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Abstract

Purpose: This review summarizes recent results from two randomized trials testing the complete
response rate and local control benefits for the addition of hyperthermia to external beam radiation.
Methods: In both series, there was a statistically significant benefit to adjuvant hyperthermia.

Results: The establishment of a standardized nomenclature for clinical hyperthermia prescription
will help to facilitate the broader usage of hyperthermia.

Conclusions: Carefully conducted phase III trials with rigorous quality assurance must employ
prospective thermal dosimetry to validate the role of hyperthermia in multi-modality therapy.

Keywords: Thermal dosimetry, thermal dose response, CEM 43°C T90, thermal radiosensitization

Introduction

Hyperthermia, the elevation of tumour temperature to a supraphysiologic level in the range
of 40-44°C, is a well-established radiosensitizer. The predominant molecular target appears
to be protein [1]. For many cells and tissues (both tumour and normal), the heat of
inactivation for cell killing is in the range of that necessary for protein denaturation
(130-170 keal mole™!). Additional evidence for proteins as the primary target for cell killing
is the importance of heat shock proteins (HSPs) in protecting cells from thermal damage.
The rationale for combining hyperthermia with radiation is multi-fold. Mechanisms
of action are complimentary to the effects of radiation with regard to DNA damage
repair [2], cell cycle sensitivity [3] and hypoxia [4]. Hyperthermia causes direct cytotoxicity,
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particularly to cells which are acidotic [5] and nutrient deprived [4]. In addition,
hyperthermia has effects on tumour blood flow and oxygenation which may enhance
tumour radiation response [6].

Pre-clinical studies have established that hyperthermic radiosensitization depends on
temperature achieved and duration of heating [7]. Hyperthermia combined with radio-
therapy has improved clinical response, local control and survival in numerous phase II
studies and several randomized trials for patients with breast, cervix, head and neck cancers,
melanoma and glioblastoma multiforme [8—15]. Despite positive phase III trials, application
of hyperthermia remains limited. This may partially relate to the lack of rigorous thermal
dosimetric data. The basic premise underlying the need for thermal dosimetry is the ability
to write a verifiable prescription for hyperthermia. As in any form of therapy, a sound
dosimetric basis leads to unambiguous treatment, data reporting and quality assurance [16].

These studies were designed to test the clinical value of hyperthermia based on dosimetric
principles established in the preclinical setting [17] and retrospective analysis of human
phase II trials [18]. Quality of treatment was assured using strict application of pre-defined
thermal dose criteria as a ‘test treatment’ to prospectively determine whether thermal dose
prescription could be achieved.

Materials and methods: Thermal dosimetry

It is well established that the rate of cell killing is exponential and dependent on the
temperature achieved. Roughly, over the clinically relevant range of temperatures
(39.5-50°C), the rate of cell killing doubles for every degree increase in temperature. If
thermotolerance is present at temperatures below 43°C, the rate of cell killing changes by a
factor of four for every degree decrease in temperature. This well characterized relationship
between temperature and rate of cell killing facilitated the development of a method for
converting any time—temperature history into an equivalent number of minutes at a standard
temperature, such as 43°C, commonly referred to as CEM 43°C. This dosimetric concept
was accepted only slowly, largely because of early concerns about factors that could alter the
rate of cell killing (such as thermotolerance). However, the value of this method of dosimetry
for prediction of tumour response and duration of local control has now been established in
a number of clinical trials and early concerns about the validity of the concept have largely
been dispelled.

One disservice that the CEM 43°C concept did for the hyperthermia community,
however, was to foster the view that 43°C was a treatment goal and that inability to achieve
this temperature during treatment meant that the treatment had failed. Evaluation of many
published clinical series state that the target treatment temperature was 43°C and the
primary design goal for many hyperthermia devices has been to achieve this temperature.
In fact, temperatures during hyperthermia are never spatially uniform and frequently range
between 39-50°C during a single treatment. Some small zone in a tumour may reach the
target of 43°C, but most temperatures are lower. Thus, a prescription based on a single
target temperature carries little therapeutic meaning and cannot be realistically achieved in
the vast majority of patients.

Alternatively, it has been shown in several clinical series that temperatures that describe
the lower end of the temperature distribution, such as the minimum or Ty, are usually well
below 43°C, yet are correlated with therapeutic effects when combined with radiation. The
advantage of the CEM 43°C concept is that any temperature measured during treatment can
be converted to CEM 43°C. This allows thermal histories in different parts of the tumour as
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well as between patients to be made. The conversion of time—temperature histories to CEM
43°C for the convenience of hyperthermia dose standardization does not in any way imply
that 43°C is a ‘target temperature’ for hyperthermia.

From these two approaches, terminology evolved that converted percentile descriptors of
multi-point thermal data, such as the Ty or Tnin, to an equivalent number of minutes at a
standard temperature. In the most common form, this has resulted in the reporting of data
as CEM 43°CTy, or CEM 43°CT,,;n. The nomenclature refers to cumulative equivalent
minutes at 43°C at the Ti,4cx value (e.g. Tog or T;n). In practice this is usually accomplished
by calculating the average Ty or Ty, over each minute of a treatment, converting that data
to an equivalent number of minutes at 43°C and summing up those data. Some investigators
have also summed this type of data over several treatments.

