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Abstract

Purpose—/n vitro data demonstrate that heat-induced radiosensitisation is maximised if
hyperthermia and radiotherapy are given simultaneously, with the radiation fraction delivered
midway through a hyperthermia session, rather than sequentially. The long-term normal tissue
toxicity of full-dose simultaneous thermoradiotherapy is unknown.

Materials and methods—Patients with locally advanced breast cancer (T3, T4 or more than
three involved nodes or local recurrence), no prior radiotherapy, received between four and eight
sessions of simultaneous thermoradiotherapy. Hyperthermia always included the primary tumour
site. In addition an electively heated sector (EHS) was included. The EHS was randomised to
either medial or lateral to the tumour site, with the other side an irradiated but unheated control.
As per our usual practice, patients received surgery and/or chemotherapy prior to radiotherapy.
Radiation doses were 46-50 Gy followed by a boost of <16 Gy at 1.8-2 Gy per fraction. EHS and
control sectors received the same dose.

Results—A total of 57 evaluable cases with average follow-up of 79 months experienced two
local and two nodal recurrences. There was no significant difference in >grade 2 toxicity for
heated versus control sectors (LR XZ =0.78, p=0.38) with no relationship between number of
hyperthermia sessions and toxicity (LR XZ =2.90, p=0.09).

Conclusions—Simultaneous full-dose thermoradiotherapy for breast cancer is feasible and well
tolerated, with no significant difference in late toxicity between electively heated and unheated
control sectors. All patients had hyperthermia to the primary tumour site with excellent local
control.
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Introduction

Hyperthermia is a well-validated adjunct to radiotherapy for the treatment of breast cancer
[1, 2]. Breast cancer in the chest wall, in particular, tends to be broad but very shallow,
making it very suitable for heating with modern microwave or ultrasound array devices.
However, the principal use to date has been for treatment of patients with macroscopic
disease, most commonly local recurrences after prior radiotherapy and systemic therapy.
Although such cases are important, they represent a minority of breast cancer patients
referred for radiotherapy that may also benefit from hyperthermia. Because the range of
systemic treatments is increasing, patients with local recurrence tend to go through a number
of systemic therapies before being considered for re-irradiation, and therefore hyperthermia
referrals are much less frequent than in the past. Moreover, patients with locally advanced
initial presentation of disease — who do comprise a substantial group in a typical radiation
oncology practice — usually receive surgery and/or chemotherapy before radiation therapy
and often have no visible disease by the time they begin radiotherapy. Thus a typical
radiation oncology practice, while including substantial numbers of patients with breast
cancer, will have relatively few with macroscopic disease. There is reason to investigate the
safety and efficacy of hyperthermia as an enhancer of radiotherapy for patients with high
risk of local failure in areas with no visible disease at the time of treatment. Several
publications have suggested that hyperthermia with low-dose re-irradiation can achieve good
local control for patients who have had all macroscopic disease eradicated prior to
radiotherapy. [3-5]. In the present study we evaluate elective thermoradiotherapy for patients
who have had no prior radiotherapy.

In management of subclinical disease, one of the major rationales for applying hyperthermia
— its effect on tumour physiology — probably does not apply. A number of investigators have
shown that readily achievable minimum target thermal doses of ~41°C x 30-60 min can
produce substantial reductions of tumour hypoxia [6-10]. However, for electively treated
regions that have seen no prior radiotherapy, tumour micrometastases share the physiology
of the normal tissue. Normoxic tumour cells can still benefit from hyperthermia via the
mechanism of heat-induced radiosensitisation (HIR). In this scenario, the rationale for
simultaneous hyperthermia and radiation is buttressed. HIR has been shown to depend
sharply on timing: if radiation is given during hyperthermia (simultaneous
thermoradiotherapy), 1 h at 41°C produces a level of HIR comparable to 2 h or more if
radiotherapy immediately follows hyperthermia (sequential thermoradiotherapy) [11-14].
We have previously shown that biologically meaningful thermal doses to tumour tissue
could be achieved with four or more simultaneous hyperthermia sessions incorporated into a
course of fractionated radiotherapy [12, 15].

