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ABSTRACT
Introduction: Mild hyperthermia has been known to enhance the response of tumours to radiotherapy
or chemotherapy by increasing tumour blood flow, thereby increasing tumour oxygenation or drug
delivery. The purpose of this study was to assess the changes in temperature and blood flow in human
cervical cancer in response to regional heating with modulated electro-hyperthermia (mEHT).
Methods: The pelvic area of 20 patients with cervical carcinoma was heated with mEHT. The peri-
tumour temperature was measured using an internal organ temperature probe. The tumour blood
flow was measured using 3D colour Doppler ultrasound by determining the peak systolic velocity/end-
diastolic velocity ratio (S/D ratio) and the resistance index (RI) within blood vessels.
Results: The mean peri-tumour temperature was 36.7 ±0.2 �C before heating and increased to
38.5 ± 0.8 �C at the end of heating for 60min. The marked declines in RI and S/D values strongly dem-
onstrated that heating significantly increased tumour blood perfusion.
Conclusions: Regional heating of the pelvic area with mEHT significantly increased the peri-tumour
temperature and improved the blood flow in cervical cancer. This is the first demonstration that the
blood flow in cervical cancer is increased by regional hyperthermia. Such increases in temperature and
blood flow may account for the clinical observations that hyperthermia improves the response of cer-
vical cancer to radiotherapy or chemotherapy.
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Introduction

The biological rationale underlying the clinical application of
hyperthermia has been well established [1–7]. Indeed, numer-
ous clinical trials have demonstrated that hyperthermia mark-
edly improves the efficacy of radiotherapy or chemotherapy
against various human cancers [8–12]. Although the inci-
dence and mortality of cervical carcinoma have decreased
considerably in the last few decades, it still remains the
fourth most common female malignancy worldwide.
Importantly, hyperthermia has been reported to significantly
improve the response of cervical cancer to chemotherapy
[12], radiotherapy [13–17] and the combination of chemo-
therapy with radiotherapy [18–20]. Further investigation of
the various factors involved in the response of cervical cancer
to hyperthermia may lead to better control of the disease.

The early biological investigations conducted in the
1970s–1990s showed that hyperthermia at >42–43 �C directly
kills tumour cells and increases cellular radio-sensitivity and
chemo-sensitivity [1–3]. Furthermore, it was demonstrated
that hyperthermia at >42–43 �C preferentially destroys

tumour vasculature relative to normal tissue vasculature,
thereby causing necrotic cell death in tumours [4].
Unfortunately, it became increasingly evident in the
1980–1990s that heating deep-seated tumours with external
hyperthermia devices increases the tumour temperature only
to a range of 38–40 �C [18–23]. Despite the limited heating
capability, treatments of various tumours with hyperthermia
in combination with radiotherapy or chemotherapy were
found to be significantly more effective than radiotherapy or
chemotherapy alone, as mentioned above.

Heating tumours to sub-cytotoxic levels or mild tempera-
tures, i.e. <38–41 �C, increases tumour blood flow and leads
to an increase in tumour oxygenation in rodent tumours [24]
and human tumours [22,25]. Since oxygen plays a critical role
in the response of tumours to radiotherapy and certain
chemotherapy drugs, it is believed that hyperthermia treat-
ment with external radiofrequency (RF) or microwave heating
devices enhances the efficacy of radiotherapy or chemother-
apy by increasing tumour blood flow and oxygenation
[6,22,24,25]. The purpose of the present study was to
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investigate whether hyperthermia with modulated electro-
hyperthermia (mEHT) could increase the temperature and
blood circulation in cervical carcinoma with the ultimate goal
of revealing the potential application of mEHT for the control
of cervical carcinoma.

Materials and methods

Patient selection

The following inclusion criteria were chosen to allow for the
enrolment of a wide range of patients in this study:

� Approved malignancy of the cervix
� First-time diagnosis of cervical carcinoma
� Naïve cases without pre-treatment with chemotherapy

and/or radiotherapy
� Eastern Cooperative Oncology Group (ECOG) score �3
� Approval of informed consent in written form

All patients were “Naïve cases without pre-treatment with
chemotherapy and/or radiotherapy”. All studies were per-
formed just prior to standard therapy, and all patients were
underwent the chemotherapy and radiotherapy.

