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Preface to ”Oncologic Thermoradiotherapy: Need for
Evidence, Harmonisation, and Innovation”

The road of acceptance of oncologic thermotherapy/hyperthermia as a synergistic modality in

combination with standard oncologic therapies is still bumpy. This is partially due to the lack of

level I evidence from international, multicentric, randomized clinical trials, including large patient

numbers and a long term follow-up. Therefore, we need more level I EVIDENCE from clinical

trials, we need HARMONISATION and global acceptance for existing technologies and a common

language understood by all stakeholders and we need INNOVATION in the fields of biology, clinics,

and technology in order to move thermotherapy/hyperthermia forward. This is the main focus of

this book.

Acknowledgements: To all authors who contributed to this Special Issue, to Cosmina Vircan for

her editorial assistance.
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Evidence, Harmonisation and Innovation

The road of acceptance of oncologic thermotherapy/hyperthermia as a synergistic
modality in combination with standard oncologic therapies is still bumpy. This is partially
due to lack of evidence from international, multicentric, randomized clinical trials com-
bined with biologic/pharmacologic systemic therapy and/or radiotherapy and/or surgery
including a long term follow up.

Despite valid data and numerous publications over many decades, the lack of level
I evidence for clinical trials, the lack of a thermotherapy/hyperthermia glossaries under-
stood by all stakeholders with defined technical terms, and a widening technology gap
between available and desirable hard-software components created a lukewarm climate for
acceptance and reimbursement of thermotherapy/hyperthermia by most national health
authorities and national health care insurances. Due to recently published randomized stud-
ies, a series of published meta-analysis and the first draft of a thermotherapy/hyperthermia
glossary this field is moving forward.

Novel international research networks jointly by academia and industry (e.g., HY-
PERBOOST (https://www.hyperboost.eu/, last accessed on 2 May 2022); an EU horizon
2020 multimillion educational grant for PhDs) in the areas of AI/IT, biology, physics and
technology are strengthening this joint effort substantially. We do hope that this special
edition of Cancers can support these running, joint efforts.

Evidence

In this special issue new evidence is presented. In a long term retrospective study
of preoperative chemoradiation plus deep hyperthermia Schemm et al. [1]. reports an
encouraging level in five-year survival with better RFS for patients reaching T50 tempera-
tures above 39.9 ◦C. The impact of a high thermal dose was also found in the retrospective
study on RT+HT for prostate cancer by Nakahare et al. [2]: CEM43T90 > 7 min. predicted
improved biochemical disease-free survival. The paper by Minnaar et al. [3] performed
a two- to three-year follow-up on the results of the South African Phase III Trial compar-
ing chemoradiotherapy with and without modulated Electro-Hyperthermia (mEHT) and
found a beneficial effect on the two- to three-year survival survival for patients with locally
advanced cervical cancer treated by chemoradiation plus mEHT. The retrospective study
by Lee et al. [4] evaluated the results of neoadjuvant 40 Gy plus mEHT followed by surgery
in patients with advanced rectal cancer and observed an indication for longer survival in
patients treated with mEHT energy above 3800 kJ.

The review by Szasz [5] discusses whether heterogenous heating is beneficial over
homogenous heating. On the other hand, the review by Dewhirst et al. [6] emphasizes the
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importance of hyperthermia to improve perfusion and long duration reoxygenation (i.e.,
24–48 h post hyperthermia).

For sure integration of mechanistical and pre-clinical immunology research data
will further strengthen insights into biological mechanisms, increase understanding of
the different patterns of in vivo tumor responses, and promote clinical trials integrating
immunology in the field of oncologic thermotherapy. In this issue Sengedorj et al. [7]
demonstrate that HT combined with RT changes the immunophenotype of breast cancer
cells and upregulates immune suppressive immune checkpoint molecules. Therefore,
adding an immune checkpoint inhibitor to combined HT-RT should be further explored as
another potential clinical benefit.

