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Deep regional hyperthermia for the whole thoracic region using 8 MHz
radiofrequency-capacitive heating device: Relationship between the
radiofrequency-output power and the intra-oesophageal temperature and
predictive factors for a good heating in 59 patients
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Abstract

Purpose: To assess the relationship between the radiofrequency (RF) output power and the intra-oesophageal temperature for
hyperthermia of the whole thoracic region, and also to evaluate the patients’ characteristics associated with adequate heating.
Materials and methods: Fifty-nine patients with thoracic cancer treated with radiotherapy plus hyperthermia were
retrospectively analysed. The 8-MHz RF capacitive heating device was applied, both the upper and lower electrodes were
300 mm in diameter, placed on opposite sides of the whole thoracic region. All the patients also underwent intra-oesophageal
temperature measurements.

Results: All thermal parameters, Trins Tmaxs Taves and %T > 41°C, of the intra-oesophageal temperature highly correlated
with the median RF output power (p < 0.0001), and the relations were independent in the multivariable analyses including
clinical characteristics (p < 0.01). The performance status showed a statistically significant association on T ., Tave and
%T >41°C (p<0.05). The patient age and subcutaneous fat at some levels were inversely correlated with the thermal
parameters (p < 0.05).

Conclusion: The RF output power was significantly correlated with the intra-oesophageal temperature; it could be used as
a promising parameter to assess the efficacy of hyperthermia for the whole thoracic region. Higher intra-oesophageal
temperature may be achieved in patients with good performance status, younger age and thinner subcutaneous fat.
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Introduction Promising results have also been reported regarding
radiotherapy plus regional HT for Pancoast tumours
or lung cancers in contact with the chest wall [5-7].
In contrast, regional HT has rarely been attempted

for lung cancers not contacting the chest wall [8, 9],

Hyperthermia (HT) is known to cause direct cyto-
toxicity for cancer cells, while also acting as a radiation
sensitiser and chemo sensitiser [1]. The efficacy of
radiotherapy plus HT in advanced head and neck

cancer, locally recurrent breast carcinoma, recurrent
or metastatic malignant melanoma and cervical
cancer of the uterus was demonstrated and confirmed
by randomised phase III clinical trials [1-4].

probably because the treatment of those lesions would
involve physical difficulties associated with the deliv-
ery of heat and measurement of temperature. In
most lung cancer treatments, direct intra-tumour
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measurements tend to be clinically difficult to manip-
ulate, invasive, or uncomfortable for the patients.
The Thermotron RF-8 system (Yamamoto Vinita,
Osaka, Japan) is a capacitive heating device operating
at 8 MHz, whereby the patient is placed between two
electrodes connected to a high-power radiofrequency
(RF) generator. With regional HT using this device
without direct intra-tumour thermometry, there was
a strong positive correlation between the RF output
power and the intra-oesophageal temperature in the
22 patients with stage III non-small cell lung cancer
(NSCLC), and a higher RF output power could
contribute to better clinical outcomes [10]. The
correlation between the RF output power and the
intra-oesophageal temperature, however, has not
been reported for the other types of thoracic
tumours. In addition, predictive factors for the
higher intra-oesophageal temperature have not been
investigated in this device. The first purpose of this
study is, therefore, to evaluate the correlation
between the RF output power and the intra-
oesophageal temperature in 59 patients with various
stages of lung cancer and oesophageal cancer on
deep regional HT for the whole thoracic region using
8 MHz RF capacitive heating device. The second
purpose is to assess the relationship between the
clinical characteristics and the intra-oesophageal
temperature in this setting of deep regional HT.

Materials and methods
Patients

From March 1991 to April 2008, 59 patients
(58 males and one female, age range 36—84 years;
median, 62 years) were treated with radiotherapy
using deep regional HT of the whole thoracic region
guided by the intra-oesophageal temperature; 22
patients with stage III NSCLC who were reported
previously were included [10]. The characteristics
of the patients are given in Table I. The ECOG
performance status and tumour stage [11] were
evaluated at the start of this treatment. Patients with
subcutaneous fat of 25mm or greater, or other
serious complications such as severe pulmonary,
cerebrovascular or renal diseases did not undergo
this therapy. The radiotherapy was administered
conventionally once daily five times per week and
performed using a 4, 6, or 10 MV linear accelerator in
all the patients. The total radiation dose ranged from
30-80 Gy (median, 60 Gy), and a daily dose was
1.5-3.4 Gy (median, 2 Gy).

Hyperthermia

HT was applied within 15 min after RT once or twice
a week. The heat was applied using an 8 MHz
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Table I. Patient characteristics.