This study was approved by the Institutional Review Board
of Chonbuk National University Hospital (Jeonju, Republic of
Korea) and was conducted according to the Declaration of
Helsinki for biomedical research involving human subjects
and the Guidelines for Good Clinical Practice. A detailed
explanation of the study was provided to all subjects and
written informed consent was obtained from each participant
prior to screening.

Blood flow measurement

Transvaginal ultrasound and colour flow mapping were per-
formed on all patients after receiving informed consent. The
ultrasound equipment used was a colour Doppler ultrasound
(Voluson P8, GE Ultrasound, Seoul, Korea) with a 5-MHz curvi-
linear transvaginal transducer. The cervix was scanned care-
fully and the tumour mass was visualised. The colour
Doppler was used to detect tumour blood flow signals. All
the measurements were recorded using manual or automatic
methods. As absolute flow velocity is dependent on the inci-
dence angle of the colour Doppler beam and an exact angle
correction often cannot be made, we used standard angle-
independent parameters that indicate flow resistance.

The following parameters were documented for the
tumour area:

� The ratio of peak systolic velocity to end-diastolic velocity
(S/D ratio) of intra-tumoural vessels

� The resistance index (RI) of intra-tumoural vessels
� The RI in tumour-supplying vessels
� The RI was calculated according to the following

equation:

RI¼ (peak systolic velocity – end-diastolic velocity)/peak
systolic velocity

Temperature measurement

The temperature was measured with a reusable internal
organ temperature prove (Type M3, Philips Medical Systems,
Eindhoven, The Netherlands). Before using for each patient,
the circular probe (1 cm diameter, 2mm thick) was calibrated
against a NIST (National Institute of Standard and
Technology) Traceable Certified mercury in glass thermom-
eter. The accuracy of the probes was approximately ±0.1 �C.
For the measurement of temperature, the probe was pre-
warmed to 35–36 �C by keeping in sterile saline. The probe
was inserted into the cervical os and positioned over the
tumour area. The temperature reading stabilised usually in
20–30 s. The procedure for temperature measurement was
executed by a gynaecologist. Peri-tumour temperature was
measured at 30min before hyperthermia (baseline), at 30min
and 60min during the hyperthermia procedure, and at
30min after hyperthermia. Attempts were made to make the
four temperature measurements at the same region of the
tumour. In order to avoid the RF-interference on temperature
measurement, heating was paused temporarily when the
temperature at 30min time point was measured. The tem-
perature at 60min heating was determined immediately after
the 60min heating.

Hyperthermia treatment

Regional hyperthermia was performed using a mEHT device
(EHY2000, Oncotherm GmbH, Troisdorf, Germany) [26]. We
have previously used this device to elucidate the effect of
regional heating on the pharmacokinetics of an orally admin-
istered drug [27]. Patients were placed in a supine position
on a couch, and a 30-cm diameter circular electrode was
lightly coupled to the pelvic area. All patients underwent
two-dimensional simulation to measure the size of the
tumour. The pelvic area was heated at 80 W for the first
10min, 120 W over the next 10min and 150 W for the
remaining treatment time (40min).

FDG PET/CT protocol and image analysis (SUVmax and
size measurement)

All patients fasted for at least 6 h prior to the intravenous
injection of [18F]2-fluoro-2-deoxyglucose (FDG). The blood
glucose levels in all patients were below 126mg/dl.
Approximately, 5.5 MBq of FDG per kilogram of body weight
was administered intravenously. Scanning was performed at
60min after FDG administration. Images were obtained from
the base of the skull to the proximal thigh using either a
Biograph TruePoint 40 positron emission tomography/com-
puted tomography (PET/CT) scanner (Siemens Medical
Solutions, Knoxville, TN) or a Biograph 16 PET/CT scanner
(Siemens Medical Solutions, Knoxville, TN). A CT scan was
obtained first using a continuous spiral technique (120 kVp,
160mA, 0.5 s rotation time). A PET scan was then acquired in
a three-dimensional mode for 2.5min per bed position. The
obtained PET data were reconstructed iteratively using an
ordered-subset expectation maximisation algorithm
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(128� 128 matrix, 3.27mm slice thickness, sub-set: 21, itera-
tions: 2).

