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Abstract
Purpose: Hyperthermia treatment might increase tumour oxygenation and perfusion, as has been reported for experimental
tumours. The present study was performed to investigate this hypothesis in patients undergoing regional hyperthermia
treatment.
Methods: Thirteen patients with primary or recurrent pelvic tumours were included in this study. Prior to and up to one hour
after regional hyperthermia, perfusion was quantitatively determined by H2

15O-PET. The fused CT-PET images were used
to extract tumour time-activity curves and to identify the catheter position. Perfusion was calculated from the total tumour
time-activity curves and for the time-activity curves at the catheter site. Additionally, perfusion was calculated from the
temperature-time curves measured using temperature probes.
Results: Perfusion values calculated using H2

15O-PET and those deduced from temperature probe measurements are
significantly correlated with a correlation coefficient, R¼ 0.21. The perfusion values deduced from the temperature
measured in a body cavity do not provide information about average tumour perfusion. Perfusion values deduced from
the temperature are overestimated for very poorly perfused tissues and underestimated for highly perfused tissues.
Conclusions: Temperature measurement during hyperthermia may allow only determination of intermediate perfusion values.

Keywords: regional hyperthermia, perfusion, H2
15O-PET, bioheat transfer

Introduction

Mild local hyperthermia is a promising treatment

modality for various types of cancer but it is difficult

to ensure reliable heating of the entire tumour while

reducing energy deposition in healthy tissue.

Perfusion is crucial for hyperthermia treatment

planning and has to be taken into account when

calculating the expected temperature using the

bioheat equation with temperature and tissue para-

meters [1–4]. Moreover, perfusion is important

because it dramatically changes during hyperthermia

treatment. One must be aware that the interaction

between temperature and perfusion is highly

non-linear because complex thermoregulatory pro-

cesses take place in a patient’s body [5, 6]. Part of the

beneficial effects of hyperthermia in multimodal

tumour treatment are caused by changes in the

microenvironment such as altered perfusion,

improved oxygenation, and enhanced delivery of

chemotherapeutic agents [7–12]. It is therefore

important to have a tool for evaluating perfusion in

patients undergoing hyperthermia treatment.

The most established technique for assessing

perfusion is H2
15O-PET. Functional information

on perfusion is obtained from signal-time curves

of tissue whose shape is determined by perfusion and
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distribution volume and which can be extracted from

images acquired dynamically after intravenous

administration of a short tracer bolus. In addition,

perfusion can be assessed during hyperthermia from

temperature-time curves derived by means of a

temperature probe in the catheter used for hyperther-

mia treatment. Local perfusion can be deduced from

the steady-state temperature during heating and the

rate of the temperature increase/decrease when

power is switched on/off [13].

This study was performed to compare and analyse

differences in perfusion quantification between

the temperature probe method and H2
15O-PET.

This means that basically we are comparing two

methods based on different mechanisms. The tem-

perature probe method using thermal wash-out relies

on heat transport, which occurs predominantly with

vessels 4100 mm in diameter, whereas H2
15O-PET

uses transport of an indicator occurring at the

microvessel level. H2
15O-PET was performed

before and 20–60 min after heating in patients

undergoing hyperthermia treatment for recurrent

rectal cancer or primary cervical cancer. Perfusion

was assessed using the temperature probe method at

the beginning and end of heating during regional

hyperthermia treatment (RHT). The dynamic PET

acquisition protocol allows quantitative determina-

tion of local perfusion in conjunction with an

appropriate kinetic model. The data is

analysed using a volume of interest (VOI) placed

within the tumour and a second one at the catheter

location for generating time-activity curves of these

two regions.

Materials and methods

Patients

Thirteen patients with primary or recurrent pel-

vic tumours (five rectal carcinomas and eight cervical

carcinomas) were investigated. The patients ranged

in age from 44 to 69 years. For treatment planning, a

CT of the abdomen and pelvis was acquired

within two weeks before PET with the patient in

the same orientation as for PET without use

of immobilisation techniques and without catheters

in place. The patients underwent regional hyperther-

mia treatment (RHT) in addition to conventional

chemotherapy or radiochemotherapy. Chemotherapy

was applied during RHT and radiotherapy on

those days of the treatment phase on which no

RHT was performed. The investigations were

approved by the local ethics committee. All patients

gave their informed consent prior to the PET

examinations.

