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CHAPTERR 8. 

Interstitiall  hyperthermia plus external beam radiotherapy 
inn glioblastoma multiforme. 
Clinicall  experience using the Multi Electrode Current Source (MECS) System 

MCCMM Hulshof, BW Raaymakers, JJW Lagendijk, RW Koot, H Crezee, LJA 
Stalpers,, D Gonzalez Gonzalez. 

submitted d 

Abstract t 
Purpose:Purpose: Thermoradiotherapy has been shown in several randomized trials to 
increasee local control compared to radiotherapy alone. The first randomized study of 
interstitiall  hyperthermia in glioblastoma multiforme showed a survival benefit for 
hyperthermia,, although small. Improvement of the heating technique could lead to 
improvedd results. The purpose of this study is to present the clinical and thermal data 
off  an improved interstitial hyperthermia system. 
MethodsMethods and Materials: Six patients with a glioblastoma multiforme were treated 
withh interstitial hyperthermia using Multi Electrode Current Source Interstitial 
Hyperthermiaa (MECS-IHT) system. The MECS-IHT system has the capability of 
spatiall  monitoring of temperature and individually steering of heating electrodes. 
Threee sessions were given aiming at a steady state temperature of 42°C for one hour, 
withh an interval of 3-4 days, during an external irradiation scheme of 60 Gy in 6 
weeks.. Hyperthermia was delivered with a mean of 10 catheters, 18 heating 
electrodess and 38 thermal probes per patient. 
Results:Results: Suboptimal temperatures were encountered in the first patients leading to 
adjustmentss in technique with subsequent improvement of thermal data. With a 
catheterr spacing of 11-12 mm, measurements yielded a mean T90, T50 and T10 of 
39.9°C,, 43.7°C and 45.2°C over three sessions in the last patient. The effective 
channell  power per electrode to reach this temperature distribution varied from 20-
30%% to 100% in each of the last four patients. Thermal data were reproducible over 
thee three sessions. Acute toxicity was minimal. 
Conclusions:Conclusions: The encountered large temperature heterogeneity stresses the 
importancee of spatial steering capabilities in brain tumors in order to reach an 
adequatee minimum tumor temperature without increasing excessively the maximum 
temperatures.. For the same reason however, adequate hyperthermia with the MECS-
IHTT system is limited to patients with small tumor volumes. 
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Introduction n 
GlioblastomaGlioblastoma Multiforme 
Thee long-term prognosis of patients with a glioblastoma multiforme (GBM) is poor 
withh a median survival between 7-12 months after treatment with surgery and 
externall  beam radiotherapy (EBRT) (1). EBRT prolongs survival compared to 
surgeryy alone although limited to a few months (2). However, local progression is 
stilll  the main cause of failure (3,4). For that reason, there is a need for a more 
effectivee and additive local treatment. 
ThermoradiationThermoradiation in brain tumors 
Hyperthermiaa is applied as adjuvant to radiotherapy for either potentiation of the 
radiationn effects or for its complementary effect (5). Three multicenters randomized 
trialss comparing EBRT alone with EBRT plus external hyperthermia HT in 
melanoma,, breast cancer and locally advanced pelvic tumors demonstrated 
significantt increased local control rates (6,7,8). Several nonrandomized studies in 
patientss with recurrent malignant brain tumors have shown the feasibility of selective 
brainn tumor heating using interstitial heat sources (9,10,11). Thermal dose, 
representedd by the T90 and T50 (temperature attained or exceeded by 90% and 50% 
off  measurements, representing the minimum and mean thermal dose, respectively) is 
thoughtt to be predictive of treatment outcome (12,13). A prospective randomized 
triall  of brachytherapy boost  interstitial hyperthermia (IHT) after conventional 
EBRTT for newly diagnosed GBM resulted in a significant but small (9 weeks) 
survivall  gain (14). Although overall toxicity was acceptable, early toxicity such as 
seizuress and transient aggravation of neurological symptoms was also increased. The 
meann cumulative equivalent minutes at 43°C reached in 90% of the tumor (CEM 
43°CT9o)) was 14.1 (0-771) minutes with variations between the mean minimum 
CEMM 43° and maximum CEM 43°C of 6.0 and 194 minutes. Although these data 
showedd that the mean temperatures just reached the minimal thermal dose of 10 
CEMM 43°CT9o required for a meaningful phase III trial, as had been estimated by 
Oleson,, it also showed the large existing temperature heterogeneity's (15). The 
authorss considered the thermal dose to be suboptimal, and they proceeded with 
anotherr trial to improve the thermal dose. Inadequacy of interstitial hyperthermia 
technologyy was also concluded by Emami et al, in a phase III study in non-brain 
tumors,, showing no additional beneficial effect over interstitial radiotherapy alone 
(16).. Vascular cooling and tissue heterogeneity in relation to the limited capability to 
controll  the power distribution, i.e. the Specific Absorption Rate (SAR), can result in 
inadequatee temperature dose uniformity's (17). Because the threshold for thermal 
damagee in normal brain tissue is considered to be 42.0 - 42.5 °C for 60 minutes (18), 
adequatee thermal dose control and uniformity is important. 
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TheThe MECS interstitial hyperthermia system 
Thee temperature uniformity in a tumor can be greatly improved by spatial control of 
thee SAR distribution using the new 3D controlled Multi-Electrode Current Source 
systemm for Interstitial Hyperthermia (MECS-IHT) system (19,20,21). The improved 
thermall  dose uniformity by the MECS-IHT system has been demonstrated in a 
clinicall  brain tumor study (22) and was further optimized in a phase I study for 
prostatee cancer (23). The MECS-IHT system employs applicators for both 
thermometryy and energy deposition. Each applicator contains multiple electrodes for 
heatt deposition, and the dutycycle (the effective channel power, which is dependent 
onn the ratio between the time the power is on and the full cycle time) of each 
electrodee can be steered individually. Further, each applicator has several 
thermocouplee sensors to monitor the temperature distribution. The applicators are 
insertedd in plastic catheters (6 french) and implanted in the treatment volume. The 
fulll  3D-temperature distribution can be calculated based on the tissue temperatures of 
thee thermocouples, the reconstruction of the location of the thermocouples in the 
specificc implant, and by using perfusion estimations from the thermometry data. This 
methodd was validated for MECS IHT treatments of the prostate by Raaymakers et al. 
(24). . 
Thee present study describes the first clinical experience in our institute with 
spatiallyy controlled IHT using the MECS-IHT system combined with conventional 
EBRTT in patients with a GBM. Both clinical and thermometry data are described. 