Harmonization

This issue contributes to further define the role of thermoradiotherapy. For instance,
the review by Datta et al. [8] discusses the potential role of hyperthermia as a potential game-
changer in the management of cancer in low-middle-income group countries. It reflects
on different hyperthermia technologies that are available including annular-phased array
systems for regional hyperthermia as well as capacitive hyperthermia systems without
and with the use of amplitude modulation [1–4]. As each technology involves advantages
and disadvantages, it is most important to consciously use it for appropriate clinical in-
dications, preferably within prospective clinical trials. It is not primarily the choice of
technology but rather the commonly observed unreasonable and mostly undocumented
use of the method as explained by Ademaj et al. [9], that has dragged the collective success
of thermoradiotherapy. An excellent example on how to introduce hyperthermia in a
harmonized way at a national level is presented by Stutz et al. [10]. By introducing the
Swiss Hyperthermia Network (https://www.ksa.ch/zentren-kliniken/radio-onkologie/
leistungsangebot/swiss-hyperthermia-network, last accessed on 2 May 2022), hyperther-
mia treatment has been made available at a national level for all Swiss inhabitants enabling
at the same time a platform to discuss with the Swiss Federal Office of Public Health
(https://www.bag.admin.ch/bag/en/home.html, last accessed on 2 May 2022) proper
implementation of reimbursement for hyperthermia treatment of selected evidence-based
indications. The data provided in this issue support the use of different hyperthermia
technologies for different well described clinical scenarios and will therefore improve the
overall clinical acceptance of thermoradiotherapy in oncology.

Innovation

This special issue is a scholarly example of innovation (i.e., defined as the successive
introduction of new ideas, devices, and methods to generate improved output and value).
The various contributions provide numerous suggestions to innovate thermotherapy, aim-
ing at improved efficiency of combined thermoradiotherapy. The papers by Schemm
et al. [1] and Nakahara et al. [2] are new support of the existence of a thermal dose effect
relationship and is another confirmation for the need to always strive for the highest quality
assurance and control for optimal treatment outcome. As reported by various papers im-
proved efficiency can be achieved by innovating the heating and improved patient selection
to fit with the correct level (complexity) of technology (Kroesen et al. [11], Poni et al. [12],
Androulakis et al. [13]) enhanced understanding of the biological principles, either by ex-
perimental or clinical research (Dewhirst et al. [6], Sengedorj et al. [7]) or through building
new more advanced biological models (Scheidegger et al. [14]) and supported by adequate
computer modelling to predict the temperature distribution in the tissue (Kok et al. [15]).
At the same time the contribution of Ademaj et al. [9] makes it crystal clear that to better
understand which mechanisms are dominant to maximize treatment outcome during the
clinical application of thermoradiotherapy, we still have a world to gain in accurate and
complete documentation of the quality of the thermal therapy delivered to the patient.
Improved documentation will open the gate way for further exploitation of thermal therapy
using new technology to guide treatment quality and hence making thermal therapy more

2
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effective and efficient. Both items are crucial to increase the wider acceptance of thermal
therapy by the oncological community and ultimately to bring the benefits of thermal
therapy to the patients in all countries.

In this issue we find contributions from Africa, America, Asia, and Europe. Beside
local, regional and national efforts we also need to strengthen international platforms and
networks of oncologic thermorediotherapy. This is a must for a better global exchange of
knowledge and information transfer. These oncologic thermo-therapy networks will further
stimulate innovations, both for HI and LMI countries, strengthen harmonization including
a well understood and accepted “vocabulary for thermotherapy”, improve acceptance of
health care authorities and the public opinion, regulatory processes and QA. And, last but
not least, all of these efforts must always be based on evidence.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: Regional hyperthermia added to standard preoperative chemoradiotherapy for
locally advanced and recurrent rectal cancer gives a high complete response rate and an improved
long-term recurrence free survival.

Abstract: Hyperthermia was added to standard preoperative chemoradiation for rectal adenocar-
cinomas in a phase II study. Patients with T3-4 N0-2 M0 rectal cancer or local recurrences were
included. Radiation dose was 54 Gy combined with capecitabine 825 mg/m2 × 2 daily and once
weekly oxaliplatin 55 mg/m2. Regional hyperthermia aimed at 41.5–42.5 ◦C for 60 min combined
with oxaliplatin infusion. Radical surgery with total or extended TME technique, was scheduled at
6–8 weeks after radiation. From April 2003 to April 2008, a total of 49 eligible patients were recruited.
Median number of hyperthermia sessions were 5.4. A total of 47 out of 49 patients (96%) had the
scheduled surgery, which was clinically radical in 44 patients. Complete tumour regression occurred
in 29.8% of the patients who also exhibited statistically significantly better RFS and CSS. Rate of local
recurrence alone at 10 years was 9.1%, distant metastases alone occurred in 25.6%, including local
recurrences 40.4%. RFS for all patients was 54.8% after 5 years and CSS was 73.5%. Patients with T50
temperatures in tumours above median 39.9 ◦C had better RFS, 66.7% vs. 31.3%, p = 0.047, indicating
a role of hyperthermia. Toxicity was acceptable.

