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ABSTRACT
Background: In patients with inoperable local regional recurrences of breast cancer in previously irra-
diated areas, local control is difficult to maintain and treatment options are limited. The Dutch stand-
ard treatment for such recurrences is reirradiation combined with hyperthermia. Apart from enhancing
the effect of reirradiation, hyperthermia is also known to improve local effects of chemotherapy like
cisplatin. This randomized phase-II trial compares reirradiation and hyperthermia versus the same treat-
ment combined with cisplatin.
Patients and methods: From December 2010 up to January 2019, 49 patients were randomized, 27
in the standard arm and 22 in the combined arm. A total of 32Gy was given in eight fractions of 4Gy
in 4weeks, at two fractions per week. After January 2015, the radiation schedule was changed to
46Gy in 23 fractions of 2Gy, at five fractions per week. Hyperthermia was added once a week after
radiotherapy. The combined arm was treated with four cycles of weekly cisplatin 40mg/m2.
Results: Complete response rate was 60.9% in the standard arm and 61.1% in the combined arm
(p¼ 0.87). Partial response rate was 30.4% in the standard arm and 33.3% in the combined arm
(p¼ 0.79). One-year overall survival was 63.4% in the standard arm and 57.4% in the combined arm.
One-year local progression-free interval was 81.5% in the standard arm and 88.1% in the combined
arm (p¼ 0.95). Twenty-five percentage of patients in the standard arm experienced grade 3 or 4 acute
toxicity and 29% of patients in the combined arm (p¼ 0.79).
Conclusion: No potential benefit could be detected of adding cisplatin to reirradiation and hyperther-
mia in patients with recurrent breast cancer in a previously irradiated area. With or without cisplatin,
most patients had subsequent local control until last follow-up or death.
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Background

Local control is difficult to maintain in patients with inoper-
able local regional recurrences of breast cancer in previously
irradiated areas. Effective treatment options are limited,
resulting in a high risk of uncontrollable local disease.
Moreover, progression of local regional recurrences may
ultimately cause ulceration with odor, pain and bleeding
resulting in considerable physical and mental suffering [1].
According to the Dutch National Guidelines, the standard
treatment for local regional recurrent breast cancer in previ-
ously irradiated area is radiotherapy (RT), in a relatively low
dose to avoid toxicity, combined with hyperthermia (HT) as a
radiosensitizer [2].

There is a clear clinical and preclinical rationale for using
hyperthermia to improve local tumor control in patients with
advanced tumors of various types at high risk of local

recurrence [3,4]. Treatment at temperatures in the range of
40–43�C is cytotoxic for cells in an environment with a
chronically low pO2 and pH. These conditions are found spe-
cifically within tumors and are associated with resistance to
radiotherapy and chemotherapy [5]. Hyperthermia improves
tumor perfusion and oxygenation, hence sensitizing tumor
cells for radiotherapy and chemotherapy. In addition, hyper-
thermia enhances the effect of radiotherapy by temporarily
blocking DNA damage repair [6–9]. Indeed, a systematic
review of 38 randomized and non-randomized comparative
studies showed that hyperthermia improves complete
response rate of radiotherapy and/or chemotherapy in vari-
ous tumor types [10–16]. In a meta-analysis of 5 RT/HT
phase-III trials involving 306 patients, the complete response
rate of RT/HT was 59% versus 41% with RT alone [17]. The
greatest effect was observed in patients with recurrent
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lesions in previously irradiated area, and no increase of tox-
icity was observed. In the randomized European Society of
Hyperthermic Oncology (ESHO) trial of 56 patients with
recurrent breast cancer in a previously irradiated area the
complete response rate was 78% in the RT/HT group versus
38% in the RT group (p¼ 0.004), with a three-year local con-
trol rate of 52% in the RT/HT patients.