Methodss and materials 
Patients Patients 
Patientss eligible for the protocol were adults of 18 years and older with a 
Karnofskyy Performance Score of at least 70, and a histologically proven 
supratentoriall  glioblastoma multiforme technically suitable for catheter 
implantation.. Tumors had to be unifocal, circumscribed, < 4 cm in diameter and 
withoutt infiltration of the corpus callosum, thalamus or midline penetration on 
computedd tomography (CT) scan or magnetic resonance imaging (MRI). The local 
ethicall  committee approved the study and all patients gave informed consent. Six 
patientss were enrolled in this phase I-II study. The first two patients had a local, 
biopsyy proven progressive in-field recurrence of a glioblastoma multiforme at 7 
andd 12 months after surgery and conventional fractionated EBRT of 60 Gy. One of 
thee recurrent patients showed further progression after temozolomide. No re-
resectionn was performed at the time of recurrence. Only a biopsy was performed. 
Thee four following patients had a newly diagnosed GBM after a gross total 
resection.. Table 1 gives a summary of the patient characteristics. 
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Tablee 1 

no.. 1 
no.. 2 
no.. 3 
no.. 4 
no.. 5 
no.. 6 

.. Patient characteristics 
Tumorr status 

Recurrence e 
Recurrence e 
Primary y 
Primary y 
Primary y 
Primary y 

Age e 

51 1 
56 6 
55 5 
70 0 
56 6 
57 7 

Kps s 

90 0 
100 0 
80 0 
100 0 
100 0 
90 0 

Max. . 
pre-op p 
tumor r 
sizee in 
cm m 

2.5 5 
4.5 5 
4 4 
4 4 
3 3 
5.5 5 

Post-op p 
tumor r 
volume e 
incc. . 