Keywords: rectal cancer; hyperthermia; chemoradiotherapy; tumour control

1. Introduction

Patients presenting locally advanced rectal cancer (LARC) or primarily non-resectable
rectal cancer have a dire prognosis [1]. Locally recurrent rectal cancer is difficult to control [2,3].
Preoperative radiation for advanced rectal cancer [4–6] and palliative radiotherapy for
metastasized or irresectable rectal cancer [7–9] is well established.
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The clinical benefit of superficial hyperthermia for malignant melanomas and deep
pelvic hyperthermia as an adjuvant to radiotherapy for cervical cancer has been docu-
mented [10–13]. Additive effect of some chemotherapeutic drugs, including cisplatin have
been shown experimentally [14]. It was therefore of interest to explore whether a preopera-
tive combination of radiation, chemotherapy and hyperthermia could improve the results
of surgery for rectal cancer. At the time the study was initiated, few clinical studies had
treated primary rectal cancer by radiation combined with deep hyperthermia [13,15–17].
The combination of radiation with capecitabine was also new [18], as were the combi-
nation of hyperthermia and oxaliplatin in rectal recurrences [19] and experimental cell
cultures [20,21]. Whole body hyperthermia and oxaliplatin in colorectal cancer patients was
an experimental option not in general use [22]. We therefore first performed a phase I study
to assess the feasibility of a combination of radiation, 5-day continuously administered
5-fluorouracil (5-FU), and weekly hyperthermia and oxaliplatin before surgery for rectal
cancer [23]. Excellent local control was achieved, but acute diarrhoea was a frequent side
effect. As the continuous administration of 5-FU via a central venous line was cumber-
some in an outpatient setting, we replaced 5-FU with oral capecitabine in the current new
phase II study. As various heating techniques had been used in earlier studies [17,24],
we decided to explore the use of regional hyperthermia following the European quality
assurance guidelines [25]. During the follow up of our patients, promising results have
been published for LARC patients [26,27].

The present phase II study was open for patients with LARC without distant metas-
tases and patients with local recurrences considered to be surgically curable, some with
sufficient tumour shrinkage after preoperative treatment. During and after the inclusion
and follow up of the study, the standard treatment has changed regarding radiation dose
and inclusion of chemotherapy. We therefore waited with publication until long-term
results were available. The present series of advanced and recurrent rectal cancer patients
with good local control warrant consideration among the new therapeutic options. The
secondary aim is the presentation of treatment-related toxicity.

2. Materials and Methods

From April 2003 to April 2008, 50 patients with histologically verified rectal adeno-
carcinomas were recruited. By a mistake, one patient with locally advanced tumour was
examined with abdominal computed tomography (CT) the day after first treatment, which
revealed multiple liver metastases, and this patient was therefore excluded due to major
protocol violation.

2.1. The Inclusion Criteria

The inclusion criteria were patients with LARC (defined as T3 and T4 tumours with
distance to the mesorectal facia less than 3 mm on magnetic resonance imaging (MRI),
within 15 cm from the anal verge by proctoscopy) or recurrence after surgery alone. Age
was below 76 years. The patients should not have evidence of distant metastases, and
performance status should be 0–2. The patients should not have hypertension, cardiac
failure or myocardial infarction in the previous 6 months. No chronic pulmonary or renal
disease. No prior radiation or cancers, except basal cell carcinomas or stage 0 cervical
cancer. Haematological tests should demonstrate Hgb > 10 g/dL, leucocytes > 3 × 109/L
or thrombocytes > 100 × 109/L, and creatinine clearance > 30 mL/min. Due to the hyper-
thermia applicator size, maximal pelvic diameter should be less than 49 cm, and the patient
should have no pacemaker or other metallic implanted object. Diagnostic procedures
included clinical examination, rigid rectoscopy by a senior surgeon, biopsy confirming
adenocarcinoma, CT of the pelvic area and abdomen with contrast in the rectum, and MRI
of the pelvic area. Endorectal ultrasound was optional, and cystoscopy was performed if
any invasion of the bladder was suspected. Blood counts included Hgb, leucocytes with
differential counts, thrombocytes, analysis of Na, K, Cl, Ca, Mg and creatinine, bilirubin,
ASAT, ALAT, Υ-GT, LDH and creatinine kinase.
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The primary tumours were classified according to TNM 4th edition [28]. Indications
for preoperative radiotherapy of LARC was based on the MRI examination showing a
threatened circumferential resection margin with less than 3 mm from the mesorectal fascia
(MRF) according to Norwegian national guidelines, or tumour deposits outside the MRF.