Hyperthermia is also known to improve effects of
chemotherapy both in preclinical and clinical application,
particularly of platinum-based compounds like Cis-Diamino-
Dichloro-Platinum (cDDP) or cisplatin [16,18–21]. Thermal
enhancement ratio (TER) is defined as the percentage of
increased cell kill that is achieved by adding hyperthermia to
radiotherapy or chemotherapy. Hyperthermia added to cis-
platin shows an excellent TER [19,20]. Radiotherapy com-
bined with cisplatin is a well-known chemoradiotherapy
combination, with mutual effect enhancement, for instance
in lung cancer [22] and uterine cervix cancer [23]. In the lat-
ter, the combination of radiotherapy, hyperthermia and cis-
platin 40mg/m2 appears feasible and effective [24–26].
Cisplatin is generally not used in the primary treatment of
breast cancer, nor in the treatment of recurrent breast can-
cer. Most patients with a recurrence of breast cancer have
been treated with anthracyclines and/or taxanes as part of
their primary breast cancer treatment, either in neo-adjuvant
or in adjuvant setting according to the Dutch National
Guidelines [2]. There is no cross-resistance between cisplatin
and anthracyclines or taxanes, subsequently making cisplatin
resistance less likely [14–18]. The triple combination of radio-
therapy, cisplatin and hyperthermia has also been used in
the treatment of breast cancer [27–29]. For breast cancer,
this combination has previously demonstrated a complete
response rate of 53% [28]. In view of the established radio-
enhancing effect of cisplatin and the enhancement of cis-
platin and radiotherapy by hyperthermia, one might
hypothesize that this triple-modality treatment can lead to
improvement of local control, although toxicity may also be
enhanced. Therefore, this study performed a randomized
phase-II trial exploring the feasibility and efficacy of RT/HT
versus RT/HT with cisplatin. The aim of this study was to
assess feasibility and potential efficacy by comparing local
progression-free interval, survival and toxicity with RT/HT
with or without cisplatin in patients with a macroscopic
locoregional recurrence of breast cancer in a previously irra-
diated area.

Patients and methods

Patients

Patients with macroscopic locoregional recurrence of breast
cancer in previously irradiated area not suitable for resection
were enrolled from December 2010 up to January 2019. To
be eligible, the locoregional recurrence had to be measur-
able by clinical examination and/or radiological assessment,
and confirmed by histology or fine needle aspiration (FNA).
Furthermore, Eastern Cooperative Oncology Group (ECOG)
performance score had to be 0–2. Distant metastases were
allowed if life expectancy was �1 year. Concurrent hormonal

therapy was allowed. Patients required adequate bone mar-
row, hepatic and renal function. Patients were excluded if
they had uncontrolled infection, other previous malignancies
or a pacemaker or implanted defibrillator on the same site as
the treatment area.

Patients were randomized to treatment with RT/HT (stand-
ard arm) or RT/HT with cisplatin (combined arm). The ran-
dom permuted blocks randomization was employed.
Randomization took place at the Academic Medical Center
(AMC) and was stratified by size of recurrence (>5cm or �
5 cm) and time interval between primary breast cancer and
first recurrence (>3 y or �3 y).

Sample size

The study was designed with 90% power to detect an
increase in the local control rate after 1 year from 54% in the
standard treatment arm to 69% in the study arm (corre-
sponding to a hazard ratio of 0.6) at a 20% level of statistical
significance. This required 71 local relapses to be observed.
This could be achieved by recruiting 90 patients over
4.5 years (20 patients/year) and following these patients for
an additional 1.5 years after completion of accrual. We
assumed a dropout rate of 10% due to patient withdrawal,
lost to follow up or death. Therefore, a total of 104 patients
(52 patients per arm) was required, lengthening the accrual
time to 5.2 years.