19 9 
65 5 
19 9 
16 6 
3 3 
14 4 

Impla a 
nt t 
volum m 
ee in 
cc. . 

59 9 
71 1 
29 9 
18 8 
18 8 
26 6 

No.. of 
catheters s 

14 4 
16 6 
8 8 
7 7 
7 7 
9 9 

Time e 
progressionn on 
inn months 

11.55 (local) 
7.55 (distant) 
99 (local) 
155 (local) 
No o 
55 (marginal) 

to o 
CT T 

Survivall  in 
months s 

21.5 5 
8 8 
13 3 
17 7 
19* * 
5 5 

:: Aliv e 

ExternalExternal beam radiotherapy 
Radiotherapyy started at 25-33 days after surgery for newly diagnosed patients. The 
headd of the patient was fixed to the table with an individually made posicast mask. 
Conformal,, multiple field therapy was used to encompass the CT-simulator based 
contrast-enhancingg tumor with a margin of 1,5 cm. A total dose of 60 Gy was 
given,, specified at the isocenter, and administered mainly in daily fractions of 2 
Gy.. The fraction dose was increased to 4 Gy at the three days of IHT. For the two 
patientss with a recurrence after radiotherapy, the total dose was reduced to 35-38.5 
Gyy in fractions of 2,5 Gy. The radiation scheme was only interrupted at the day of 
implantation n 
ImplantationImplantation procedure 
Thee stereotactic catheter implantation was performed in the fourth or fifth week of 
radiation.. The MRI-based Surgiplan planning system (Elekta, Stockholm) was used 
forr calculation of the catheter position. The implantation procedure is described in 
moree detail by Koot et al. (25). Catheters were placed in the contrast enhancing 
areaa on MRI and up to 0-5 mm outside this area in all directions. In the last two 
patientss however, catheters were only placed in the outer rim of the contrast-
enhancingg area. In the first two patients, the spacing between the catheters was set 
att 1.5 cm. In the following patients the prescribed spacing was reduced to 1.3 cm 
andd in the last patient to 1.1 cm. Adjustments of the implantation technique were 
madee to increase both the minimal temperature and the temperature homogeneity 
inn the implanted volume, based on the relatively low temperatures achieved in the 
previouss patients according to the simulated spatial temperature distributions. 
Prophylacticc antibiotics and corticosteroids were prescribed. A postoperative CT-
scann was made to check the catheter positioning and to determine the exact 
positionn and length of the hyperthermia applicators for each individual catheter. 
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Catheterss were removed at the bedside immediately after the third session, that is 
10-111 days after implantation. Suturing of the skin holes was not performed. 
Patientss stayed in the hospital during the period of implant and were discharged the 
dayy after removal of the catheters. Corticosteroids were tapered in about one week. 
Noo chemotherapy was given. 
InterstitialInterstitial hyperthermia 
Hyperthermiaa started at the third day after implantation, directly after an external 
dosee of 4 Gy. A second and third hyperthermia session was performed with a 3- or 
4-dayss interval. Hyperthermia was mostly given in the 4-5th week of irradiation. 
Onlyy the first patient had hyperthermia in the first week. The goal was to achieve a 
temperaturee of 42.0 to 42,5 °C in all intratumoral temperature sensors for 45 
minutes.. Hyperthermia was executed with the mobile Multiple Electrode Current 
Sourcee Interstitial Hyperthermia (MECS-IHT) system, as described in the 
introduction.. The MECS-IHT delivers heat by a 27 MHz local current field. 
Applicators,, each containing a strand of electrodes (each 1.0-1.5 centimeter) and 
thermoprobes,, were inserted in the polyamide catheters (figure 1). Each electrode 
containedd at least two thermocouples with a mean of 1,9 electrodes per catheter. 
Outputt power of an electrode is either zero or maximal. The power deposition of 
electrodess is varied and controlled by varying the dutycycle of each individual 
electrode.. Hot spots could be avoided although a temperature increase will occur 
veryy near to each catheter. Further details of the MECS-IHT system are described 