2.2. Statistics and Ethics

The outcomes were defined as local control, relapse-free survival included any local
or distant recurrence with secondary colorectal cancer censored (RFS), cancer recti-specific
survival (CSS) and overall survival (OS) as defined by Punt [29]. Toxicity was graded
according to Common Terminology Criteria for Adverse Events v3.0 (CTCAE), Publish Date:
9 August 2003 (https://ctep.cancer.gov/protocoldevelopment/electronic_applications/
docs/ctcaev3.pdf, accessed on 8 September 2020) [30].

Survival was assessed by Kaplan-Meier estimates with 95% confidence intervals
(95% CI), and differences assessed by the log-rank test. Differences with a two-tailed
p-value less than 0.05 were considered statistically significant. IBM SPSS version 26 (IBM
Corp, Armonk, NY, USA) and R (version 4.0.3, R Foundation for Statistical Computing,
Vienna, Austria) were used for analyses and creating survival curves.

After oral and written information on the experimental nature of the study, all patients
signed a written informed consent form. The study was conducted according to the guide-
lines of the Declaration of Helsinki. It was approved by the Regional Ethics Committee,
Health Region West (REK III nr. 159.01) and thereby in accordance with Norwegian law
and regulations.

3. Treatment

Radiation therapy was based on 3D dose planning, mostly a three-field technique
with one backfield and two side fields. Tumour with regional glands received 2 Gy × 23
with a boost of 2 Gy × 4–5 against primary tumour and mesorectum or metastatic lymph
nodes. Total tumour dose was therefore 54–56 Gy based on tumour size and bowel volume
to be included in the boost volume, as well as comorbidity, age and acute side effects.
The treatment was administered once daily, 5 days weekly. Pauses except Saturdays and
Sundays were compensated for by a 6th fraction the following week(s).

Chemotherapy was administered as peroral capecitabine 825 mg/m2 5 days a week,
concomitant with radiation (See Figure 1). Maximal dose was 1650 mg/day, administered
in one dose the evening before radiation and the other half in the morning before radiation.
Oxaliplatin was administered at a dose of 55 mg/m2 each week, with a maximal dose
100 mg. Oxaliplatin was given as infusion during the hyperthermia session; at least five
infusions, and if possible six infusions were administered. The drug was infused in 5% glu-
cose, administered as a 2 h peripheral vein infusion, which started 1 h before planned start
of hyperthermia.

Regional hyperthermia was administered by a BSD 2000 machine (Pyrexar Medical,
Salt Lake City, UT, USA), using the Sigma-Eye applicator or the Sigma-60 applicator for
patients with the highest pelvic diameters [17]. Hyperthermia was administered once a
week from the first or second day of radiation, each treatment given as soon as possible
after receiving the radiation fraction. Prior to radiation, catheters for Bowman temperature
probes were inserted into tumour tissues using local anesthetics, and in women also in
the vagina. Usually, a single catheter was inserted into the tumour, but for large tumours
two catheters were used to optimize monitoring of the tumour heating. With problems of
insertion of catheters or shrinkage of tumours, the probe measured rectal luminal tempera-
ture. One catheter was inserted in the urinary bladder. The positions of the catheters were
verified by CT before the radiation. The treatment time was 60 min, calculated from the
time the temperature probe in the tumour (or in rectal lumen if no probe was inserted in
the tumour) reached 41.0 ◦C or started 30 min after initiation of the hyperthermia session.
Normal tissues should be kept below 43.0 ◦C. The focus of heating was controlled by phase
and amplitude steering [31]. If the awake patient reported discomfort or pain repeated
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doses of fentanyl up to 0.10 mg was given intravenously. With continuous bladder tem-
peratures > 42.5 ◦C, the bladder was irrigated by 10–30 mL of isotone saline holding room
temperature for cooling. Bladder installations were kept at a minimum to avoid cooling of
possible tumour near the bladder. Only tumour-tissue temperature-probe data are used
for quality assessment of the hyperthermia given. The T20, T50 and T90 are defined as the
temperature equal to or exceeded by 20%, 50% and 90% of the measured temperatures,
respectively [32], and were calculated using the RhyThM software [33].
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and hyperthermia for rectal adenocarcinoma.

Surgery. Rectal resections were performed according to total mesorectal excision
(TME) principles. A partial, total or extended TME was carried out depending on the
location. With invasion of neighbouring organs in locally advanced or recurrent tumours, a
total pelvic exenteration procedures was performed. Totally 25 patients had a permanent
colostomy. The resection margins were classified by the pathologists as R0 resection with a
margin > 1 mm, R1 with a margin < 1 mm, and R2 in case of involved margins. The tumour
regression grade (TRG) was classified by the Dworak criteria [34]. Follow up after surgery
for at least 5 years followed the Norwegian national guidelines.