Regional hyperthermia

RHT was administered regularly once a week using

the BSD 2000 (BSD Medical, Salt Lake City, UT)

SIGMA 60-ring applicator. An array of four antenna

pairs irradiated electromagnetic waves at 90 MHz

with a dorsal phase delay of 20–40� and a 5–20� delay

on the lateral pairs (supine position of the patient)

[14]. The power deposition pattern was shifted

posteriorly into the presacral space using phase

control. This adjustment leads to higher tempera-

tures in presacral pelvic tumours and is bet-

ter tolerated and more effective, as assumed

theoretically [13, 15].

Temperatures were measured endoluminally using

Bowman thermistors (BSD Medical) in closed-end

catheters placed in the rectum, bladder, vagina, or

above the gluteal fold [14]. In all patients,

tumour-associated temperatures were measured

with a thermistor in contact with the tumour

or within the tumour. Additionally, temperatures

were measured at the rectum in patients with cancer

of the uterine cervix. The site of contact with the

tumour, i.e. the temperature measurement point,

was determined according to tumour size as mea-

sured from the anocutaneous line using endoscopy,

trans-rectal ultrasound, or CT scans. The therapeu-

tic period of RHT began as soon as a temperature of

42�C was reached at one of the tumour-related

measurement points or, in case the target tempera-

ture was not reached, 30 min after the power was

turned on. Continuous heat application over a period

of 60 min was attempted. Temperature-time curves

in tumour-related reference points as well as

temperature-position curves were recorded and

evaluated to identify predictive thermal parameters.

Perfusion was deduced from the steady-state tem-

perature during heating and the gradient of the

temperature increase/decrease when power was

switched on/off [13]. In this way, perfusion at the

beginning and end of RHT was determined.

H2
15O-PET

In addition, tumour perfusion was investigated by

water PET in all study patients prior to and imme-

diately after completion of an RHT session. The

investigation was performed between the first and

sixth RTH session, i.e. between the first and

thirty-fifth day of RTH. 2D-PET scans were

acquired on an ECAT-Exact/921-PET scanner

(47 slices; 128� 128 matrix; reconstructed in-plane

resolution 5 mm; axial resolution 3.75 mm). A

10-min transmission scan was acquired with a
68Ge/68Ga-ring source for attenuation correction.

For each scan 1.5 GBq in 6–8 mL physiological

saline solution was administered as an intravenous

bolus followed by 20 mL 0.9% saline solution with a

Perfusion comparison: temperature probe versus H2
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flow rate of 2 mL/s. Forty-six frames were collected

over an 11-min period (35� 2 s, 8� 30 s, 3� 120 s)

starting with the initiation of the injection. Scan data

were reconstructed using filtered back-projection

with corrections for attenuation, scatter, randoms,

dead time, and decay, and smoothed by a Gaussian

function with 7.3-mm full width half maximum

(FWHM).

PET evaluation

The evaluation of the dynamic H2
15O-PET scan

is described in detail in [16]. In short, the arterial

input function (AIF) is extracted from the image data

by using a VOI placed in the common iliac artery

[17]. The tumour and the catheter positions have to

be contoured in the PET images to extract the

tumour activity-time curve. Since CT allows more

accurate labelling of the tumour than the

H2
15O-PET images, image fusion of PET and CT

was done to identify the tumour area as described in

[16]. In the CT image two structures were labelled,

the tumour and the catheter position (see Figure 1).
15O-Water is a chemically inert, nearly freely

diffusible tracer, and its behaviour in tissue can be

described by the methods published by [18, 19]

neglecting the limited diffusion of water [20, 21].

The AIF was extracted from the common iliac artery

using the method validated in [17]. The AIF was

fitted over time by means of a function using a

parameterisation consisting of a gamma variate bolus

[22] and a reflow contribution [23, 24]. The

parameterised AIF calculated in this way is used to

calculate tumour perfusion and perfusion at the

catheter location. Fitting of AIF and perfusion

calculation were performed with program modules

in Cþþ and FORTRAN dynamically linked to AM

IRA which were developed in our institution.

Statistical analysis

The statistical analysis was performed using R

for Linux (GNU Project, http://www.r-project.org).

A linear correlation was assumed between the

methods. Therefore, a three-parameter linear

model was fitted using the least mean square

technique for approximation. A linear offset and a

multiplicative factor between the measurements prior

and after hyperthermia were investigated.