elsewheree (19,20,21). Temperature was measured and monitored continuously for 
eachh thermal probe. To overcome the problem of self-heating of the thermoprobes 
byy the electrodes, tissue temperatures were obtained 3 to 5 seconds after 
temporarilyy switching off the power, which was repeated every 30 seconds (21,22). 
Thee power deposition was gradually increased in a period of approximately 15 
minutess to reach the optimal steady state temperature. Steady state was maintained 
forr at least one hour. The self regulating upper temperature limit was initially set at 
44°CC but raised to 45-46°C in the tumor center for the last patients when it became 
apparentt that sufficiently high peripheral temperatures could only be obtained by 
elevatingg the core temperatures. Because temperatures were inadequate in the first 
patientt despite a 100% power deposition, the power potentials per electrode were 
doubled,, and further increased after the third patient. Another 50% increase was 
achievedd by optimization of the generator system itself after the fifth patient. 
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Figg 1: Schematic picture of an applicator containing thermocouple 
sensorss and dual electrodes. 
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ThermalThermal dose calculation 
Temperaturess were measured in the tumor volume, the implanted volume and the 
peripherall  volume. The tumor volume was defined as the contrast enhancing area 
onn the MRI. The implanted volume represents the volume encompassed by the 
catheters.. The peripheral volume was defined by subtracting the tumor volume 
fromm the implanted volume. The temperature distribution was analyzed in two 
ways.. The first method was the conventional method via direct temperature 
measurementss in the catheters 3-5 seconds after power-off. The second method was 
too calculate the full 3D spatial temperature distribution. The calculation and its 
validationn were described in detail by Raaymakers et al (24). In summary, a 
thermall  model (26,27) is used with as many patient specific input parameters as 
available.. The patient specific anatomy and catheter implants were reconstructed 
fromm MRI. The temperature of each electrode is taken into account in order to 
determinee the 3D SAR distribution. The SAR distribution can not be calculated 
directlyy from the electrode powers, as these can not be measured correctly during 
treatment.. For correct temperature distributions the impact of blood flow has to be 
takenn into account by the thermal model. Preferably all blood vessels crossing the 
targett volume are modeled individually (17). Unfortunately MRA (Magnetic 
Resonnancee Angiogram) did not reveal any vasculature in the target volume of any 
patient.. However qualitative MR perfusion measurements showed that there was 
significantt perfusion present. Therefore the conventional heat-sink model (28) was 
usedd to model the impact of blood flow by simply using 1 parameter, namely the 
perfusion,, to describe the collective behavior of all blood vessels. For each 
treatmentt the patient specific perfusion is determined by using the thermal decay at 
thee end of the treatment. The rate of decay correlates with the perfusion. By 
comparingg the measured and simulated thermal decay the perfusion can be 
estimatedd without the disturbing contribution of thermal conduction, for details the 
readerr is referred to Raaymakers et al (24). 
Follow-up Follow-up 
Patientss were followed with contrast CT or MRI every three months. The 
neurologicall  examination, KPS, mini mental scale examination (MMSE), Barthel-
indexx for activities of daily living and the Rotterdam Symptom Checklist (RSCL) 
forr Quality of life were recorded. Overall survival and time to recurrence were 
calculatedd from the date of surgery in newly diagnosed patients or, in case of 
recurrentt patients, from the date of referral for hyperthermia. All patients were 
followedd until death or up to 31 December 2001. 
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Results s 