Characteristic Patients (n=59)
Age (median, range) 62, 36-84
Gender

Men/women 58/1
Performance status

0/1/2/3 1/43/13/2
Cancer type

Lung cancer 50

NSCLC

Stage IVIII/IV [11] 1/22/10

Recurrence 12
SCLC

Stage III/IV [11] 4/2

Oesophageal cancer 9

Stage IV/III/IV [11] 2/2/2

Recurrence 3

Subcutaneous fat (median, range)
Ventral (mm)

Level of sternoclavicular articulation 4, 1-21
Level of tracheal bifurcation 7, 2-24
Level of nipple 9, 2-25
Level of cardia of stomach 7, 2-23
Dorsal (mm)
Level of sternoclavicular articulation 10, 2-25
Level of tracheal bifurcation 8, 2-15
Level of nipple 9, 2-24
Level of cardia of stomach 10, 2-24

NSCLC, non-small-cell lung cancer; SCLC, small-cell lung

cancer.

radiofrequency capacitive regional HT (Thermotron
RF-8, Yamamoto Vinita). The physical features of
the RF-8 clinical HT machine and the thermal
distribution characteristics in a phantom, as well as in
the human body, when heating with this device have
been reported previously [12-14]. The number of
HT treatments during radiotherapy ranged from 3
to 36 (median 14). In all cases, both the upper and
the lower electrodes were 300 mm in diameter, and
placed on opposite sides of the whole thoracic region,
and the treatment posture was the prone position in
order to reduce the degree of pain caused by heating
[15]. The overlay boluses were applied in addition to
regular boluses attached in front of the metal
electrodes to reduce the preferential heating of the
subcutaneous fat tissue. The circulating liquid of the
overlay boluses was saline water controlled at 5°C.
The patients were carefully instructed to alert the
operator of any unpleasant sensation such as pain
suggestive of a hot spot, respiratory problem and
palpitation. The RF output was increased to the
maximum level tolerated by the patients, following
appropriate adjustments of the treatment setting, and
the patient’s tolerance threshold was set based on the
patient’s alert. The goal of the heating was to
continue the treatment for at least 30 min after the
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RF output was increased up to the patient’s tolerance
threshold, and the maximum total treatment dura-
tion was 70 min. Blood pressure and pulse rate were
monitored before, during and after hyperthermia.
The heating duration was adjusted from 40-70 min
based on the patient’s tolerance (median 50 min).

The intra-oesophageal temperature was measured
in all 59 patients using a 4-point micro-thermocouple
sensor (Yamamoto Vinita, LAS-4) which was
inserted into the oesophagus, at the level of the
bifurcation of the trachea in the patients with lung
cancer, or at the level of the tumour in the patients
with oesophageal cancer, through a 12F catheter
under X-ray fluoroscopy. The high RF wave filter
is inserted in the thermometry system of the
Thermotron RF-8, which makes it possible to
measure the temperature during hyperthermia. The
thermometry system with the 4-point micro-thermo-
couple sensor connected to an automatic tempera-
ture—power feedback controller provides an accuracy
of £0.2°C [14]. The principle of eliminating the
disturbance in the measurement of temperature by
thermocouples in the presence of RF current was
discussed in a previous study [16]. The thermometry
wires were aligned perpendicular to the field direc-
tion. The temperature was recorded automatically
per min during hyperthermia. There was no need for
the RF power to be shut off to measure the
temperature. The thermometric parameters mea-
sured included minimum (T,;,), maximum (T,
and mean (T,,.) of the four intra-oesophageal
temperature measurements at the end of each
session, and the proportion of the time during
which at least one of the four intra-oesophageal
measurements was 41°C or higher during the total
heating period of the session(s) with thermometry
(%T >41°C). The measurements were performed
once (n=57) and twice (n=2) during the whole
series in each patient. The median RF output power
was obtained between reaching the steady-state and
the end of treatment, and the steady-state was
defined 20 min after the start of heating.

Statistical analysis

The associations between certain factors, including
thermal parameters of intra-oesophageal tempera-
ture, median RF output power, patient age, perfor-
mance status, heating duration, thicknesses of thorax
and subcutaneous fat were evaluated using a linear
regression analysis. The thicknesses of the thorax and
subcutaneous fat were measured on computed
tomography scans obtained pre-treatment.
Multivariate analyses by a logistic regression were
also used to compare the thermal parameters of
intra-oesophageal temperature with the patient age,

performance status, thickness of subcutaneous fat
and median RF output power.