Additionally, slope and y-axis were fitted and tested

for significance. Water PET perfusion was used as a

reference.

Results

The mean duration of hyperthermia was 60� 12 min

(minimum 32 min, maximum 1 h 19 min). The mean

time between hyperthermia and PET after hyperther-

mia was 40� 13 min (minimum 21 min, maximum

60 min). In the eight patients with cancer of the uter-

ine cervix one temperature probe was positioned at

the rectum and the second at the cervix. In the five

patients with rectal tumours a temperature probe was

positioned at the rectum. The differences between

the average pre-therapeutic and post-therapeutic

H2
15O-PET perfusion values and between tempera-

ture probe-derived perfusion at the beginning

and end of heating were evaluated. No significant

differences were found between the measurements

before hyperthermia/beginning of heating and

after hyperthermia/end of heating (see Figure 2).

Therefore, the average tumour pre- and

post-hyperthermia investigations were evaluated

together (see Table I). The average maximum

tumour-related temperature achieved in the steady

state was 40.9� 0.8�C, and the average duration of

the steady-state temperature was 43� 12 min deter-

mined by the temperature probe at the tumour.

The H2
15O-PET perfusion determined in patients

with cancer of the uterine cervix at the cervical

temperature probe position was 5.7 times larger

(79.3 mL/(min 100 cm3)) than the temperature

probe perfusion (13.8 mL/(min 100 g)). The rectal

H2
15O-PET perfusion for the cervical carcinomas at

the rectal temperature probe position was twice as

large (24.6 mL(min 100 cm3)) than the temperature

probe perfusion (12.6 mL/(min � 100 g)). The rectal

H2
15O-PET perfusion for the rectal carcinomas

(29.4 mL/(min 100 cm3)) was 2.5 times larger than

the temperature probe perfusion (11.6 mL/

(min � 100 g)). Overall, the H2
15O-PET perfusion

(46.6 mL/(min 100 cm3)) was found to be 3.6 times

larger than the temperature probe perfusion

(12.8 mL/(min � 100 g)).

For both tumours the average tumour H2
15O-PET

perfusion differed significantly (P< 0.05) from the

H2
15O-PET perfusion at the temperature probe

position. The mean cervical tumour perfusion

(59.2 mL/(min � 100 g)) was 25 % smaller than the

H2
15O-PET perfusion at the temperature probe

position (79.3 mL/(min � 100 g)). On the other

hand, the mean rectal tumour perfusion (35.1 mL/

(min � 100 g)) was 19% larger than the H2
15O-PET

perfusion at the temperature probe position

(29.4 mL/(min � 100 g)).

All temperature probe-deduced perfusion values

were correlated with the H2
15O-PET perfusion

values determined at the catheter position using the

linear model. Since no significant offset or multi-

plicative factor was found between pre-hyperthermia/

beginning of heating and post-hyperthermia/end

of heating, both measurements were evaluated

together to reduce statistical uncertainty using

linear regression. Offset and slope were found to

406 C.-H. Cho et al.



differ significantly from zero with P< 0.001.

The overall correlation of H2
15O-PET and the

temperature probe-deduced perfusion was

P¼ 0.002. The linear correlation coefficient was

0.211 with a slope of 0.0796� 0.0342 (mL/min

100 g))/(mL/min 100 cm3)) (P< 0.0001) and a

y-axis perfusion of 9.13� 1.53 ml/(min� 100 g)

(P¼ 0.002) using H2
15O-PET as a reference,

see Figure 3. On the other hand, no significant

correlation was found when comparing the

temperature-deduced perfusion with total tumour

perfusion as well as when comparing the H2
15O-PET

perfusion at the temperature probe position with

total tumour perfusion.

Figure 1. 3D CT scan with superimposed fused perfusion-weighted PET image shows the ROI used to estimated positions
of the rectal catheter (A), vaginal catheter (B), and tumour (C).

Perfusion comparison: temperature probe versus H2
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Discussion

In this study we used a technique to extract the AIF

from a peripheral artery. The technique allowed

absolute quantification of perfusion without arterial

blood sampling. On the other hand, not using arterial

blood sampling during measurement significantly

increased the statistical uncertainty in calculating

perfusion. Overall reproducibility of H2
15O-PET

evaluation of perfusion was 19.2% [16]. While

better accuracy would be useful, the mean accuracy

of the method was sufficient to identify significant

changes in perfusion and partition coefficient. The

mean tumour perfusion values determined in the

present study are nearly identical to the values

determined in a larger group of patients in an earlier

study [16]. Therefore, it was assumed that a repre-

sentative group of patients was investigated in the

present study.