FDG PET/CT images were analysed at a workstation
(Syngo MI Applications, Flexible Display 7.0.7.7; Siemens
Medical Solutions, Erlangen, Germany) and the maximum
standardised uptake value (SUVmax) was chosen to assess
the glucose uptake of the tumours. A volume of interest
(VOI) was carefully drawn slightly large enough to include
tumours in the axial, coronal and sagittal planes. SUVmax,
defined as the SUVmax within the VOI, was calculated as fol-
lows: SUVmax¼ concentration of highest tumour activity in
the VOI (MBq/ml)�total body weight (kg)/injected radioactiv-
ity (g/MBq). The size of each tumour was measured on a
two-dimensional transverse image from the FDG PET/CT
scans.

Statistical analysis

SAS software (Version 9.3, SAS Institute Inc., Cary, NC) was
used for statistical analysis of the complete population. For
the sub-population calculations, non-parametric independent
(Mann–Whitney U test) and dependent (Wilcoxon’s signed-
rank test) tests were used (WinStat, Fitch Software,
Cambridge, MA). The accepted significance level was below
p¼ 0.05.

Results

Baseline characteristics of the patients

The baseline characteristics of the 20 patients treated are
shown in Table 1. Their median age was 50.5 years old
(range, 30–81 years). Patients were classified as stage IIb (10
patients), IIIa (two patients), IIIb (six patients), IVa (one
patient) or IVb (one patient). The squamous cell carcinoma
(sqcc) to non-squamous cell carcinoma (non-sqcc) ratio was
13:7. The mass nature was exophytic in 14 patients and
endophytic in six patients.

The initial characteristics did not vary significantly with
subgrouping by mass size, SUVmax, presentation or path-
ology (Table 2A–D). The RI increased with an increase in the
tumour volume and an increase in the intensity of SUVmax,
but RI was independent of the stage of cancer. Haemoglobin
and haematocrit levels did not show significant differences
among subgroups except for the mass size of the tumour.
Furthermore, the anaemic levels exerted little effect on the
tumour temperature, S/D ratio and RI values.

Peri-tumoural temperatures and Doppler parameters

The peri-tumour temperatures, the S/D ratios and the RI val-
ues are shown in Table 3. The changes in these parameters
were mostly significant at the end of the 60-min heating pro-
cedure. The mean peri-tumour temperature of the 20
patients before heating was 36.7 ± 0.2 �C, and it increased to
37.5 ± 0.5 �C and 38.5 ± 0.8 �C upon heating for 30 and
60min, respectively, and was 37.1 ± 0.3 �C at 30min after
heating. The S/D ratio was 1.65 ± 0.20 at baseline, 1.40 ± 0.13

and 1.22 ± 0.09 upon heating for 30 and 60min, respectively,
and 1.40 ± 0.16 at 30min after heating. The RI was
0.40 ± 0.12 before heating, 0.29 ± 0.11 and 0.19 ± 0.06 upon
heating for 30 and 60min, respectively, and 0.30 ± 0.10 at
30min after heating. Figure 1 shows all patients temperature
results.

The marked declines in the S/D ratio and RI clearly dem-
onstrated that the blood flow into the cervical tumours mark-
edly increased when the tumours were heated with the
mEHT unit. Figure 2(A–D) shows examples of changes in the
RI and S/D ratio in cervical cancer during heating in a
patient.

Measuring data grouped by pathology, tumour
presentation and SUVmax

Regrouping the measurement data by the pathology of
tumours (sqcc vs. non-sqcc) is shown in Table 4. There were
no significant differences in the S/D ratio or RI between the
subgroups.

Table 1. Baseline characteristics of patients (N¼ 20) assigned to treatment.