If the target volume is being electively treated there is potentially dose-limiting normal
tissue admixed with tumour micrometastases. The question of therapeutic gain is very
important in this setting. To help evaluate this we have conducted a prospective clinical trial
in which we compare post-treatment normal tissue changes in heated versus unheated
portions of electively treated chest walls or breasts. Each woman functioned as her own
control; with the heated sector randomised to be either medial or lateral to the location of the
primary tumour, as described in the next section. This protocol also included a thermal dose
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escalation component. The first cohort of enrolled patients received four hyperthermia
sessions, followed by a second cohort that received eight. Since late injury is usually the
dose-limiting factor for radiotherapy, late effects were the primary end point of this protocol.

Methods and materials

The present study was a randomised dose escalation trial of simultaneous
thermoradiotherapy to the chest wall for high-risk breast cancer patients with minimal to no
residual disease and no prior radiation therapy to the chest wall. Each patient served as her
own control, with random selection of either the medial or lateral half of the chest wall to
receive elective hyperthermia. The primary end point was late skin changes in the heated and
unheated control regions during follow-up. The study protocol was approved by the
Institutional Review Board of Washington University in Saint Louis.

Patient selection

Eligible patients were those with histopathologically confirmed adenocarcinoma of the
breast with T4, T3, any T-stage with more than three involved lymph nodes, or locoregional
recurrent disease, with no evidence of distant disease other than the ipsilateral
supraclavicular region, no prior radiotherapy, and macroscopic disease on the chest wall <3
cm in greatest dimension at the time of initiation of radiation treatment. Patients with prior
surgical resection of all visible disease or complete clinical response to prior chemotherapy
were included. The eligibility criteria were based on our past experience, which indicated
that even with adjuvant radiotherapy these patients have an overall risk of locoregional
failure in excess of 10% [16-18]. Studies to determine absence of distant metastatic disease
were chosen by the treating physician as per customary practice, and included laboratory
studies (CBC (complete blood count), serum electrolytes, liver function tests) and at least
one radiographic study (chest X-ray, computerized tomography (CT) scan of chest and
abdomen, bone scan, or fluorodeoxyglucose positron emission tomography (FDG-PET)
scan).

Patients receiving breast conservation therapy were allowed if breast depth was <5 cm;
breasts deeper than that were excluded due to inability to adequately heat with ultrasound
hyperthermia. Patients who were <18 years old or otherwise unable to give informed
consent, pregnant patients, and patients with pacemakers or other implantable devices
susceptible to radiofrequency interference from the device were also excluded. Eligible
patients were required to have an estimated survival time =1 year at the time of enrolment.

Radiotherapy delivery

All patients were prescribed 46-50 Gy in 1.8-2 Gy fractions to the chest wall and
lymphatics of the supraclavicular fossa and axilla. Tangents were used to treat the breast or
chest wall. On hyperthermia days, the hyperthermia applicator was placed orthogonal to the
radiation beam, with radiation treated midway through the hyperthermia session as
described previously [19]. Boost treatment to a total dose of up to 66 Gy was permitted,
provided that the dose to both the heated and control sectors was the same. In general 6 MV
photons were used to treat tangents, except for patients with bridge separation =25 cm, who
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were permitted to receive up to 14 fractions with higher energy. Layer bolus to the chest wall
was required at least every other day. Since the hyperthermia applicator functions as bolus to
the heated sector, hyperthermia was always scheduled on days when the unheated control
sector was also being bolused.

In addition to the usual skin tattoos for treatment set-up, an additional triangle of permanent
tattoos was placed in the heated and control sectors to help define the extent of tissue
contraction in follow-up. The ratio of follow-up to initial values of the product of the base
times the height of each triangle was used as a measure of tissue contracture: the smaller the
ratio, the greater the amount of contracture.

Hyperthermia delivery

Hyperthermia was delivered simultaneously with radiation, in 1-h sessions. Hyperthermia
treatment took place in the radiation treatment room with the patient positioned for radiation
treatment. The radiation fraction was delivered midway through the 60 min hyperthermia
treatment, with no interruption of the hyperthermia. Techniques for simultaneous
thermoradiotherapy were as per Straube et al. [19].