A major limitation of the current study, in contrast

to our previous study is that perfusion was addition-

ally determined in a small area at the catheter

position. Since the VOI used for determination of

PET perfusion was much smaller than the tumour

VOI, a misregistration has larger effects. The accu-

racy of the coregistration for the iliac arteries was

much better than the effective spatial resolution of

the PET perfusion measurement. However, registra-

tion accuracy is affected by internal organ filling.

Since no other internal structures can be assessed by

using a H2
15O-PET the uncertainty of the catheter

position is unknown, but the spatial resolution of

both perfusion measuring techniques is low.

Table I. Perfusion was assessed using the temperature probe, PET using a VOI at the location of the
temperature probe, and PET using a VOI at the tumour. Mean perfusion values measured at the
beginning of heating/before RHT (pre) and end of heating/after RHT (post) are provided. Additionally,
the difference (diff.) between both measurements and the average (mean) of both measurements are
provided. Cervical perfusion was determined in patients with cervical cancer and rectal perfusion in
patients with rectal cancer and cervical cancer.

Temp. probe PET probey PET tumourz

Mean�SD* Mean�SD Mean�SD

Tissue mL/(min 100 g) mL/(min 100 cm3) mL/(min 100 cm3)

Cervical in cervical cancer pre 14.0� 8.7 87.3�53.1 60.3� 41.9

post 13.6� 9.2 71.2�48.2 58.1� 46.2

diff. �1.0� 3.6 �16.2�28.3 �2.2� 7.4

mean 13.8� 8.7 79.3�42.7 59.2� 42.7

Rectal in rectal cancer pre 9.5� 4.2 22.1�24.7 37.4� 17.9

post 13.7� 5.6 28.0�24.9 32.8� 19.6

diff. 4.2� 6.2 5.9�11.2 �2.4� 5.3

mean 11.6� 5.2 29.4�23.8 35.1� 17.9

Rectal in cervical cancer pre 13.1� 10.1 26.9�20.1

post 12.2� 4.5 22.3�17.5

diff. �0.9� 7.7 �4.6�18.1

mean 12.6� 7.5 24.6�18.4

All pre 12.6� 8.3 49.5�46.7 50.4� 35.6

post 13.1� 6.6 43.6�39.4 48.6� 39.3

diff. 0.5� 6.1 �0.2�34.7 �1.8� 7.0

mean 12.8� 7.4 46.6�42.8 49.5� 36.7

*Standard deviation.
yPerfusion at the position of the temperature probe.
zMean tumour perfusion.

Figure 2. Comparison of the differences (post, pre)
of the perfusion values determined by using the temper-
ature probe and those determined using H2

15O-PET at the
position of the temperature probe. i: rectal perfusion
difference patients with cancer of the uterine cervix,
h: rectal perfusion difference in patients with rectal
cancer, �: cervical perfusion in patients with cancer of
the uterine cervix.

408 C.-H. Cho et al.



Deviations from the actual position increase the

overall uncertainty and reduce the value of the

regression coefficient. The impact of the coregistra-

tion uncertainty on the regression parameters (slope,

abscissa) is much smaller.

The H2
15O-PET evaluation technique applied

here provides perfusion values 104.0� 52.0% above

those determined by using the AIF calculated from

blood samples [17]. Using the correction factor of

[17], the slope becomes higher, 0.163, but is still far

below one, which would mean identity. Additionally,

the y-axis intercept is far above zero. Interestingly,

modifying the H2
15O-PET perfusion values by the

correction factor, one obtains perfusion values for the

rectal catheter positions of 14.4 mL/(min � 100 cm3)

versus 11.6 mL/(min � 100 g) for the rectal carcino-

mas and 12.1 mL/(min � 100 cm3) versus 12.6 mL/

(min � 100 g) for the cervical carcinomas. In first

approximation, both methods predict identical per-

fusion values for the rectal site. On the other hand,

correcting the PET perfusion values determined at

the cervix reduced the ratio between both methods

only to a factor of 2.8. Nevertheless, altogether the

perfusion values are highly correlated.