Characteristics Number of patients (N¼ 20)

Age (years)
Range 30–81
Median 50.5

ECOG performance status
1 12 (60%)
2 8 (40%)

Presentation of tumour
Exophytic 14 (70%)
Endophytic 6 (30%)

Size of tumour (cm)
Horizontal x

Range 2.4–10.0
Median 5.05

Vertical y
Range 2.0–8.0
Median 4.15

Depth z
Range 2.9–8.0
Median 4.50

Stage
IIb 10 (50%)
IIIa 2 (10%)
IIIb 6 (30%)
IVa 1 (5%)
IVb 1 (5%)

Pathology
Adenocarcinoma 6 (30%)
Squamous cell carcinoma 13 (65%)
Carcinosarcoma 1 (5%)

Haemoglobin (g/dl)
Range 6.4–13.2
Median 10.41
Mild anaemiaa (11.0–12.9) 6 (30%)
Moderate anaemiaa (8.0–10.9) 10 (50%)
Severe anaemiaa (<8) 2 (10%)
Non-anaemia (�13) 2 (10%)

Haematocrit (%)
Range 19.0–38.0
Median 31.35

CA 19-9 (U/ml)
Range 1.1–33.8
Median 7.89

CA 125 (U/ml)
Range 5.5–111.6
Median 45.45

aWHO classification.
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Discussion

In the present study, treating human cervical cancer with
mEHT significantly increased the peri-tumour temperature
and tumour blood flow (Doppler flow). These increases were
independent of various cervical tumour properties suggesting
that the changes in temperature and blood flow we
observed in the present 20-patient trial are general phenom-
ena that occur in human cervical cancer treated with mEHT.

The mean peri-tumour temperature increased from
36.7 ± 0.5 �C before heating to 38.5 ± 0.8 �C after heating with
mEHT for 1 h (Table 3). Given the possibility that there is less

blood perfusion and thus less perfusion-mediated heat dissi-
pation in the inner region of tumours than in the periphery
of tumours, it would be reasonable to expect that during
heating with mEHT, the temperature inside the cervical
tumour mass was higher than the measured peri-tumour
temperature, i.e. 38.5 �C.

The S/D ratio decreased from the average baseline value
of 1.65 ± 0.20 to 1.22 ± 0.09 upon heating for 60min, and the
RI index deceased from the average baseline value of
0.40 ± 0.12 to 0.19 ± 0.06 upon heating for 60min (Table 3).
These declines in the S/D ratio and RI index demonstrated
that the flow resistance in blood vessels significantly

Table 2. The main values of starting characteristics divided into subgroups to show the cohort properties of the treated
population.

A
Mass size <5 cm (n¼ 11) Mass size �5 cm (n¼ 9) p value

RI index 0.38 ± 0.07 0.42 ± 0.015 0.65
S/D ratio 1.34 ± 0.17 1.65 ± 0.21 0.68
Peri-tumour temperature (�C) 36.58 ± 0.16 36.57 ± 0.24 0.21
SUVmax 10.36 ± 2.52 15.52 ± 5.32 0.27
Haemoglobin (g/dl) 11.4 ± 1.4 9.7 ± 1.3 0.0027
Haematocrit (%) 33.2 ± 3.9 27.6 ± 3.5 0.0021
CA 125 (U/ml) 37.7 ± 18.6 45.9 ± 31.5 0.88
CA 19-9 (U/ml) 7.3 ± 6.4 12.4 ± 8.1 0.04

B
SUVmax <10 (n¼ 14) SUVmax �10 (n¼ 6) p value

RI index 0.35 ± 0.069 0.42 ± 0.13 0.12
S/D ratio 1.57 ± 0.201 1.68 ± 0.19 0.13
Peri-tumour temperature (�C) 36.57 ± 0.16 36.71 ± 0.89 0.2
SUVmax 8.33 ± 1.02 14.55 ± 4.72 –
Haemoglobin (g/dl) 9.9 ± 1.6 11.5 ± 1.7 0.047
Haematocrit (%) 29.8 ± 4.1 33.4 ± 5.6 0.07
CA 125 (U/ml) 45.0 ± 28.6 33.2 ± 19.4 0.45
CA 19-9 (U/ml) 10.1 ± 7.9 8.0 ± 8.5 0.11