Hyperthermia was delivered via the Sonotherm 1000 ultrasound array system, using 16
independent transducers (Labthermics, Champaign, IL, USA). Treatments were delivered
using the 16 cm x 16 cm aperture, which effectively heats a 12 cm x 12 cm area [20]. The
primary tumour site was always included in half the hyperthermia field, with patients
randomised to have the other half of the hyperthermia field (elective hyperthermia) lie either
medial (27 cases) or lateral (30 cases) to the primary site. The electively heated
hyperthermia sector was thus 6 x 12 cm. An unheated control sector, also 6 x 12 cm, lay on
the other side of the primary lesion and matched the heated sector in cephalocaudal extent.
To make certain that the control sector was not heated by conduction, a gap of 5 cm was
required between the hyperthermia applicator coupling bolus and the control sector.

A minimum of 72 h between hyperthermia sessions was required. Two study arms were
defined with regard to number of hyperthermia treatments: Patients on Arm 1 received four
hyperthermia treatments, in most cases once a week during the first 4 weeks of therapy.
Patients on Arm 2 received eight hyperthermia treatments, preferably within the first 4
weeks of radiotherapy. Arm 2 was not opened until at least 10 patients with a minimum of
1.5 years follow-up were accrued.

Hyperthermia sessions lasted about 60 min, with a thermal objective of heating all

monitored locations to at least 41°C for at least 30 min, while limiting maximum skin
temperature to 43°C as much as possible. Continuous temperature monitoring was done
using thermocouples in multi-sensor surface and interstitial probes. The number of
monitored locations used per hyperthermia session ranged from 11 to 16, with a mean of
15.1 continuously monitored locations. Only one patient had macroscopic residual disease at
the initiation of radiotherapy, a small area of skin nodularity <1 cm thick, monitored with
surface sensors. For all other patients there was no visible disease after the pre-radiation
chemotherapy and/or surgery. Interstitial thermometry was not used if the volume at risk was
less than 1 cm deep which, in this study, meant those patients with prior mastectomy. It
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should be noted that the coupling water bolus, although warmed to less than 41°C prior to
treatment, was not actively heated during the hyperthermia sessions, and was passive (non-
circulating). The ultrasound device itself deposits no power in the degassed water. Therefore
elevated temperatures above 41°C in surface sensors do not simply reflect the temperature of
the coupling bolus temperature. Typical tissue perfusion and conduction imply a thermal
diffusion length of ~1 cm [21]. The seven patients with intact breasts had one or two three-
sensor interstitial thermocouple needles placed each session, under ultrasound guidance to
assure reproducibility of position. In-dwelling catheters were not used, to avoid temperature
artefact during ultrasound heating.

Post-treatment follow-up

Patients were scheduled to be seen in follow-up 1 month after the completion of therapy and
every 6 months thereafter. At each follow-up visit the hyperthermia physicist identified the
sectors to the physician using pre-treatment diagrams and photos, but kept the scoring
physician blinded as to which sector was heated and which was not. Skin changes in the
heated and non-heated control sectors were evaluated by a visual scale based on the RTOG
LENT system [22]. Those patients who retained skin tattoos in follow-up also had tissue
contraction measured by comparing the area enclosed by the triangular array of tattoos in
each sector to its pre-treatment value.

Locoregional disease status was assessed clinically. Since the primary end points of this
study were normal tissue and tumour status in the chest wall, laboratory and radiographic
studies were not protocol constrained but were obtained as per customary clinical practice.

Statistics and data analysis

The accrual objective was to acquire enough cases to discriminate a 15% difference in late
morbidity with four hyperthermia sessions and 30% with eight hyperthermia sessions. The
intention was to accrue 30 cases receiving four hyperthermia treatments and 30 receiving
eight. However, rate of accrual to Arm 1, although averaging better than one a month, was
initially slow. Arm 2 was not allowed to begin until both the total number of evaluable cases
on Arm 1 reached 30 and there were at least 10 patients with at least 1.5 years follow-up.
Because of the accelerating accrual rate and the need for adequate follow-up of the Arm 1
patients to confirm no unexpectedly high complication rates prior to opening Arm 2, we
actually concluded the study with 52 patients on Arm 1 (four hyperthermia sessions) and
seven patients on Arm 2 (eight hyperthermia sessions), accrued.