Treatment

Radiotherapy
A total of 32Gy was given in eight fractions of 4 Gy in
4weeks, at two fractions per week (3 days in between the
fractions). After January 2015, the radiotherapy schedule was
changed to 46Gy in 23 fractions of 2 Gy, at five fractions per
week. The 2Gy fraction schedule was expected to have less
late side effects and to result in a better connection with
(inter)national institutes. For the 8� 4 schedule, the EQD2
with an a/b ratio of 3 is 44.8 Gy, being nearly 23� 2Gy. The
a/b of 3 was used for breast cancer as well as for late
responding normal tissue (thus late toxicity of normal tissue).
It was assumed that breast cancer responds in a similar man-
ner as late responding normal tissue, reflecting the slower
proliferation rate of breast cancer (i.e., compared with high
a/b ratio of over 8 for squamous cell carcinomas).
Megavoltage equipment was used with photon energies of 6
or 10MV and electron energies of 6–15MeV. Until 2012 a
technique of combined photon and electron fields was used
as described earlier [30]. After 2012, intensity-modulated
radiotherapy (IMRT) became the standard technique and
since 2016 volumetric modulated arc radiotherapy (VMAT)
planning was used.

Hyperthermia
Local microwave (MW) hyperthermia was delivered once a
week, starting within 1 h after radiotherapy. Patients receiv-
ing the 8� 4Gy schedule were given four sessions of
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hyperthermia and patients receiving the 23� 2Gy schedule
were given five sessions of hyperthermia. For superficial
hyperthermia (reaching up to 40mm beneath the skin sur-
face), a Contact Flexible Microstrip Antenna with water bolus
operating at a frequency of 434MHz was used (ISTOK,
Fryazino, Russia; after 2014 Medlogix, Rome, Italy). Five differ-
ent antenna sizes were available. The antenna was chosen
according to its effective field size and the surface of the tar-
get area. Up to eight multi-sensor temperature probes (Ella
CS, Czech Republic) were placed onto the skin in and near
the tumor target region. One or two small catheters contain-
ing multi-sensor temperature probes were inserted into the
macroscopic tumor under local anesthesia at the discretion
of the treating physician. The goal for each hyperthermia
treatment was to achieve a minimal intratumoral tempera-
ture exceeding 40 �C and a median intratumoral temperature
exceeding 41 �C. This condition had to be maintained for at
least 60min in accordance with ESHO Quality Assurance (QA)
Guidelines [31]. For adjacent normal tissue the maximum
temperature was limited at 42 �C. The AMC-2 Phased Array
hyperthermia system with waveguides operating at 70MHz
was used if the recurrence was located deeper than 40mm
from skin surface, for instance in case of an axillary lymph
node recurrence [32]. In these cases, the same temperature
constraints were maintained as for superficial hyperthermia.

Cisplatin
Patients were treated with weekly cisplatin 40mg/m2 given
intravenously for four courses with appropriate antiemetic
premedication and hydration according to institutional
protocol. The patients receiving five hyperthermia sessions
received one session without cisplatin. Cisplatin was given
concurrently with hyperthermia, thus starting within 1 h after
irradiation. Cisplatin was given in 11=2 h in 250ml NaCl 3%
after urinary output was >100 cc/hr. If cisplatin-related toxic-
ities occurrences could not be managed with standard sup-
portive care, cisplatin dose was reduced in steps of 25%.

Endpoints and data analysis

Treatment response
Local response was measured according to the RECIST
(Response Evaluation Criteria In Solid Tumors) criteria [33].
Evaluation of tumor response was determined clinically by
the treating physician or radiologically if the tumor could
not be measured clinically. The best response achieved by a
patient during follow-up was used regardless of when this
response occurred. Patients who withdrew participation
before finishing study treatment were considered to be non-
responders, as well as patients who were removed due to
lost to follow up or patients who died before any
response assessment.

Local (infield) progression-free interval (LPFI)
Local (infield) progression-free interval (LPFI) was calculated
from the date of randomization until infield progression
occurred. Infield progression was defined as local progression

within the irradiated area after initial complete response
(CR), partial response (PR) or stable disease (SD). When pro-
gressive disease (PD) occurred, time to disease failure was
set from the date of randomization. Patients without local
progression were censored at the date of last follow-up.
Patients who died without local progression were censored
at date of death.

Overall survival
Overall survival (OS) was calculated from the date of ran-
domization until the date of death of any cause. Patients
who withdrew participation early in the study were censored
at the date of last follow-up or the date of withdrawal.