ClinicalClinical feasibility and toxicity 
Catheterr positioning did accurately encompass the contrast-enhancing lesion with 
marginss of 0-5 mm in 5 of the 6 patients. Only in the second patient the implant did 
nott encompass the complete macroscopic tumor at the site of ventricle extension. 
Noo hemorrhage or infections were encountered during or after implantation. 
Neurologicall  and general condition remained unchanged during the implant period 
forr all patients. The mean number of catheters per patient was 10.2 (7-16), 
containingg a mean of 19 individual heating electrodes and a mean of 38 thermal 
monitorss (table 2). 
Noo major acute side effects occurred during interstitial hyperthermia. No pain or 
anyy heat feeling was experienced. One patient had a minor focal epileptic fit (right 
hand)) during two minutes, which was probably caused by an temporary overheated 
electrodee (measured temperature of 47 °C). Down regulation of that electrode 
resolvedd the problem traceless within one minute. 

Tablee 2. Mean of temperatures measured (in °C) at 1-6 sec. after power off over three hyperthermia 
sessions. . 

Patiënt t 

No.. 1 
No.. 2 
No.. 3 
No.. 4 
No.. 5 
No.. 6 

No.. of 
electrodes s 

25 5 
27 7 
17 7 
14 4 
14 4 
18 8 

Timee after 
powerr off in 
seconds s 
1 1 
3 3 
2 2 
3 3 
3 3 
6 6 

Measured d 
T100 T50 T90 

42.7++ 1.3 
43.11 + 0.3 
46.11 + 0.1 
46.44 + 0.8 
43.22 + 0.6 
45.22 + 0.4 

39.44 + 0.3 
39.99 + 0.2 
42.88 + 0.2 
43.77 + 0.1 
41.2+1.4 4 
43.77 + 0.7 

37.55 + 0.1 
38.1+0.3 3 
39.11 + 0.3 
38.11 + 0.3 
37.77 + 0.1 
39.99 2 

Follow-upFollow-up and late toxicity 
Thee first patient, who had hyperthermia plus re-irradiation for a recurrent tumor, 
developedd a severe irreversible edema of the whole ipsilateral hemisphere within 
halff  a year after IHT, combined with changes in character and with severe 
cognitivee disorders. A limited local recurrence developed after a year and he died 
211 months after hyperthermia. The sixth patient developed a cyst in the resection 
cavity,, which was already present at start of hyperthermia. In the fourth and sixth 
patientt the MRI showed a hypodense track at a previous catheter position 
surroundedd by a 1-2 mm contrast enhanced ring suggesting central coagulation 
necrosis,, although a tumor recurrence along the catheter track could not be 
excluded. . 
Threee patients developed an in field recurrence (defined as an increased contrast 
enhancementt on MRI within the implant volume, with or without out-field 
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progression).. One patient had a marginal recurrence just outside the hyperthermia 
areaa without signs of in-field progression (no. 6), and one patient had a distant 
brainn recurrence (no. 2). One patient is free of disease after 15 months follow-up 
withh a KPS of 90. A re-operation was performed in one patient (no. 4), showing 
necrosiss combined with vital tumor. 

HyperthermiaHyperthermia technique and treatment parameters 
Averagee measured temperatures over three hyperthermia sessions are shown in 
tablee 2 and the average simulated 3-D temperature distributions in table 3. 
Increasedd temperatures were achieved in the subsequent patients. The measured 
T500 and T90 increased from 39.4°C and 37.5°C respectively in the first patient to 
43.7°CC and 39.9°C respectively in the last patient. The thermal doses in the first 
threee patients were felt to be suboptimal, despite dutycycles of 100% for most of 
thee electrodes, leading to adjustments in applied technique: A reduction of the 
catheterr spacing to 11-12 mm and an increase of the power potential per electrode. 

Tablee 3. Mean simulated spatial temperature distribution (in °C) over three sessions in the total 
implantt volume (tumor + margin), the tumor area (contrast enhancing lesion) and in the peripheral 
areaa of the implant volume (margin) 

No.. 1 
No.. 2 
No.. 3 
No.. 4 
No.. 5 
No.. 6 

Totall  implant volume 
T10 0 
39.2 2 
40.3 3 
40.8 8 
41.1 1 
41.7 7 
44.7 7 

T50 0 
38.1 1 
38.3 3 
39.3 3 
39.5 5 
39.8 8 
41.9 9 

T90 0 
37.0 0 
36.6 6 
37.9 9 
37.5 5 
38.2 2 
39.9 9 

Tumorr area 
T10 T10 
39.3 3 
40.5 5 
41.0 0 
40.7 7 
43.3 3 
45.8 8 

T50 0 
38.3 3 
38.5 5 
39.6 6 
39.4 4 
40.5 5 
42.8 8 

T90 0 
37.3 3 
36.9 9 
38.8 8 
38.3 3 
39.2 2 
40.8 8 

Peripherall  area 
T10 0 
39.1 1 
39.2 2 
40.5 5 
41.3 3 
41.3 3 
43.6 6 

T50 0 
38.0 0 
37.8 8 
38.6 6 
39.6 6 
39.7 7 
41 1 

T90 0 
36.9 9 
35.4 4 
37.3 3 
37.1 1 
38.1 1 
39.2 2 

Meann standard deviation of temperature distribution was 0.25 °C in the total implant, 0.33°C in the 
tumorr area and 0.21 °C in the peripheral area. 