4. Results

In total 43 patients with LARC and 6 patients with recurrent rectal tumours with-
out previous preoperative radio (chemo)therapy, 32 male and 17 female, were included.
The characteristics for the patients are shown in Table 1. Fourteen tumours were locally
advanced rectal adenocarcinomas, with growth into or beyond the MRF (two patients
with T3N1 tumours had only 3 and 2 mm to the MRF) and were considered moderate-risk
patients, while 29 patients had high-risk tumours.
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Table 1. Patient characteristics for patients included and treated according to the study protocol.

Category Total Male Female

Included 49 32 17

Age (years) 59.1 (range 21.0–75.6) 60.3 (range 21.0–75.6) 56.9 (range 39.4–74.7)

Locally advanced 43 27 16

Level 0–5 cm 19 15 4

Level 6–10 cm 21 11 10

Level 11–15 cm 3 1 2

Mean height cm 6.7 6.1 7.4

T3 19 11 8

T4 24 16 8

N0 3 3 0

N1 17 11 1

N2 21 12 9

Nx 2 1 1

Moderate 14 7 7

High risk 29 20 9

Local recurrence 6 5 1

The median radiation dose was 54.0 Gy (range 50–56, of these, seven received 56 Gy).
The median number of hyperthermia sessions was 5.4 (range 1–6) and 92% of the patients
had at least four hyperthermia sessions. The temperature data measured in the tumours
(n = 152 catheters) was mean (T-mean) 39.92 ◦C (95%CI 38.22–41.62), T-min 39.14 ◦C
(95%CI 37.6–40.68), T-max 40.61 ◦C (95%CI 39.56–41.66), T20 was 40.29 ◦C (39.32–41.26),
T50 39.91 ◦C (95%CI 39.06–40.76), and T90 was 39.36 ◦C (95%CI 38.58–40.14). There were
no significant relation between T-stage, primary tumours versus recurrences or T size and
median T50.

All patients had at least one oxaliplatin dose, 94% had four and more doses, and 71%
had all six scheduled courses. One patient had only three weeks with capecitabine, two
only four weeks, while 94% had the scheduled 5–6 weeks of oral chemotherapy together
with radiation.

A total of 41 of the 43 patients with locally advanced tumours had the scheduled
surgery at a median time of 84 days (range 69–216) after the start of radiation. The longest
delay was for a very advanced tumour, which first had an exploratory laparotomy finding
that the tumour was irresectable, and a new attempt later with the successful removal
of a seemingly large tumour, however showing no vital tumour cells when examined by
microscopy. Two patients were not operated as planned preoperative examinations revealed
distant metastases. All six patients with local recurrences were operated as scheduled. The
resections were recorded as R0 in 41 (87%) of the operated patients, R1 in 3 (6%) and R2 in
3 (6%) patients. The pathological assessment of TRG showed no malignant cells, complete
regression (TRG4, pCR) in 14 (29.8%) of the specimens, 22 (46.9%) with TRG 3, 7 (14.9%)
with moderate response, TRG 2, and only 4 (8.5%) with minimal regression, TRG 1.

The rate of local recurrence alone at 5 and 10 years was 9.1% (95%CI 4.4–13.8) and
at 15 years the local recurrence rate was 12.3% (95%CI 0.8–23.8) for all included patients.
Distant metastases only occurred in 25.6% (95%CI 12.3–38.9) of the patients after 5 years,
40.4% (95%CI 26.4–54.4) including concurrent local recurrences. For all patients, 5-year
RFS was 54.8% (95%CI 40.8–68.8), Figure 2. There was no difference in RFS according to
presentation as locally advanced tumours or recurrences. CSS for all patients at 5 years was
73.5% (95%CI 61.2–85.8) and at 10 years 62.5% (95%CI 48.9–76.2), Figure 3. CSS was similar

9



Cancers 2022, 14, 705

for LARC patients and patients with recurrence. OS was 73.5% (95%CI 61.2–85.8) at 5 years,
and dropped to 55.1% (95%CI 41.3–68.9) after 10 years (Figure A1).

Classification of tumour response as TRG 4 (pCR) among the 47 operated patients
yielded better RFS compared with the other groups (p = 0.032), see Figure 4. For patients
with TRG 4 the 5-year CSS was 92.9% (95%CI 79.4–100.0) versus 72.7% (95%CI 57.5–87.9) for
patients with residual tumour cells, and 10-year CSS 83.6 % (95%CI 62.5–100) versus 57.4%
(95%CI 40.0–74.8), (p = 0.063), respectively. Thus the CSS differences were not statistically
significant.