Kaplan-Meier plots and Cox proportional hazards regression modelling were used to
investigate associations of overall survival time, survival time with no evidence of disease,
time to locoregional failure, and time to >grade 2 toxicity with clinical variables. Clinical
variables of interest included patient age, RT dose, number of hyperthermia treatments,
thermal dose, and clinical scenario (initial versus recurrent disease presentation).

Statistical analyses were performed using SYSTAT 8.0 and SAS v. 9. for Windows (SPSS,
Chicago, IL). The cut-off for statistical significance was set at an unadjusted alpha level of
0.05.
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A total of 59 patients enrolled in the protocol, 52 on Arm 1, receiving four hyperthermia
treatments, and seven on Arm 2, receiving eight hyperthermia treatments. Two patients (on
Arm 1) subsequently withdrew consent and received no hyperthermia (both of whom
succumbed to cancer), leaving 57 evaluable cases. Demographic and clinical characteristics
of the patients are summarised in Table I. For patients NED (no evidence of disease) at last
follow-up, the mean follow-up time was 79 months (median 86 months), with a range from
19 to 120 months.

Survival and locoregional control

During the follow-up period, there were eight deaths, two of which resulted from
intercurrent causes. Of 57 evaluable cases, 17 (30%) experienced disease recurrence,
including four (7%) with locoregional recurrence and 16 with distant failure (one case failed
regionally but has yet to develop distant metastases in four years of subsequent follow-up).
Of the four locoregional recurrences, two (3.5%) were local in the chest wall and two were
in regional nodes with the chest wall locally controlled. The two chest wall recurrences were
both diffuse, involving both the heated and control sectors. Kaplan-Meier curves for overall
survival, survival with no evidence of disease, and locoregional control are shown in Figure
1.

Univariate and multivariate analyses showed that neither locoregional failure nor overall
failure was significantly associated with age, RT dose, number of hyperthermia treatments,
receptor status, or clinical scenario (initial presentation versus recurrence). Of potential co-
factors for outcome, receptor status was the closest to significant: tumours that were ER- PR
- did worse with locoregional recurrences occurring in 3/18 = 16.7% of cases (including
2/12 HER2neu- cases and 1/6 HER2neu + cases) versus 1/39 = 2.6% of cases that were
either ER+ or PR+ and disease recurrence at any site occurring in 6/18 = 33% ER—- PR-
cases (including 4/12 triple negative cases) versus 11/39 = 28% in the remainder. Neither
achieved statistical significance.

Acute and late morbidity

At completion of thermoradiotherapy 25 patients had moist desquamation in the chest wall.

Of these patients, 21 had moist desquamation in both the heated and control sectors, three in
only the heated sector, and one in only the control sector. This healed for all cases and is not
counted as late morbidity.

Beyond 3 months post radiation, 35 patients developed late >grade 2 morbidity in the chest
wall, with eight of these cases being =grade 3. The majority of >grade 2 late morbidities (23
cases) were asymptomatic pigment changes. Other late morbidities included sensation
abnormalities (17 cases), fibrosis (12 cases), telangiectasias (10 cases), and scaliness/
roughness (two cases). No cases of >grade 2 ulceration were observed.
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Influence of hyperthermia and radiation dose on late morbidity

To evaluate thermal dose we calculated the Sapareto-Dewey [23] equivalent minutes at 43°C
recorded by each temperature sensor at each hyperthermia session. For each patient the
cumulative equivalent minutes CEM43°Cgqg, CEM43°Csp, and CEM 43°Cqg were then
defined as the sum of all sessions of the single session equivalent minutes which lay above
90%, 50%, and 10%, respectively, of that session’s monitored locations. The average
standard deviation for CEM43°Cgqp, CEM43°Csg, and CEM43°C1g were 15 + 10 min, 56

+ 30 minutes, and 169 + 130 min respectively. Heating of interstitially placed sensors was
comparable to the overall group, with an average CEM43°Cgg = 23 £ 11 min. The
CEM43°C may be converted to CEM41°C by multiplying by 16. Thus, the per-session
CEM41°Cqq was well above 30 min.