Inn the consecutive patients satisfactory temperatures were achieved, with 
dutycycless per electrode varying between 25-75% of its capacity in the last patient 
(tablee 4).The patient specific thermal simulations showed a very steep thermal dose 
fall-offf  in the periphery of the tumor and a temperature drop to 39°C within 3-5 
mmm from the catheters in peripheral direction (figure 2). In general, large spatial 
temperaturee inhomogeneities were encountered with temperature drops between 
thee catheters up to 4°C. Inhomogeneities were also encountered between thermal 

i n n 



Chapterr 8 

probess within one catheter, despite the considerably varying dutycycles per 
electrode.. The reproducibility of the thermal doses during consecutive sessions was 
veryy good (see standard deviations of temperatures in table 2). Steady state 
temperaturee and power deposition was generally achieved within 10-15 minutes 
andd could be maintained easily for 60 minutes without major adjustments in power 
deposition. . 

Tablee 4. Duty cycles of the 18 electrodes per heat session in the last patient (no. 6) 

First t 

heat t 

Second d 

heat t 

Third d 

heat t 

65 5 

100 0 

15 5 

20 0 

30 0 

15 5 

85 5 

100 0 

80 0 

55 5 

100 0 

55 5 

80 0 

100 0 

35 5 

100 0 

100 0 

40 0 

35 5 

45 5 

15 5 

30 0 

40 0 

10 0 

20 0 

85 5 

50 0 

60 0 

30 0 

60 0 

70 0 

100 0 

70 0 

20 0 

45 5 

20 0 

70 0 

100 0 

60 0 

100 0 

75 5 

45 5 

100 0 

100 0 

100 0 

100 0 

100 0 

45 5 

100 0 

75 5 

50 0 

40 0 

35 5 

55 5 
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Figg 2. Simulated thermal dose distribution 
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Discussion n 