C
Tumour nature Endophytic (n¼ 6) Tumour nature Exophytic (n¼ 14) p value

RI index 0.39 ± 0.082 0.40 ± 0.13 0.91
S/D ratio 1.63 ± 0.21 1.66 ± 0.20 0.49
Peri-tumour temperature (�C) 36.6 ± 0.15 36.71 ± 0.24 0.071
SUVmax 10.81 ± 2.43 13.49 ± 0.53 0.015
Haemoglobin (g/dl) 11.0 ± 1.8 10.7 ± 1.8 0.32
Haematocrit (%) 32.6 ± 5.3 29.9 ± 4.5 0.19
CA 125 (U/ml) 42.9 ± 21.2 40.8 ± 28.9 0.62
CA 19-9 (U/ml) 9.4 ± 8.2 9.5 ± 8.1 0.93

D
Squamous cell carcinoma (n¼ 13) Non-squamous cell carcinoma (n¼ 7) p value

RI index 0.37 ± 0.07 0.45 ± 0.017 0.32
S/D ratio 1.64 ± 0.20 1.67 ± 0.20 0.72
Peri-tumour temperature (�C) 36.7 ± 0.24 36.6 ± 0.97 0.87
SUVmax 12.18 ± 2.0 13.61 ± 7.5 0.94
Haemoglobin (g/dl) 10.7 ± 1.4 9.9 ± 1.4 0.32
Haematocrit (%) 31.2 ± 4.10 29.7 ± 4.8 0.45
CA 125 (U/ml) 37.2 ± 22.8 49.7 ± 32.3 0.58
CA 19-9 (U/ml) 6.9 ± 4.8 14.2 ± 10.6 0.13

Significant deviations were observed only in haemoglobin and haematocrit concentrations by mass and by SUVmax
subdivisions.

Table 3. Changes in the peri-tumour temperature, S/D ratio and RI index in cervical tumours.

Baseline 30min 60min þ30min p valuea

Peri-tumour
temperature (�C)
(n¼ 20)

36.67 ± 0.22 37.47 ± 0.45��� (2.20 ± 1.10%) 38.46 ± 0.84��� (4.91 ± 2.01%) 37.13 ± 0.33� (1.26 ± 0.86%) <0.0001

S/D ratio (n¼ 20) 1.65 ± 0.20 1.40 ± 0.13��� (–14.95 ± 5.21%) 1.22 ± 0.09��� (–25.09 ± 8.11%) 1.40 ± 0.16��� (–14.75 ± 8.32%) <0.0001
RI index (n¼ 20) 0.40 ± 0.12 0.29 ± 0.11�� (–27.67 ± 19.00%) 0.19 ± 0.06��� (–51.84 ± 13.14%) 0.30 ± 0.10� (–24.81 ± 10.58%) <0.0001

All changes measured in the study were significant and the values are characteristic of the heating process.
Mean± SD.
aRepeated measures ANOVA.
Comparison with baseline: �p< 0.05, ��p< 0.01 and ���p< 0.001 (Bonferroni-corrected p values).
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Figure 1. Peri-tumour temperatures were measured at 30min before hyperthermia (baseline), at 30min and 60min during the hyperthermia procedure, and at
30min after hyperthermia. The peri-tumour temperatures of all patients are shown.

Figure 2. High-resolution Doppler measurements of a representation patient at baseline (A), 30min into the heating procedure (B), 60min into the heating proced-
ure (C), and at 30min after the heating procedure (D).
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declined, implying that blood flow into the tumours signifi-
cantly increased by the heating. Unfortunately, however,
these changes alone precluded us from estimating the extent
of increased blood perfusion in the whole tumour mass.

Another interesting observation in the present study was
that the increase in peri-tumour temperature, excluding the
cooling period, was negatively related to the RI and S/D by
R2 � 0.999 and R2 � 0.972, respectively (Figure 3), and posi-
tively related to blood flow. Such a significant correlation
between the means of RI and S/D suggested that only one of
them could be used to estimate the changes in tumour tem-
perature or blood flow. The feasibility of non-invasively esti-
mating tumour temperature from the Doppler-based
parameters remains to be investigated. As shown in Figure 1,
the peri-tumour temperatures of four patients were notice-
ably higher compared to those of other patients. The RI and
S/D of those four cases were found to be slightly lower than

Table 4. The peri-tumour temperatures, S/D ratios and RI indexes in squa-
mous cell carcinoma (sqcc) and non-squamous cell carcinoma (non-sqcc).