Results

The intra-oesophageal T, of their intra-oesopha-
geal temperature ranged from 38.9°C to 48.9°C,
with a median of 43.2°C. The T,. ranged from
38.8°C to 47°C, median 42.6°C. The T,,;, ranged
from 38.6°C to 45.6°C, median 41.7°C. The
%T >41°C ranged from 0% to 98%, median 84%.
The median RF output power ranged from 548 W to
1679 W, median 1240 W. Figure 1 and Table II show
the relationship between the median RF output
power and the intra-oesophageal temperature in all
the 59 patients. All thermal parameters, T . Taves
Thin and % T >41°C, of intra-oesophageal temper-
ature were highly correlated with the median RF
output power. A subset analysis of 27 patients with
Stage IV or recurrent thoracic malignant tumours
showed that all thermal parameters were significantly
correlated with the median RF output power, and all
the thermal parameters were also significantly asso-
ciated in the remaining 32 patients with curative
disease. The thermal parameters were not signifi-
cantly correlated with the median RF output power
in 9 patients with oesophageal cancer, although these
parameters were significantly associated with the
median RF output power in 50 patients with lung
cancer.

Table II summarises the correlations between
intra-oesophageal temperatures and clinical charac-
teristics. The patient age was inversely correlated
with all thermal parameters of intra-oesophageal
temperature (Figure 2A). The performance status
also was inversely correlated with the % T >41°C
of intra-oesophageal temperature. The thickness of
the thorax was not significantly correlated with any
thermal parameters of intra-oesophageal tempera-
ture. The thicknesses of the subcutaneous fat at the
levels of the tracheal bifurcation, the nipple and the
cardia of the stomach were inversely correlated
with the T,;, of intra-oesophageal temperature
(Figure 2B). The thickness of the dorsal subcutane-
ous fat at the levels of the tracheal bifurcation and the
ventral subcutaneous fat at the cardia of the stomach
were also inversely correlated with the Tyye.

Table III presents the results of the multivariate
analysis by logistic regression to evaluate the effects
of the patient characteristics on the thermal param-
eters of intra-oesophageal temperature. The median
RF output power was strongly correlated with all
thermal parameters of the intra-oesophageal temper-
ature. The performance status also showed a statis-
tically significant association with the thermal
parameters of T, and %T >41°C.
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All the thermal parameters, Tax (A); Tave (B)s Thin (C) and % T > 41°C (D), of intra-oesophageal temperature
were highly correlated with the median radiofrequency output power.

Table II. Correlations between intra-esophageal thermal parameters and clinical characteristics.

Tinax Tave Thin %T >41°C
Variables r p r p r p r p
Age 0.44 0.0005* 0.39 0.002* 0.32 0.01* 0.35 0.007*
Performance status 0.32 0.01* 0.27 0.04* 0.19 0.16 0.38 0.003*
Thickness of thorax
Level of sternoclavicular articulation 0.02 0.9 0.04 0.76 0.08 0.57 0.03 0.82
Level of tracheal bifurcation 0.07 0.59 0.12 0.36 0.23 0.08 0.12 0.37
Level of nipple 0.01 0.96 0.03 0.83 0.13 0.34 0.03 0.81
Level of cardia of stomach 0.1 0.43 0.12 0.36 0.19 0.16 0.1 0.47
Thickness of subcutaneous fat
Level of sternoclavicular articulation
Ventral 0.02 0.86 0.07 0.59 0.12 0.37 0.14 0.3
Dorsal 0.13 0.32 0.06 0.66 0.05 0.68 0.0 0.97
Level of tracheal bifurcation
Ventral 0.22 0.09 0.25 0.05 0.27 0.04* 0.22 0.09
Dorsal 0.2 0.12 0.27 0.04* 0.34 0.01* 0.12 0.36
Level of nipple
Ventral 0.22 0.09 0.26 0.05 0.3 0.02* 0.23 0.08
Dorsal 0.23 0.08 0.26 0.05 0.29 0.03* 0.2 0.14
Level of cardia of stomach
Ventral 0.26 0.05 0.3 0.02* 0.31 0.02* 0.24 0.06
Dorsal 0.18 0.18 0.23 0.09 0.31 0.02* 0.25 0.05
Maximum of ventral subcutaneous fat 0.19 0.15 0.24 0.07 0.27 0.04* 0.19 0.15
Maximum of doral subcutaneous fat 0.04 0.77 0.04 0.78 0.15 0.26 0.11 0.40
Maximum of all subcutaneous fat 0.07 0.59 0.02 0.91 0.13 0.31 0.06 0.68
Heating duration** 0.14 0.3 0.16 0.23 0.15 0.26 0.23 0.08
Median RF output power** 0.62 <0.0001* 0.66 <0.0001* 0.65 <0.0001* 0.63 <0.0001*

*p» <0.05.

