisgetallen van beperkie waarde. Dit probleem wordt verder uiigewerkt in hoofdstuk 10. Om het gemis
in kwaliteit van temperatuurmetingen in de kiinick te omzeilen, is geckozen om eerst een basale technische
evaluatie van aanpassingen in de applicatie it te voeren.

In hoofdstuk 4 hebben we de eerste resuliaten gepresenteerd van een nieuw type 433 MHz antenne,
de Lucite Cone Applicator (LCA) met een antenneopening van 10*I0cm? De kwaliteit van deze antenne
werd berekend van SAR-verdelingen in materiaal met spierequivalente eigenschappen. In een poging de
kwaliteil van oppervlakkige hyperthermicbehandelingen van grofe tumoren te verbeteren, hebben we de
WGA aangepast wal leidde tot een verhoging van de effectieve veldgrootte (EFS) van 32 cm? tot 100 cm?,
Dit werd bereikt door de metalen divergerende zijwanden welke parallel lopen aan het dominante
elektrische veld te vervangen door perspex. Tevens werd een PVC kegel in de antenneopening geplaatst.
Ttjdens experimenten waarbij verschillende grootte waterbolussen werden gebruikt, die voor een koppeling
zorgen van antenne naar patitnt, bleek dat deze variaties sterke invlioed hadden op de EFS.

Gebaseerd op deze verbeteringen, werden thermografische (TG) gemeten en Gaussian beam (GB)
berekende SAR distributies onderzocht (hoofdstuk 5). Eerst werden de SAR-profielen in de hoofdviakken
gemeten met een kleine dipoclantenne en deze waarden werden vergeleken met TG-gemeten SAR-
waarden. De dipoolgemeten data diende als invoer voor de GB-berekeningen. GB-berekeningen kunnen
informatie geven over SAR-verdelingen van 1-dimensionaal gelaagde structuren. De grootste tekortkoming
van het GB-model is het gebrek om het effect van een eindipe awaterlaag (d.w.z. een waterbolus) in het
model op te nemen. Door het gebruik van een grote waterbolus in de TG-gemeten SAR-verdelingen, werd
een goede overeenkomst gevonden met de GB-berekende SAR-verdeling. Vervolgens werden de SAR-
verdelingen op 1 cm diepte in spicrequivalent weefsel gemeten (TG) en berckend (GB). Deze verdelingen
werden vervolgens vergeleken. Onder klinische voorwaarden waren de verschillen fussen de TG- en GB-
SAR-verdelingen acceptabel. Bij de TG-gemeten SAR verdelingen werd een interactie tussen de twee
LCAs gevonden die de verdeling beinvloedde.

In hoofdstuk & hebben we de eigenschappen onderzocht van een 2x2 array van LCAs die in
onderling verschillende E-veld oriéntaties waren geconfigureerd. Het GB-model werd gebruikt om SAR
distributies te berckenen van incoherente aangestuurde antennes met een gelijke vermogensinstelling.
indien de kloksgewijze E-veldconfiguratic werd toegepast, werd de maximale EFS voor ¢en 2x2 array van
LCAs gevonden. Dit effectieve veld bedekte bijna de gehele opperviakie van de array. Ook werd het
probleem van de enderlinge antennewisselwerking bestudeerd, TG-gemeten SAR verdelingen lieten zien
dat bij aangrenzende antennes de lokale SAR maxima werden verschoven naar de perspexbuitenzijde van
de antenneopening. Hoewel het GB-model geen rekening houdt met onderlinge antennewisselwerkingen,
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was het verschil tussen de TG-gemeten en GB-berekende SAR verdelingen gemiddeld kleiner dan 15%.
Het verschil verminderde tot [2% als een 2 cin grote tussenruimte tussen de antennes in de array werd
toegevoegd om de wisselwerking te verminderen, In het SAR domein van de EFS werd het verschil 9% na
de implementatie van de 2 cm tussenruimte voor de kloksgewijze E-veld configuratie van de 2x2 L.CA
array. Gebaseerd op deze resultaten concludeerden we dat de LCA technisch beter was dan de WGA.