Toxicity
Toxicity was measured by the treating physician according to
the Common Terminology Criteria of Adverse Events (CTCAE
v4.0). As a safety rule, treatment was stopped if dermatitis
grade 4 occurred. This was defined as skin necrosis and/or
ulceration induced by treatment, requiring surgery and/or
hyperbaric oxygen. In case of renal function disturbances, cis-
platin dose was reduced in steps of 25%. If recovery did not
occur, chemotherapy was stopped. Any other unanticipated
grade 4 side effect according to the CTCAE led to discontinu-
ation of study treatment. Furthermore, if the tumor was
ulcerative before treatment and the ulceration persisted after
treatment, this was not assessed as acute toxicity. Toxicity
was assessed during treatment and at every follow-up visit
until 3months after treatment.

Follow-up
Patients were seen 2, 4 and 6weeks and 3, 6, 9, and
12months after completion of protocol therapy. Thereafter
patients were seen every 6months or earlier in case of com-
plaints or suspicion of recurrence. If CR or PR was assessed
at one of these visits, the patient was seen 4weeks after that
visit for confirmation according to the RECIST criteria [33].

Statistics
Statistics were performed using SPSS version 26 and R ver-
sion 3.6.3. All analyses were conducted on an intention to
treat basis. Comparisons between groups were analyzed by
one-way ANOVA. LPFI and OS were presented graphically
using Kaplan–Meier curves. Log-rank test was used to com-
pare outcomes of the groups. The influence of various fac-
tors on LPFI and OS (age, location of the local relapse, the
number of relapses, the type of relapse, presence of distant
metastases (DM), the presence of regional relapse, the pres-
ence of contralateral relapse, salvage mastectomy and treat-
ment started before the study treatment: hormonal therapy,
chemotherapy or therapy with Trastuzumab) were investi-
gated using univariate and multivariate (backward stepwise)
Cox Proportional-Hazards Model. The results were graphically
presented using forest plots. The median survival time was
calculated using the inverse Kaplan–Meier method.
Significance was set at p� 0.05.
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Results

Patient characteristics

Between April 2010 and January 2019, 49 patients were
randomized, 27 in the standard arm and 22 in the combined
arm. Initial accrual was eight patients/year but since 2015 many
patients were treated with chemotherapy followed by a resec-
tion of the relapse before referral to our department. Hence
accrual rate dropped to three patients per year. Therefore, in
April 2021, the study was closed. Patient characteristics are listed
in Table 1. Baseline characteristics did not vary significantly
between the arms. Median age was 60 in the standard arm and
58 in the combined arm (p¼ 0.72). The standard arm contained
more patients with distant metastases (57% vs. 38%), but this
was not statistically significant (p¼ 0.19). Most patients had pri-
marily been operated (93% vs. 100%, p¼ 0.22) in combination
with chemotherapy (71% vs. 76%, p¼ 0.72). The type of relapse
treated in this study was mostly lymphangitis cutis (36% vs.
62%, p¼ 0.31) and most patients had additional involvement of
regional nodes (71% vs. 71%, p¼ 0.84). Approximately half of
the patients had already been unsuccessfully treated for the cur-
rent relapse with surgery, chemotherapy, hormonal therapy or
targeted therapy (i.e., trastuzumab) (43% vs. 52%, p¼ 0.88).

Treatment compliance

In the standard arm, 24 out of 27 patients started treatment
and in the combined arm 20 out of 22 patients started

treatment. Two patients in the standard arm and one patient
in the combined arm were unable to start treatment due to
new metastases on PET-CT. One patient in the standard arm
was excluded after it became apparent that the local recur-
rence was not located in a previously irradiated area. One
protocol violation occurred when a patient randomized in
the combined treatment was wrongly treated in the standard
arm from the start. This patient has been analyzed as part of
the standard arm. In the standard arm, 23 out of 24 patients
completed treatment, and in the combined arm, 18 out of
20 patients completed treatment. One patient in each arm
discontinued treatment due to new metastases emerging
during therapy. One patient in the combined arm died of
metastatic breast cancer prior to response assessment after
finishing treatment. In the standard treatment arm, one
patient only received three sessions of hyperthermia due to
skin burn grade 3. In the combined arm, 52% of the starting
patients finished chemotherapy according to plan. Three
patients only received two courses of chemotherapy and six
patients received three courses due to toxicity. Two patients
continued chemotherapy successfully with a 25% dose
reduction. One patient started chemotherapy with daily
6mg/m2 dosage due to impaired renal function and finished
treatment in this regimen.