**At the session of the intra-oesophageal temperature measurements.

RF, radiofrequency.
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Figure 2. The correlations between the intra-oesophageal
temperatures and clinical characteristics. (A) The patient
age was inversely correlated with the T, as thermal
parameters of intra-oesophageal temperature. (B) The
thicknesses of dorsal subcutaneous fat at the levels of the
tracheal bifurcation was inversely correlated with T;,.

Discussion

The use of regional deep heating has been investi-
gated, especially for the treatment of pelvic tumours
and soft tissue sarcoma [1]. Randomised trials of
radiotherapy with or without deep regional HT for
cervical cancer have been reported to demonstrate
positive results concerning survival [2, 3]. However,
there is little information reported in the literature on
the use of deep regional HT for the treatment of
patients with thoracic malignant tumours [6-8, 10,
17], probably because most available devices for
regional deep heating are structurally difficult to
apply to the thoracic region. In addition, the use of
thermometry is more invasive when used to those
tumours than it is when used for pelvic tumours or
for a soft tissue sarcoma of an extremity.

Van der Zee et al. reported that the direct intra-
tumour measurements for deep-seated tumours have
the possibility of causing severe complications (e.g.
subcutaneous or deep infection, intolerable pain, and
bleeding) while providing information of limited
disproportional clinical value [18]. On the other

hand, Fatehi et al. reported that intra-luminal ther-
mometry provides sufficient information to apply
deep regional HT to individual patients with pelvic
tumours, since the intra-tumour and intra-luminal
temperatures during individual treatments were
highly correlated, and the average intra-tumour and
intra-luminal temperatures were not different [19].

Some investigators have shown the importance of
RF power as a parameter to assess the treatment
of deep regional HT in abdominal or pelvic
tumours [15-17]. Hamazoe et al. reported that the
39 patients with liver, pancreatic or bile duct tumours
were treated with deep regional HT using an 8 MHz
RF capacitive heating device; there was a positive
correlation between the maximum RF output power
and maximum temperature of the tumours [20].
Fatehi et al. also observed a positive correlation
between normalised net integrated RF power and
intra-vaginal temperature in the patients with
advanced cervical cancer treated with the BSD2000-
3D at frequencies 70-120 MHz [21]. The current
study confirmed that the RF output power was highly
correlated with the intra-oesophageal temperature in
59 patients with thoracic malignant tumours, and the
relations were independent in the multivariable anal-
yses including clinical characteristics; therefore, the
RF output power as well as the intra-oesophageal
temperature may be used as a promising parameter
to assess the treatment of deep regional HT for the
thoracic region, if deep heating using an 8 MHz RF
capacitive heating device is enforced with the same
size of electrodes and the same body posture. This
strategy of regional HT, which is less invasive and
causes less distress, may be suitably incorporated
into the clinical combined modality therapy.

A Dutch phase III trial showed an improvement of
the local efficacy in a mixed cohort of patients with
locally advanced cervical, bladder or rectal carci-
noma, and a major survival benefit was obtained in
patients with cancer of the uterine cervix by adding
deep regional HT to radiotherapy [2]. However, no
significant improvement was seen in patients with
rectal and bladder cancer. As discussed elsewhere,
the value of deep regional HT in these patients might
have been underestimated for the problem of patients
who received insufficient HT treatment [22].
Recently, van Haaren et al. reported that intra-
oesophageal temperatures during locoregional hyper-
thermia using a 70 MHz AMC-4 phased array system
were inversely related to patients’ body size param-
eters, where fat percentage proved to be the most
significant predictor [17, 23]. The current study
showed that good performance status, younger age
and thinner subcutaneous fat are significant predic-
tive factors for a good thoracic regional heating of
elevating intra-oesophageal temperature. Future
clinical trials for regional HT for thoracic region
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Table III. Multivariate analyses by logistic regression to evaluate effects of clinical factors on the thermal parameters in

patients with thoracic malignant tumour.