When evaluating outcome in relation to the thermometry data, we were only able
to retrieve the original disk recordings for 39 patients, thus data were unavailable for
10 patients. It was found that the RFS was significantly better, 66.7% (95%CI 40.6–86.7) for
patients with recordings above 39.9 ◦C (T50, median of all recordings) versus 31.3% (95%CI
9.3–53.3), p = 0.047, in the lower group, see Figure 5.
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Toxicity. Table 2 shows that most patients who had the scheduled treatment including
surgery, had some acute side effects: 23% had grade 1, 34% had grade 2, 40% had grade 3,
and only one (2%) recorded as grade 4 due to reduced general condition caused by several
side effects. The most frequent side effects were diarrhoea due to chemotherapy and
radiation, skin toxicity due to radiation and nausea related to chemotherapy. Fever reaction
without infection after oxaliplatin was recorded in 40% of the patients. Twenty-seven
patients (57%) experienced no long-term toxicity. Grade 1 occurred in two patients (4%,
subileus and an accidentally fixed urether catheter), grade 2 in four patients (8%, one slight
vaginal athresia and one abdominal pain possibly related to the oncological treatment,
one patient had surgery for a ventral hernia, and one patient was not operated on due to
liver metastases presented a Guillain Barre syndrome, probably unrelated to the treatment).
Grade 3 was recorded in six patients (12%), two patients with bladder symptoms (irritation
and paresis), one hip arthrosis and one subileus after several years, and one stoma surgery
due to local pain. Grade 4 was observed in five patients (10%): two with stenotic ureters,
two patients had ileus, one of them also hip surgery and one pelvic pain. One Grade
5 patient died 2 weeks after surgery due to sepsis and adult respiratory distress syndrome,
considered a complication after major surgery. In summary the side effects were as expected
for the present cohort of locally advanced tumours with some elderly patients, and no
obvious unexpected toxicity related to the hyperthermia treatment was observed.

Table 2. Acute toxicity observed during preoperative therapy and first month after surgery in 47 patients.

Grade Maximal Acute
Toxicity

Skin
Toxicity Diarrhoea General

Condition Urinary Nausea Oxaliplatin
Fever Other

1 11 5 17 2 4 8 11 5

2 16 4 13 7 3 4 1 9

3 19 3 7 3 0 0 2 9

4 1 0 0 1 0 0 0 0

No surgery 2
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5. Discussion

Since this study was done, the surgical techniques used in combination with radiation
and delivery of radiation have evolved and have reduced the local recurrence rate to about
5% for operable rectal cancer [35,36]. We therefore were initially not too enthusiastic of our
achievement with the use of hyperthermia. However, most of the patients could be resected
12 weeks after the preoperative treatment in our series. We obtained a R0 resection rate of
87%, which seems better than 61% in a previous national study including locally advanced
T4 rectal cancer patients [37]. Pathological assessment of the operation specimens revealed
no residual tumour cells (TRG 4) in 29.8% of the patients, which is higher than the standard
10–20% pCR as reported after preoperative radiochemotherapy for rectal cancer [38–42],
but some report even higher percentages [39,43,44]. In general the TRG4 rate is influenced
by the initial tumour stage, the given treatment, as well as the timing between preoperative
treatment and surgery. The high TRG4 rate in the present cohort of advanced rectal cancers
is very promising. The most important aspect of the TRG4 is that no viable tumour cells
after preoperative treatment is a predictor of higher RFS as demonstrated in Figure 4 in
accordance with the findings in other series [40,45–48]. In the pCR group, 11 of 14 patients
had no recurrence versus 14 of 33 in the other categories (p < 0.05). In our cohort the 5-year
CSS was 92.9% for patients with pCR versus 72.7% with residual tumour cells, but this did
not reach statistical significance, possibly due to the small sample size.

The isolated local recurrence rate at 5 years was 9% in this series of locally advanced
rectal cancer patients. This is the same as observed in 2005 in a series of 3388 Norwegian
patients with operable rectal cancer treated for cure by surgery alone including 5% pre-
operative and 5% postoperative radiation [48]. In a previous Norwegian series of LARC
patients defined as T4 tumours, the local recurrence rates at 5 years were 18% (95%CI 14–23)
for patients with a R0-resection and 40% (95%CI 26–52) if the procedure was classified as
R1 [35]. We observed two local recurrences after about 10 years. Whether these recurrences
are true local recurrences or de novo development of new primary tumours cannot be
determined, and we have therefore recorded them as local recurrences. Habr-Gama has
reported adenomas after pCR for rectal cancer [49]. Thus, new primary cancer at the
tumour bed may develop from such residual adenomas.