Hyperthermia improves complete response rate and local control in superficial
human tumours

This trial was designed to test whether a thermal dose of >10 min CEM 43°CTy, results in
improved complete response and duration of local control compared to a thermal dose of <1
CEM 43°CTyo. Patients with superficial tumours (<3 cm depth) received a test dose of
hyperthermia <1 CEM 43°CTyo. Tumours deemed heatable were randomized to additional
hyperthermia (HT) vs no further hyperthermia (no HT). Hyperthermia was given using
microwave spiral strip applicators operating at 433 MHz.

One hundred and twenty-two patients were enrolled, 109 (89%) were deemed heatable
and were randomized. The complete response rate in the HT arm was 66.1% and in the no
HT arm 42.3%. The odds ratio for complete response was 2.7 (95% CI [1.2-5.8], p=0.02).
There was further a significant improvement in duration of local control (Figure 1).
Previously irradiated patients had the greatest incremental gain in complete response, four of
17 patients (23.5%) in the no HT arm vs 15 of 22 patients (68.2%) in the HT arm. No
overall survival benefit was seen. Adjuvant hyperthermia with a thermal dose >10 CEM
43°CTyy confers a significant local control benefit in patients with superficial tumours
receiving radiation therapy.

Thermal dose and duration of local control in canine sarcomas

In a series of spontaneous canine sarcoma patients (all de novo tumours), the prospective
delivery of higher thermal dose was associated with longer tumour control duration. One
hundred and twenty-two dogs with a heatable soft tissue sarcoma were randomized to
receive a low (2-5 CEM 43°CTy) or high (20-50 CEM 43°CTy) thermal dose in
combination with radiotherapy. Most dogs (90%) received four-to-six hyperthermia
treatments over 5 weeks.

In the primary analysis, median (95% CI) duration of local control in the low-dose group
was 1.2 (0.7-2.1) years vs 1.9 (1.4-3.2) years in the high-dose group (log-rank p=0.28).
The probability (95% CI) of tumour control at 1 year in the low-dose vs high-dose groups
was 0.57 (0.43-0.70) vs 0.74 (0.62-0.86), respectively. Using multi-variable procedure,
thermal dose group (p=0.023), total duration of heating (p=0.008), tumour volume
(»p=0.041) and tumour grade (p=0.027) were significantly related to duration of local
tumour control. When correcting for volume, grade and duration of heating, dogs in the
low-dose group were 2.3 times as likely to experience local failure.
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Figure 1. (a) Time to local failure, all patients, log-rank p = 0.02. The primary difference between the
two arms occurred at the beginning of the study, corresponding to a significant difference in the
complete remission rates in the two arms. (b) Overall survival, all patients, log-rank p=0.84.
(¢) Hazard function of time to local failure by arm, all patients, log-rank p =0.02. Hazard means the
risk of having a local failure. Note that the primary difference in the hazard functions between the two
arms seemed to have occurred within the first 6 months, likely due to the difference in the complete
remission rates in the two arms. The competing risks, including death, were assumed to be
independent of this outcome in the two arms. HT, hyperthermia. Figure reproduced from Jones et al.,
J Clin Oncol 23:3079-3085, 2005 [19], with permission.
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Figure 2. Estimated survival distribution functions of time to local failure for a ‘typical’ dog in the low
and high thermal dose groups from the Cox proportional hazards model. There is a significant
association between thermal dose group and time to local failure after controlling for total duration
of heating, tumour volume and tumour grade (hazard ratio of low vs high, 2.28; 95% CI 1.12-4.64;
p=0.023). Duration of heating and tumour volume values used in the estimation of survival functions
were median values for the respective group and overall, respectively. Hty;,, total duration of
heat treatment; median duration of heating in the thermal dose group was used in the plot. Stum,,
median tumour volume over all dogs in trial. Figure adapted from Thrall et al., Clin Cancer Res
11:5206-5214, 2005 [20].

Thermal dose is directly related to local control duration in irradiated canine sarcomas
(Figure 2). Longer heating being associated with shorter local tumour control was
unexpected. However, the effect of thermal dose on tumour control was stronger than
for heating duration. The heating duration effect is possibly mediated through
deleterious effects on tumour oxygenation. These results are the first to show the value
of prospectively controlled thermal dose in achieving local tumour control with
thermoradiotherapy and they establish a paradigm for prescribing thermoradiotherapy and
writing a thermal prescription.

Summary and future directions

One lives in a world of evidence-based medicine. One simply cannot ignore the evidence
that prospectively defined and delivered thermal dose, quantified as CEM 43°CTy, and
based on tumour temperature measurements, is related to clinical outcome; this study
has shown this both in canine and in human tumours. One does not know if a better
thermal descriptor exists or whether there is a universally applicable thermal descriptor.
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However, the studies reviewed here demonstrate a clear correlation of the thermal descriptor
CEM 43°CTy, to outcome. Efforts to refine three-dimensional thermal dose distributions
with non-invasive MR-based thermometry may enhance the progress that has been made
with regard to characterizing thermal dose. Ultimately, these efforts will optimize the clinical
applications of hyperthermia.
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