Tt > 43/<43

Toe: >42.5/<42.5

Tin: >42/<42 %T >41°C: >70/<70

Patient characteristics OR (95%CI) P

OR (95%CI)  p

OR (95%CI) P OR (95%CI) p

Age: >65/<65
Performance status: 0-1/2-3
Thickness of subcutaneous fat
Level of tracheal bifurcation
Ventral (mm): >10/<10 - - -
Dorsal (mm): >10/<10 - -
Level of nipple
Ventral (mm): >10/<10 - - -
Dorsal (mm): >10/<10 - - -
Level of cardia of stomach
Ventral (mm): >10/<10 - -
Dorsal (mm): >10/<10 - -
Max. ventral subcutaneous fat - - -
Median RF output (W): 7.5 (2.1-26.8) 0.002
>1200/<1200

1.1 (0.3-4.0) 0.85
4.8 (1.1-21.0) 0.04

1.2 (0.34.1)
3.8 (0.8-18.2) 0.1

1.2 (0.3-5.9)

1.5 (0.2-4.0)

6.8 (1.6-28.5) 0.008

0.82 1.5 (0.3-6.7) 0.61 1.2 (0.3-4.6) 0.76
- - 6.2 (1.4-28.2)  0.02

- 4.1 (0.4-50.0)  0.26 - -
0.81 NA 0.97 - -

- 2.4 (0.1-43.6)  0.55 - -
- N.A. 0.97 - -

0.58 1.5 (0.1-16.8)  0.74 - -
- 1.1 (0.9-1.4) 0.33 - -
- 3.6 (0.2-52.6)  0.36 - -

16.8 (2.1-136.3) 0.008 7.6 (2.0-28.1)  0.003

*At the session of the intra-oesophageal temperature measurements.

OR, odds ratio; CI, confidence interval; NA, not available.

using 8 MHz RF capacitive heating device should be
directed to those patients.

One of the disadvantages of an RF capacitive device
is the preferential heating of the subcutaneous fat
tissue, although Asian patients are considered to be
relatively suitable due to their slender constitution.
The excessive power deposition in the fatty tissue
limits the effectiveness of the capacitive technique.
There is a depth limit to the skin-cooling ability of the
overlay bolus in the 8 MHz RF capacitive heating
device [24, 25]. Therefore, regional HT was not
applied to the patients with a subcutaneous fat
thickness more than 25 mm; our combined therapy
was rarely performed for women because the thick-
ness of subcutaneous fat was over 25mm in most
women. In the current study, the thickness of the
subcutaneous fat was inversely correlated with the RF
output power, even in patients with a subcutaneous
fat thickness of <25 mm. It may therefore be neces-
sary to assess the effect of regional HT on patients
with such limited indications.

Some reports have described the feasibility and
efficacy of regional HT with RT for lung cancer
[5-8] and noted the tumour temperature by direct
measurements tended to correlate with the tumour
response of lung cancer [7, 8]. Numerous reports in
superficial or pelvic tumours treated with radiother-
apy plus HT indicated a positive interrelationship
between thermal parameters and clinical parameters
concerning the effectiveness [1, 26, 27]. A previous
report also showed that the median RF output power
(>1200W) was a significantly good prognostic factor
for the local control rate and survival rates in the
patients with stage III non-small cell lung cancer
treated with radiotherapy plus regional HT [10].

Radiotherapy combined with deep regional HT for
the whole thoracic region using a higher RF output
power may contribute to better clinical outcomes in
thoracic malignant tumours.

This study could not assess the relationship
between the thermal data and clinical outcomes,
because treatment regimen and clinical tumour stage
were varied in our treatment data. A formal phase II
trial is consequently needed to determine the efficacy
for this combined therapy in the patients with
thoracic malignant tumours. The underlying factors
for the inverse relation between age and performance
status and the thermal parameters also could not be
analysed because of the lack of detail data for the
patient’s tolerance threshold of the heating. Subset
analysis showed that the nine patients with oesopha-
geal cancer did not show significant relationship
between the median RF output power and thermal
parameters. However, no conclusions can be made
with regard to the patients with oesophageal cancer
because of the small number of cases.

In summary, the current study confirmed that the
RF output power significantly correlated with the
intra-oesophageal temperature in the 59 patients with
thoracic malignant tumours, and the relations were
independent in the multivariable analyses. Therefore,
the RF output power may be used as a promising
parameter to assess the treatment of deep regional
HT if deep heating using an 8 MHz RF capacitive
heating device is applied with the same size of
electrodes and the same body posture. This strategy
of regional HT, which is less invasive, may therefore,
be suitably incorporated into the combined clinical
therapeutic modality. Higher intra-oesophageal tem-
perature may be achieved in the patients with good
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performance status, younger age and thinner subcu-
taneous fat, and such patients may therefore be good
candidates for thermo-radiotherapy using deep regio-
nal HT for the whole thoracic region.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.
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