For comparison, the 5-year relative survival rate for all operated rectal cancers in
Norway was 79% in 2004-06 [35]. The overall survival at 5 years in our series was 73.5%,
clearly improved from 29% in the previous Norwegian series where 5-year survival was
49% after R0 resection and 20% after a R1 resection. In a more recent randomized trial,
the 5-year overall survival for locally advanced rectal cancer was 66% after preoperative
radiochemotherapy and 53% after preoperative radiation alone [1]. However, after 10-years
there was no significant difference between radiation alone or radiochemotherapy in this
trial [49].

The current study was designed to assess a possible role of hyperthermia. When
86 rectal cancer patients, treated with preoperative radiotherapy followed by surgical
resection and adjuvant 5-FU and hyperthermia once or twice a week, were compared
with predicted outcomes from a nomogram based on randomised European trials without
hyperthermia, the observed OS (87.3%) versus predicted OS (75.5%), distant metastasis free
survival (87.3%) vs. predicted (75.5%), and local control (95.8% vs. 95.8%, respectively), was
better after hyperthermia [50]. Recently a series of 112 patients with locally advanced and
recurrent rectal cancer had preoperative radiation (55.8–59.4 Gy) and regional hyperthermia
with 5FU or capecitabine and oxaliplatin in locally advanced patients [51]. They reported
a local recurrence rate of 2.3% with hyperthermia vs. 21.3% without hyperthermia and
DFS of 89.1% vs. 70.4%, respectively. In another study including 78 LARC patients also
using a similar regimen as our study with radiation 50.4 Gy combined with 5-FU and
hyperthermia twice per week, pCR was seen in 14% with combined TRG 4 and TRG 3 in
50% of the patients [52]. DFS and OS were also in accord with our data. They also report
that those patients achieving best quality hyperthermia had best tumour response. These
studies therefore also support a role of hyperthermia in rectal cancer. Currently there has

13



Cancers 2022, 14, 705

not been published a prospectively randomized study demonstrating the effect of deep
hyperthermia added to preoperative treatment in rectal cancer patients.

It proved difficult to achieve the temperature aim stated in our protocol in most
patients, mainly due to local pain and discomfort limiting power output, despite the use of
fentanyl. However, achieving a temperature above median of T50 for the patients where
temperature was recorded in tumours, resulted in a significant better RFS. Our findings
support general reviews demonstrating that hyperthermia in addition to its own effect, is a
sensitizer for radiation [27,53–55] as well as a chemosensitizer [53]. For further details on
mechanism of action of hyperthermia, see references [12,53,56]. In addition, hyperthermia
may also have positive immunological effects [57,58].

The role of oxaliplatin in the preoperative treatment of rectal cancer is controversial.
Some authors report only increased toxicity (diarrhoea) [59], while others showed improved
pCR, local control and distant metastases, but no effect on OS [60]. Other authors have
reported improved outcomes in patients treated with oxaliplatin [61–63]. Avoiding the
last scheduled dose of oxaliplatin significantly reduced pathological response in a recent
study [64]. We cannot assess the contribution of oxaliplatin in our cohort, but we notice that
oxaliplatin is part of current total neoadjuvant therapy for rectal cancer where induction
chemotherapy is used before radiation [65–68]. Giving more chemotherapy before surgery
was recently documented in two large randomized studies and several phase II studies,
yielding pCR rates around 30% for total neoadjuvant therapy versus 14% for standard
radiochemotherapy in a meta-analysis [69–71]. Although the disease free survival (DFS) at
3 years seems promising [71], the 4.6 year local recurrence rate was 8.3% in the experimental
arm versus 6% after standard radiochemotherapy in the Rapido trial [69]. It should be
noted that the time from diagnosis to surgery was 10 weeks longer in the experimental arm,
which may have favoured this group. Distant metastases were recorded for 20.0% in the
experimental group compared with 26.8% in the standard group in this trial, and disease-
related treatment failure was 23.7% in the experimental group versus 30.4% (p = 0.019) in
the standard of care group, but there was no difference in OS. Therefore, the effect of this
more intense preoperative chemotherapy treatment on reduction of distant metastases must
be further validation in new studies to assess the impact of more intense chemotherapy over
longer time. Preoperative chemotherapy with mFOLFIRINOX may be an alternative option
as pCR was 27.5% after chemotherapy alone versus 11.7% after standard preoperative
chemoradiation followed by adjuvant chemotherapy, and 3-year DFS was 75.7% and 68.5%,
respectively [72].