Temperature probe-deduced perfusion is deter-

mined indirectly by using the temperature and not

directly by using an indicator-based method. Local

temperature is subject to convection and diffusion.

The contribution of the thermal conduction compo-

nent depends on the magnitude and direction of the

local thermal gradient. These conduction terms are

not taken into account using the temperature probe

method [13] and lead to substantial smoothing of a

perfusion distribution determined with the temper-

ature probe method [25, 26]. Moreover, the tem-

perature probe provides perfusion values at sites

where no perfusion is present. In contrast,

H2
15O-PET correctly fails to provide any significant

perfusion for the bladder, since there are no vessels

inside the bladder. In one patient, see Figure 4, the

Figure 4. CT image with fused perfusion-weighted PET image shows the ROI used for the position of the catheter in
the bladder.

Figure 3. Comparison of the perfusion values determined
by using the temperature probe and those determined
using H2

15O-PET at the position of the temperature probe.
The filled line represents the result of linear regression and
the broken line the fit error as standard deviation.
Filled symbols (N, f, ) indicate mean PET perfusion
prior to hyperthermia versus temperature probe perfusion
at beginning of heating. Open symbols (i, h, �) indicate
mean PET perfusion after hyperthermia versus tempera-
ture probe perfusion at end of heating. The symbols i, N
indicate rectal perfusion patients with cancer of the uterine
cervix; h, g rectal perfusion in patients with rectal cancer

�, f cervical perfusion in patients with cancer of the
uterine cervix.

Perfusion comparison: temperature probe versus H2
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temperature probe provided a perfusion value

of 13.1 mL/(min � 100 g) for the beginning of heating

and 14.3 mL/(min � 100 g) for the end of heating in

the bladder. Conductive heating losses of neighbour-

ing perfused tissue create the appearance of perfusion

in temperature versus time curves measured using a

temperature probe.

As a result of the smoothing effect, very

highly perfused tissues distribute their temperature

increase in adjacent tissues so that the perfusion

determined by the temperature probe appears much

smaller. Therefore, high perfusion values are sig-

nificantly underestimated and low perfusion values

are significantly overestimated by using the temper-

ature probe. The effect becomes larger as the

volume of the highly perfused tissue decreases

and perfusion increases. These results are consis-

tent with the simulations of Wong et al. [25].

Additionally, higher perfusion values can be

expected using H2
15O-PET compared with a

method based on thermal conduction. This is

because much of the signal coming from

H2
15O-water is contributed by microvessels that are

not thermally significant, whereas the thermal con-

duction method solely relies on thermally significant

contributing vessels typically larger than 100 mm.

The thermal washout method should yield

lower values because of the relative difference in

the number and density of vessels governing trans-

port. Comparable deviations between the perfusion

predicted by using the bioheat transfer equation and

measured perfusion and temperature values

have already been described earlier by Rine et al.

[27] and discussed in detail.

Nevertheless, since the perfusion values are

highly correlated, a correction using the results of

the linear regression seems not applicable because

the spread of datapoints along the regression line

should be considerably narrower. Additionally,

such a correction might yield wrong results because

in principle small hot spots should be corrected

differently than large perfused areas. Other

perfusion correlation studies using different techni-

ques also failed to establish a high correlation

between different imaging-based perfusion techni-

ques [28, 29]. Therefore, it would be useful to

combine magnetic resonance imaging-based

temperature measurements with temperature probe

measurement to obtain 3-dimensional thermal

profiles during hyperthermia. In this way, ther-

mal gradients could be calculated and effects of con-

duction accounted for. On the other hand,

the contribution of microvascular perfusion to

heat transfer cannot be predicted by assessing

microvascular perfusion using an indicator-based

method.

Conclusions

The present study demonstrates that the perfusion

estimated by the temperature probe provides only

information about perfusion at the catheter site but

not about mean tumour perfusion. Tumour perfu-

sion might be higher or lower than the perfusion

value determined from a temperature probe placed

within a body cavity. Perfusion determined from

temperature measurements is overestimated for very

poorly perfused tissues and underestimated for

highly perfused tissues because, basically, different

physiological transport processes are assessed, micro-

vascular perfusion by H2
15O-PET and heat transport

predominantly occurring in vessels4100 mm.
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