Of 35 cases with >grade 2 late chest wall morbidity, there were nine in one chest wall sector
but not the other (all but one were grade 2): in six the sole involved sector was the heated
sector, in three it was the control. Kaplan-Meier curves for freedom from >grade 2 morbidity
in the heated and unheated control sectors, respectively, are shown in Figure 2. There was no
statistically significant difference between the heated and control sectors in time to
development of >grade 2 morbidity (log-rank XZ =0.78, df = 1, p=0.38). There was no
relationship between time free of =grade 2 morbidity in the heated sector of the chest wall
and either total thermal dose (whether expressed as the CEM43°Cgqp, CEM43°Csy, or
CEM43°Cq) or total number of hyperthermia sessions (eight versus four). Of the seven
patients who received eight hyperthermia sessions, only two experienced =grade 2 chest wall
morbidity (one grade 2 in the heated area but not control, and one grade 3 in both the heated
and control areas). The mean follow-up for these cases, since they accrued last, is shorter
than the overall group but still substantial: 40 + 3 months.

Mean amount of tissue contracture, expressed as the fractional change of the product of
distances between orthogonal tattoos, was not statistically significantly different between
heated and control sectors with means + standard error of 0.82 + 0.15 versus 0.91 + 0.14,
respectively. Our data for the tissue contracture measure are more limited than for the other
measures. Due to patients’ refusal to allow initial tattoo placement and loss of tattoos in
follow-up, these data were limited to 18 cases.

Kaplan-Meier curves for freedom from >grade 2 morbidity in patients receiving radiation
doses less than 60 Gy (mean 51.8 + 6.1 Gy) and those receiving greater than or equal to 60
Gy (mean 62.1 + 2.4 Gy) are shown in Figure 3. There was no statistically significant
difference between the groups (log-rank Xz =1.27,df =1, p=0.26).

Discussion

In this study elective chest wall (or breast) hyperthermia was delivered simultaneously with
conventionally fractionated radiotherapy, for patients with locally advanced breast cancer
and no prior radiotherapy. All patients received hyperthermia to the site of primary cancer in
the chest wall and were randomised to also receive elective hyperthermia to a strip either
medial or lateral to the involved site, with the opposite side functioning as an irradiated but
unheated control. We therefore suggest considering our study to be a phase 1l efficacy
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evaluation as well as a phase 111 evaluation of late thermal normal tissue effects in the chest
wall beyond the primary site. All patients received standard of care surgery and/or
chemotherapy prior to their radiotherapy. All but one had no residual disease by the time
they commenced radiotherapy.

The addition of hyperthermia to radiotherapy resulted in excellent locoregional control
(locoregional failures: 4/57 = 7% including 2/57 = 3.5% regional nodal and 2/57 = 3.5%
local chest wall). The treatments were generally well tolerated with the main late chest-wall
morbidity consisting of skin discoloration/telangiectasias (no ulceration). Although there is a
suggestion that the late chest-wall morbidity may be somewhat greater with hyperthermia
(Figure 2), that difference did not achieve statistical significance. Moreover, except for a
single case of grade 3 morbidity in the heated sector alone, the differences between heated
and control sector were due to grade 2 morbidity. Thus, although it is conceivable that a
much larger study than this 57-patient study might have demonstrated a statistically
significant increase in grade 2 morbidity, it is highly unlikely that a grade 3 morbidity
difference would be seen.