Pathology

Parameter/time point Sqcc (n¼ 13) Non-sqcc (n¼ 7) p valuea

Peri-tumour temperature (�C)
Baseline 36.67 ± 0.24 36.66 ± 0.20 0.429
30 37.53 ± 0.44 37.36 ± 0.47
60 38.39 ± 0.79 38.60 ± 0.97
þ30 37.15 ± 0.31 37.07 ± 0.38

S/D ratio
Baseline 1.64 ± 0.20 1.67 ± 0.20 0.5327
30 1.39 ± 0.13 1.41 ± 0.15
60 1.24 ± 0.08 1.20 ± 0.10
þ30 1.38 ± 0.15 1.43 ± 0.19

RI index
Baseline 0.37 ± 0.07 0.45 ± 0.17 0.0439
30 0.29 ± 0.07 0.29 ± 0.17
60 0.19 ± 0.05 0.19 ± 0.08
þ30 0.28 ± 0.06 0.33 ± 0.15

Mean± SD.
aRepeated measures ANOVA (pathology� parameter interaction p values).

Figure 3. The increase in peri-tumour temperature, excluding the cooling period, was negatively related to the RI and S/D by R2 � 0.999 (A) and R2 � 0.972 (B),
respectively, and positively related to blood flow.
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those of other patients although, the differences were not
statistically significant.

In previous clinical trials on the hyperthermia treatment of
human cervical cancer, heating with external RF or micro-
wave heating devices increased tumour temperature only to
a sub-cytotoxic range of 38–40 �C [18,23]. Despite such mod-
erate increases in temperature, hyperthermia has been
shown to significantly improve the efficacy of radiotherapy
or chemotherapy in controlling human cervical cancer.
Several pre-clinical and clinical studies indicated that hyper-
thermia at a mild, sub-cytotoxic temperature enhanced the
efficacy of radiotherapy by increasing tumour oxygenation
via increasing tumour blood flow. Song et al. [24] reported
that mild temperature hyperthermia at 38–41 �C increased
blood flow, thereby increasing oxygenation in experimental
rodent tumours. Thrall et al. [28] and other investigators
[29,30] suggested that mild temperature hyperthermia has
the potential to improve tumour oxygenation and increase
tumour blood flow in spontaneous canine soft tissue sarcoma
models. A similar increase in oxygenation by mild tempera-
ture hyperthermia has subsequently been observed in vari-
ous human tumours [22,25]. Brizel et al. [22] reported that
heating human soft tissue sarcoma to T90 of 39.9 �C led to
an increase in tumour oxygenation and that the magnitude
of improvement in tumour oxygenation was positively corre-
lated with the amount of necrosis in the tumours caused by
subsequent radiation therapy. The authors further concluded
that such an increase in tumour oxygenation by the mild
heating was due to reduced oxygen demand resulting from
the cytotoxic effect of hyperthermia and/or an increase in
tumour blood flow. It is of note that reduction of oxygen
demand by heating would occur only when the heat-induced
cell death and/or damage are significant, and that heating at
sub-cytotoxic temperatures, i.e. <41 �C, would increase rather
than decrease the oxygen demand by increasing cellular
metabolisms. It is therefore highly likely that the increase in
tumour oxygenation by mild-temperature is due mainly to an
increase in tumour blood flow.

It is relevant that Vaupel and Kelleher [31] reported that
hyperthermia of uterine cervix cancers may change the
tumour blood flow in non-predictable direction and con-
cluded that clinical studies are urgently needed to shed light
on the possible impact of blood flow in the treatment of cer-
vical cancer with hyperthermia.

In conclusion, mEHT increases the peri-tumour tempera-
ture and blood flow in human cervical tumours to the levels
reported to improve the response of various human tumours
to radiotherapy and chemotherapy alone or combined.
Clinical trials are warranted to further elucidate the potential
usefulness of mEHT in improving the efficacy of radiotherapy
against human cervical cancer.
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