Clinical outcome

CR was 60.9% in the standard treatment arm and 61.1% in
the combined treatment arm (p¼ 0.87) (Figure 1). PR was
30.4% in the standard treatment arm and 33.3% in the com-
bined treatment arm (p¼ 0.79). In the combined treatment
arm, 5.6% had SD and none in the standard arm (p¼ 0.20).
In the standard treatment arm, 8.7% had PD and none in the
combined arm (p¼ 0.22).

The median OS was 13.9months in the standard arm and
14.5months in the combination arm (p¼ 0.81). One-year OS
was 63.4% in the standard arm and 57.4% in the combined
arm (Figure 2). One-year LPFI was 81.5% in the standard arm

Table 1. Patient characteristics.

Cisplatin No cisplatin

Number 21 28
Median age 58 (41–81) 60 (34–82)
Distant metastases 8 (38%) 16 (57%)
Prior relapse 7 (3%) 13 (46%)

Local 4 (19%) 9 (32%)
Regional 4 (19%) 10 (36%)
Contralateral 3 (4%) 3 (11%)

Prior treatment
Mammary surgery 21 (100%) 26 (93%)
WLE 10 (48%) 14 (50%)
Mastectomy 11 (52%) 12 (43%)
Salvage 3 (14%) 5 (18%)

Chemotherapy 16 (76%) 20 (71%)
Hormonal therapy 11 (52%) 14 (50%)
Trastuzumab 2 (10%) 5 (18%)

Current relapse
Site
Breast 5 (24%) 9 (32%)
Chest wall 13 (62%) 10 (36%)

Type
Nodular 5 (24%) 8 (29%)
Lymphangitis 13 (62%) 10 (36%)
Ulcerative 0 1 (4%)

Receptor positivity
Estrogen 11 (52%) 11 (39%)
Progesterone 7 (33%) 10 (36%)
Her2Neu 2 (10%) 6 (21%)

Regional nodes 15 (71%) 20 (71%)
Treatment current relapse 11 (52%) 12 (43%)

Surgery 3 (14%) 0
Hormonal therapy 6 (29%) 5 (17.6%)
Chemotherapy 8 (38%) 7 (25%)
Trastuzumab 1 (5%) 4 (14%)

WLE: wide local excision.
Receptor positivity cutoff at 10% presence.

Figure 1. Treatment response. Bar graph of assessed local response in both
study arms. CR: complete response; PR: partial response; SD: stable disease; PD:
progressive disease.
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and 88.1% in the combined arm (p¼ 0.95) with a median fol-
low-up time of 7.14months in the standard arm and
12.6months in the combined arm (p¼ 0.39).

A total of 11 treatment related variables were included in
an univariate analysis of LPFI and OS. None of these variables
were associated with a significant benefit on overall survival
(Figure 3), except for concurrent hormonal therapy which
showed a significant association with LPFI.

Toxicity

Toxicity outcomes per study arm are listed in Table 2.
Twenty-five percentage of patients in the standard arm expe-
rienced grade 3 or 4 acute toxicity and 29% of patients in
the combined arm (p¼ 0.79). Most frequent graded toxicity
was radiodermatitis, which occurred in 12 patients.
Hyperthermia had caused skin burn grade 3 in one case of
the standard arm. Four patients in the combined arm had to
stop chemotherapy because of toxicity grade 4, mostly due
to temperature probe related infection. One patient in the
standard arm died due to a necrotizing thoracic wall defect
in the radiated area 3months after treatment.