Een tweede onderdeel binnen het project was het uitzoeken van het belang van een hoge ruimtelijke
resolutie in vermogenssturing bij het optimaliseren van de behandeling. Dit gaat mogelijk ten koste van
indringdiepte (PD} van de straling, De ‘kleine' Current Sheet Applicator (CSA) werd geschikt gemaakd
voor gebruik in de kiiniek (antenneopening 6.6%7.5 cm?) en vergeleken met de ‘grote’ LCA (hoofdstuk 7).
De GB-berekende PD van de CSA bedroeg 2 mm minder dan die van de LCA. De technische vergelijking
van de twee antennetypes was gebaseerd op veldgroottes (FS) van 50% SAR (EFS), 75% en 25% SAR op
ofivel 1 em diepte in spierequivalent weefsel ofwel over een volume van 3 cm diep opgespannen door de
array, Voor één LCA en CSA bedroeg de EFS respectievelik 69% en 357%. De SAR
homogeniteitcoéfficiént (HC=FS,J/FS;;) was voor beide antennes nagenoeg gelijk. De vergelijkingen
gebaseerd op GB-berekeningen van een 2x2 LCA-array en een 3x3 CSA-array toonden een verhoging in
de EFS tot 75% respectievelijk 72% en cen verhoging in de HC van 0.2 tot 0.3, Dit geefi aan dat een
sommatie van individucle SAR distributies in een array-applicatie voor zowel de LCA als de CSA leidde
tot een constructief verbeterde SAR verdeling. We concludeerden dat de LCA en CSA technisch
gelijkwaardige antennes zijn.

Gebaseerd op de resultaten van de GB-berckende SAR verdelingen van 2x2 LCA arrays, werd een
klinisch intra-patiénten onderzoek opgezet waarbij de LCA werd vergeleken met de WGA {hoofdstuk 8),
Hieruit moest duidelijk worden in hoeverre een technische verbetering zou leiden tot gewijzigde
verniogens- en temperatuurverdelingen, Hoewel de EFS van de LLCA ongeveer 3 maal zo groot is als die
van de WGA, nam het gemiddelde vermogen per LCA slechts toe met ongeveer 30%. De gemiddelde
invasief gemeten temperatuur werd 0.27°C hoger. Omdat het verschil in de SAR-verdeling van de twee
systemen voomamelijk in de buitenrand van de antenneopening zil, hebben we het temperatuurverschil
tussen centrunt en periferie onder de antenneopening geanalyseerd. Voor de WGA was de gemiddelde
temperatuur in het centrum 0.43°C hoger dan in de periferie terwijl voor de LCA het temperatbuurvesschil -
0.05°C bedroeg. Dit betekent daf de LCAs meer wniform verwarmen dan de WGAs. De minimum
temperatuur bleef echter ongewijzigd. Een statistische analyse van deze gegevens resulieerde in een
significant verschil dus de LCA was klinisch superieur aan de WGA. De LCA werd dan ook tot
standaardantenne gekozen voor opperviakkige hyperthermie,

Middels e¢envoudige GB-modelberckeningen aan de LCA en middels temperatuuranalyses van
klinische data verkregen met LCAs of WGAs, hebben we geconcludeerd dat de LCA beter was dan de
WGA. Er zijn echter nog een asntal vragen die moeten worden beantwoord: wat is de optimale afmeting
van de waterbolus bij gebruik van de LCA, welke problemen in de kliniek worden veroorzaakt door
onderlinge wisselwerkingen tussen de antennes en waarom is de verhoging van de gemiddelde invasief
gemeten temperatuur bij pebruik van de LCAs relatief klein t.o.v. de WGAs? Omdat TG-melingen van de
SAR relatief moeilijk zijn en langzaam gaan indien klinische applicaties worden gesimuleerd, hebben we
onderzoek gestart naar het gebrik van ¢en meer geavanceerd SAR-bepalend rekenmodel, de Finite-
Difference Time-Domain (FDTD) methodick. In hoofdstuk 9 presenteren we de eerste resultaten voor de
LCA van deze berekeningstechniek. Er werd speciale aandacht besteed aan het correct modelleren van de
divergerende metalen wanden. Het ‘diagonally split cell model’ werd toegepast om een opfimale
represenfatie te krijgen. Ook bleek dat de perspex plaat in de andenneopening een grote invloed had op de
berekende SAR distributie. Rekeninghoudend met deze twee specifieke problemen, bleken de FDTD-
berekende SAR distributies op 1 cm diepte in spierequivalent fantoom van een LCA goed overeen te
komen met de TG-gemeten SAR distributies.

De eerste FDTD-resultaten hebben ons bemoedigend om het FDTD-onderzoek verder uit te werken
in de nabije tockomst in de richting van een gedetailleerd onderzoek. In deze studie zullen we ons eerst
richten op het effect van de waterbolus op de SAR verdeling als fonctie van de afmetingen, de onderlinge
antermewisselwerkingen in een array applicatie van de LCA en vervolgens zullen we ons concentreren op
meer klinisch-relevante situaties waarin de antenne arrays stralen op (gekromde) 3D-weelseldistributies.
We verwachten dat deze studie de kwaliteit zal verhogen van oppervlakkige hyperthermische applicaties
van grotere terugkomende borstkanker op de borstwand, Mogelijk kan dit leiden tot een verbeterde
complete respons welke vergelijkbaar is met die van kleinere borstkankertumoren die behandeld worden
met een lage dosis radiotherapie en hyperthermie,
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