The classic study of Turesson and Notter of chest wall radiotherapy (no hyperthermia),
showed that it takes about 3-5 years to establish differences between the late effects of
various radiation dose fractionation schemes [24]. Thus the difference in >grade 2 late
telangiectasias between radiation dose schemes in Turesson and Notter’s study was
established by about 3 years. Although the absolute incidence of >grade 2 morbidity in each
arm continued to increase for several years more, the differences between radiation dose
schemes showed little change after 3 years (increasing but parallel curves) [24]. A
subsequent paper by Turesson showed that when restricted to >grade 3 morbidity, the time to
establish differences was somewhat longer; the different radiation dose schemes produced
curves that separated and became parallel after about 5 years instead of 3 [25]. Our own data
plotted in Figure 2 show a similar time dependence to Turesson and Notter [24]. In
comparing the two it should be noted that the present paper reports all >grade 2 morbidities,
whereas Turesson and Notter reported only telangiectasias. Since of the 35 cases with
>grade 2 morbidities 10 had telangiectasias, it should not be surprising that although time
dependences are similar, the absolute incidence of any morbidity reported here is ~2—3 times
greater than the incidence of telangiectasias alone (curves for 2Gy x 25-30) in Figure 1 of
reference 24. The mean follow-up in our study of 79 months should be sufficient, therefore,
to discriminate major differences in <late grade 2 morbidity. Given the length of follow-up
and the fact there was only a single case of grade 3 morbidity confined to the heated sector,
we think it unlikely that longer follow-up would generate a large difference in >grade 3
morbidity — although it would be expected to show more grade 3 morbidities involving both
sectors.

After establishing tolerance with four hyperthermia sessions, we treated seven patients with
eight hyperthermia sessions. With a mean follow-up of 40 months, this small pilot cohort
tolerated the increased number of sessions well, with one patient developing a grade 2
morbidity in the heated but not the control sector, and one patient a grade 3 morbidity in
both sectors. We consider this experience sufficient to justify further exploration of eight
fractions of hyperthermia for those patients with greatest risk for locoregional failure. In
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view of the suggestion of a greater recurrence risk for the patients with ER- PR— tumours,
we would particularly recommend evaluating eight, rather than four, hyperthermia sessions
for such cases.

Conclusion

Elective simultaneous thermoradiotherapy for high-risk breast cancer is feasible and well
tolerated with excellent local control. Four and possibly eight hyperthermia sessions can be
safely administered in the course of full dose, conventionally fractionated radiotherapy.
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Figure 1.

Kaplan-Meier curves for overall survival (OS), freedom from disease relapse (NED), and
locoregional control (LC) for all subjects.

Int J Hyperthermia. Author manuscript; available in PMC 2017 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Varma et al.

“

Without Grade GE 2 Morbidi

1.0

0.6

0.4

Page 12

o Unheated Control Sector
by
--------------'
l-‘
le
Heated Sector

| 1 1 | I 1 | | l 1 l | | 1 I | 1 |
10 20 30 40 50 60

Time (months)

Figure 2.

Kaplan-Meier curves for freedom from grade =2 toxicity for heated and unheated control
sectors. Separation between the curves was not statistically significant.
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Figure 3.
Kaplan-Meier curves for freedom from >grade 2 toxicity for patients receiving =60 Gy (62.1

+ 2.4 Gy) and patients receiving <60 Gy (51.8 + 6.1 Gy). Radiation dose was at the
discretion of the treating physician, but the heated and control sectors always received the
same dose. Separation between the curves was not statistically significant.
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Table |

Characteristics of 57 evaluable subjects.

Number or mean + SD

Age (years)
Pre-radiotherapy treatment
Surgery
Chemotherapy
Clinical scenario
Initial presentation
T1-2,N>1
T3-4,any N
Local recurrence, no prior RT
Disease at start of RT
No visible disease
Macroscopic disease
Receptor status
ER-, PR-, HER2neu-
ER-, PR-, HER2neu+
ER or PR+, HER2neu—
ER or PR+, HER2neu+

525+11.1

56
55

49
25
24

56

12
6

22
17

Radiation dose (Gy) to heated and control sectors

<60 Gy (51.8 + 6.1 Gy)
260 Gy (62.1 + 2.4 Gy)

23
34

Page 14

SD, standard deviation; RT, radiotherapy; ER, oestrogen receptor; PR, progesterone receptor; HER2neu, human epidermal growth factor receptor 2
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