Discussion

This randomized, open label phase-2 study, aimed to assess
the feasibility and potential efficacy of adding cisplatin to
reirradiation and hyperthermia for locoregional breast cancer
recurrence, found no significant difference in outcome. Only
limited data are available on the efficacy of combined radio-
therapy, hyperthermia and chemotherapy in recurrent breast
cancer. This is the first randomized trial comparing dual- and
triple-modality therapy in patients with recurrence of breast
cancer in previously irradiated area. However, due to lack of

accrual, the target sample size could not be reached and
analysis was underpowered.

Patients with local recurrent breast cancer in previously
irradiated area who are candidates for reirradiation with
hyperthermia, inherently have a relatively poor prognosis
with a median survival rate of little more than one year.
Importantly, in both study arms, the majority of patients did
not suffer subsequent local progression during the rest of
their life before passing away. This might indicate that the
addition of cisplatin to the standard treatment of radiother-
apy and hyperthermia did not show an additional effect on
tumor control. Median follow-up time of patients with LPFI
was short mainly due to decreased OS in this patient cohort.

This study’s clinical outcomes are in line with those of
other studies focusing on triple-modality therapy in recurrent
breast cancer. In a similar study, CR was achieved in 53%
with a median duration of 7months [28]. Other studies used
doxorubicin encapsulated in liposomes, facilitating the infil-
tration of tumor tissue and preventing severe systemic tox-
icity [34]. With an overall local response rate of 48% and a
median time to local progression of 4.9months [35], this
type of chemotherapy does not seem to surpass this study’s
results with or without cisplatin. The chemotherapy regimen
of capecitabine, vinorelbine and paclitaxel showed better
response rates (80% CR and one-year LPFI was 76%) com-
pared to chemotherapy regimen used in this study [29].
However, not all patients included in the Zagar et al. study
was reirradiated and patients lost to follow up were cen-
sored from analysis.

Some toxicity reports had to be graded retrospectively
based on the description of the physician. This could poten-
tially have led to under-reporting of toxicity. Nonetheless,
high rates of toxicity were reported in this study. These high
toxicity rates are in accordance with earlier studies and can
be explained by the fact that all recurrences were located in

Figure 2. Kaplan–Meijer curves. (A) Kaplan–Meijer curve comparing the overall survival of both study groups. Median survival of both groups depicted in dotted
lines. Beneath the Kaplan–Meijer curve the number at risk is described as the number still alive over time in months. (B) Kaplan–Meijer curve comparing the LPFI
of both study groups. Beneath the Kaplan–Meijer curve the number at risk is described as the number without local progression over time in months.
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previously operated and irradiated areas [36]. Hence, the late
toxicity may be considered as the sum of the toxicity from
previous and current treatments. Due to heterogeneity, for
example in terms of study population, comparing toxicity
scores is challenging. Other studies using the same 8� 4Gy
schedule for irresectable recurrent breast cancer in previously
irradiated area reported acute toxicity based on CTC-criteria.
These studies showed acute high-grade toxicity in 24–33% of
patients [30,37]. These findings are in line with the results of
this study. Significant differences in acute toxicity rates com-
paring both study-arms could not be found, suggesting the
addition of cisplatin does not increase severe acute toxicity.

After January 2015, the radiotherapy schedule was changed
to 46Gy in 23 fractions of 2 Gy, at five fractions per week.
The 2Gy fraction schedule was expected to have less late
side-effects. However, this study did not report toxicity after
3months so late side-effects could not be evaluated.

The tumor depth in this study did not exceed the max-
imum heating depth achievable for the used hyperthermia
devices and achieving therapeutic tumor heating at depth
exceeding 1 cm from the skin was always verified with inva-
sive thermometry probes according to protocol. Our target
temperature of 41–43�C is conform to ESHO QA Guidelines
[31] and provides proven synergy with radiotherapy [17]. The
mechanisms of hyperthermia suggest a dose–effect relation-
ship, for instance for the inhibition of homologous recombin-
ation [38]. Bergs et al. [39] concluded that heating to 41 �C
already yields excellent synergistic interaction in cisplatin-
sensitive cell lines. However, in cisplatin-resistant cell lines
temperature had to be increased to 43 �C to gain the same
therapeutic effect. This temperature is less easily achieved in
the entire tumor target and causing more risk of skin burns,
as shown in Bakker et al [40]. Cisplatin is not used for the
treatment of primary breast cancer, making resistance less
likely [2]. Nevertheless, a tumor can still consist of multiple