Thee present study describes the first clinical results of an improved interstitial 
hyperthermiaa technique using the MECS-IHT system in patients with a gbm. In 
thee first two patients, catheter spacing was 13-15 mm and the peripheral catheters 
weree placed outside the contrast-enhancing area with the aim to regulate 
temperaturess at 44 °C at the catheter wall. The measured T50's of 39.4°C and 
39.9°CC were considered too low. By reducing the spacing between the catheters to 
11-122 mm, increasing the power abilities and restricting the target volume to the 
pathologicc tissue on MRI in the consecutive patients, large improvements in 
thermall  doses were achieved. Temperatures were reproducible over the three 
sessions.. A mean T50 of 42.8 °C was measured during three sessions of 60 
minutes,, but the intended T90 of 42,5-42,5° C was not reached. This goal was set 
basedd on early radiobiology studies (18,29). However, the minimal adequate 
thermall  dose in clinical practice is not known. Even the most predictive thermal 
parameterr (i.e. T50, T90 or Tminirnum) is still debated. Determining the 3D-
temperaturee distribution or parameters like T50 or T90 is very hard in clinical 
practicee because the temperature distribution is generally not sampled at 
representativee locations (30). Guidelines of minimal sampling (31) are hard to 
implementt because of the invasiveness of additional thermometry. That is why we 
choosee to use thermal modeling to determine the full 3D temperature distribution in 
orderr to distil a representativeT90 or Tmin. The fact that in other thermoradiation 
studiess no clear thermal dose-response relationship was found can then be 
explainedd by the large intratumoral temperature heterogeneity in combination with 
thee limited number of intratumoral thermal probes (6,8,14,16). Oleson et al. (1989) 
foundd that a T90 exceeding 39,5°C was highly associated with complete response 
ratee in superficial tumors (12). However, according to the presented data and from 
experiencess in treating prostate carcinoma with a similar technique (23), a higher 
intendedd T90 with MECS interstitial hyperthermia will lead to a T10 above 45.5°C, 
i.e.. the only way to reach the required minimum temperatures is accepting high 
temperaturess at the catheter wall. The phenomenon of large spatial heterogeneity is 
likelyy to occur, as large spatial variations in focal perfusion will exist, caused by 
operationn effects, neovascularisation, necrosis and edema. The large variation in 
dutycycless per electrode, which was based on the focal temperature, reflects the 
largee heterogeneity of focal cooling. As also reported by others, such 
heterogeneity'ss may already be found in small volumes (32,33). A heating system 
capablee of spatial steering is a prerequisite to increase the minimum temperature 
withoutt unnecessary increment of the maximum temperature above tolerance dose. 
Butt even in our system an overall minimum tumor temperature of 42°C would 
requiree a catheter wall temperature of 46°C. However, in large rodent brain 
necrosiss was found within one week following heat doses exceeding 44.0-44.5°C 
forr 30 to 45 min (34,35,36). Thus it can be concluded that the temperatures at the 
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catheterr wall required to reach a T90 of 42.0°-42.5°C will result in focal necrosis. 
Onn the other hand, because of the rapid temperature fall off, the volume of 
overheatedd tissue along the catheter track is very small and will usually be confined 
too the macrosopic tumor area. It is not likely that such a limited necrotizising effect 
withinn the tumor area will lead to clinical symptoms. In previous interstitial 
hyperthermiaa studies in humans, temperatures were measured in separate 
thermometryy catheters between the heating elements. Thus, a focal temperature 
abovee tolerance dose along the heating catheters was likely to occur in their studies 
(11,14).. Nevertheless, interstitial hyperthermia was found acceptable in all studies, 
inn agreement with our data, suggesting that focal intratumoral temperatures above 
tolerancee are acceptable. Acute toxicity was minimal in our series. Nearly all other 
studiess on hyperthermia of brain tumors show agreement on the low occurrence of 
acutee toxicity (14,37,38). 
Inn the present study interstitial hyperthermia was combined with external 
radiotherapyy only, in contrast with most other studies that combine interstitial 
hyperthermiaa with interstitial radiotherapy (10,11,14,22). The advantage of the 
latterr is that interstitial hyperthermia can be delivered through the brachytherapy 
catheterss and thus further intensifying local treatment. However, despite several 
promisingg phase II studies, a brachytherapy boost for GBM did not reveal a 
significantt improvement in survival compared to conventional external beam 
radiotherapyy alone in the only published randomized study (3). Furthermore, a 
brachytherapyy boost necessitates re-operations for focal necrosis in 58% of patients 
withh histopathologic findings of vital tumor in the majority of these patients (14). 
Thee toxicity of interstitial hyperthermia is low and an interstitial 
thermoradiotherapyy boost did not significantly increase late toxicity compared to 
interstitiall  radiotherapy alone (14). With the current policy we hope that 
concomitantt hyperthermia will have an additive effect to external irradiation in 
GBM,, as has been shown in other tumors (6,7,8), without the toxicity of 
brachytherapy.. Some promising results have been reported with the combination of 
externall  irradiation and interstitial hyperthermia, and even with hyperthermia alone 
(38).. The limited number of patients in this study as well as the adjustments in 
techniquee does not allow us to draw any conclusion on the clinical effect. 
Severall  authors have shown a change in recurrence pattern of GBM towards more 
marginall  or distant failures by intensifying local treatment (39,40,41). This 
observationn confirms the diffuse and widespread nature of this disease. By 
restrictingg the hyperthermia to the macroscopic tumor volume, as was done in this 
study,, with a steep temperature fall-off outside the implant volume, no effect on the 
infiltratingg component can be expected. Thus a change of recurrence pattern could 
occur.. However, even after a brachytherapy or stereotactic boost dose, in-field 
recurrencess still occurred in 70-90% of the patients (3,25,39,40). Thus, increasing 
locall  tumor control is still a worthwhile goal in the treatment of GBM and is likely 
too prolong survival. 
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Inn conclusion: Interstitial hyperthermia of brain tumors with the IHT-MECS 
systemm is feasible and an acceptable T90 can be reached without unacceptable T10 
values.. However, only small volumes can be heated adequately, restricted to the 
macroscopicc tumor appearance, and thus without a clinically desired margin. 
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