Figure 3. Forest plots of univariate analyses. (A) Forest plot presenting the estimated effect of different variables on overall survival (OS) using the hazard ratio.
Variables are shown describing the effect in the cisplatin and the noncisplatin group as well as the combined effect on OS. (B) Forest plot presenting the estimated
effect of different variables on local progression-free interval (LPFI) using the hazard ratio. Variables are shown describing the effect in the cisplatin and the non-cis-
platin group as well as the combined effect on LPFI.

Table 2. Number of patients with high-graded toxicity.

Standard arm Combined arm

During treatment
Radiodermatitis 6 3
Skin burn 1 0
Catheter related infection 0 3

After treatment
Radiodermatitis 6 6
Skin burn 2 0

Toxicity outcomes per study arm of patients experiencing grade 3 or 4 tox-
icity. Toxicity was assessed during treatment and at every follow-up visit until
3months after treatment.
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malignant clones with variable degrees of cisplatin sensitiv-
ity, making it difficult to achieve optimal therapeutic tem-
perature in clinical practice. Hyperthermia at temperatures of
41 �C already shows clinical results in patients with recurrent
breast cancer [41]. Thus, operators always aim for maximum
achievable tumor temperatures within the 41–43 �C range,
but avoid skin temperatures exceeding 43 �C.

Also, timing of the three modalities is important.
Simultaneous administration of all three components may be
expected to give optimal synergy, but this is challenging for
technical reason. We gave radiotherapy first, followed 1 h
later by simultaneous cisplatin and hyperthermia. This short
time interval between radiotherapy and hyperthermia is
expected to combine optimal radiosensitization with a lim-
ited risk of adding toxicity [42]. However, data on optimal
treatment sequence in combined radiotherapy, hyperthermia
and chemotherapy is scarce. Preclinical and clinical results
suggest that the benefit of adding hyperthermia before or
after radiotherapy is similar [42,43]. Triple combination of cis-
platin, radiotherapy and hyperthermia was successfully
applied in randomized trials with similar timing schedules for
other tumor sites including locally advanced cervical can-
cer [25,26,44].

Hyperthermia is known to temporarily improve tumor per-
fusion and thereby reduce hypoxia and treatment-resistance
[6,45]. Also, hyperthermia indirectly reduces tumor hypoxia
by the selective killing of hypoxic cells [46]. A direct synergis-
tic mechanism of hyperthermia is the temporary inhibition of
DNA damage repair induced by cisplatin and radiotherapy.
This mechanism can be observed when temperatures exceed
41 degrees [47]. One of the targeted repair pathways
includes the degradation of the essential breast cancer sus-
ceptibility gen 2 (BRCA2), thereby inhibiting homologous
recombination [7]. This provides an opportunity for novel
treatment strategies by combine hyperthermia with other
targeted therapies [48]. For example, PARP-inhibitors like
Olaparib are presently used on a small scale in breast cancer
for patients with a BRCA-mutation. Hyperthermia has the
potential to induce a BRCA2 depletion in the heated tumor,
thus expanding the group of patients who can benefit from
Olaparib treatment [49]. In a study of Vriend et al., HSP90-
inhibitor Ganetespib was used in combination with hyper-
thermia in cervix cancer cell lines [50]. Addition of these
inhibitors enhanced BRCA2 degradation, making it possible
to achieve the same therapeutic effect in a shorter hyper-
thermia treatment. Thus, patients with resistant or hypoxic
recurrences may benefit from hyperthermia treatment com-
bined with systemic targeted therapies, such as Olaparib.

Conclusion

In this prematurely closed, randomized phase-2 trial no
potential benefit could be detected of adding cisplatin
chemotherapy to reirradiation and hyperthermia in patients
with recurrent breast cancer in a previously irradiated area.
With or without cisplatin, most patients had subsequent local
control until last follow-up or death.
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