Surgery alone or after preoperative radiation has been the traditional treatment of
local recurrences of rectal cancer [73,74]. Radiotherapy alone yields poor local control
after surgery for rectal cancer [2], while radiochemotherapy followed by surgery seems
better [49]. Currently carbon-ion radiotherapy seems to offer even better local control, but
distant failures remain a problem [75,76]. Our data and the recent phase II studies imply a
role of hyperthermia in recurrent rectal cancer [51,52].

In the present study, there was no unexpected long-term toxicity associated with
addition of hyperthermia and the overall acute and long-term toxicity seems to be in line
with current use of preoperative radiochemotherapy for rectal cancer [1,77,78]. No negative
effects on quality of life with addition of hyperthermia to neoadjuvant radiochemotherapy
was reported in this setting [79]. We must however admit that side effects recorded in the
patient’s journal and retrospectively collected as done in our study, are a weakness of our
study.

6. Conclusions

This study of radiochemotherapy combined with deep regional hyperthermia showed,
after long follow-up, good local control and survival, and no indications of increased
treatment-related long-term side effects. The achieved temperatures during hyperthermia
were relatively low, indicating a possibility for even better tumour effects with improvement
of heating technology.
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Simple Summary: Several randomized controlled trials have shown that concurrent use of deep
regional hyperthermia and radiotherapy results in a significant increase in local control of cervical
and rectal cancer. Intensity-modulated radiotherapy (IMRT) plus androgen deprivation therapy
(ADT) has recently become standard treatment for high-risk localized prostate carcinoma; however,
as there is room for improvement in outcomes, we have been using hyperthermia to improve the
effect of IMRT. This retrospective analysis shows that addition of regional hyperthermia to IMRT plus
ADT is a promising approach as it improves clinical outcomes with acceptable toxicity. Importantly,
a higher thermal dose was significantly correlated with better biochemical disease-free survival.
Further investigations, including prospective trials with detailed treatment protocols, are needed.

Abstract: Background: The purpose of this study was to evaluate the efficacy and toxicity of adding
regional hyperthermia to intensity-modulated radiotherapy (IMRT) plus neoadjuvant androgen
deprivation therapy (ADT) for high-risk localized prostate carcinoma. Methods: Data from 121 con-
secutive patients with high-risk prostate carcinoma who were treated with IMRT were retrospectively
analyzed. The total planned dose of IMRT was 76 Gy in 38 fractions for all patients; hyperthermia
was used in 70 of 121 patients. Intra-rectal temperatures at the prostate level were measured to
evaluate thermal dose. Results: Median number of heating sessions was five and the median total
thermal dose of CEM43T90 was 7.5 min. Median follow-up duration was 64 months. Addition
of hyperthermia to IMRT predicted better clinical relapse-free survival. Higher thermal dose with
CEM43T90 (>7 min) predicted improved biochemical disease-free survival. The occurrence of acute
and delayed toxicity ≥Grade 2 was not significantly different between patients with or without
hyperthermia. Conclusions: IMRT plus regional hyperthermia represents a promising approach with
acceptable toxicity for high-risk localized prostate carcinoma. Further studies are needed to verify
the efficacy of this combined treatment.

Keywords: hyperthermia; intensity-modulated radiotherapy; prostate cancer; thermal dose

1. Introduction

Radiation therapy with androgen deprivation therapy (ADT) is the main treatment
modality for patients with high-risk localized prostate cancer [1]. External radiation, such
as intensity-modulated radiotherapy (IMRT), stereotactic body radiation therapy, and
proton therapy, has been increasingly used in recent years to optimize dose concentration in
tumors and reduce exposure to at-risk organs. The 5-year biochemical disease-free survival
for external beam radiotherapy was reported to be 80–90% in the low-risk group, 70–80%
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in the intermediate-risk group, and 50–70% in the high-risk group [2]. Clinical outcomes in
the high-risk group can be improved, unlike in the low- to intermediate-risk groups.

Hyperthermia is known to be cytotoxic to cancer cells and acts as a radiosensitizer [3,4].
Radiation therapy-resistant tumor cells that are hypoxic, of low pH, nutritionally deprived,
and in the S-phase are more sensitive to hyperthermia [3,5,6]. The clinical efficacy of
radiotherapy plus hyperthermia have been demonstrated in randomized clinical trials in
patients with advanced head and neck cancer, locally recurrent breast cancer, malignant
melanoma, bladder cancer, rectal cancer, and cervical cancer [1]. In patients with prostate
cancer, previous phase I/II clinical trials and retrospective studies have described the use of
three-dimensional conformal radiation therapy in combination with regional hyperthermia
to be both promising and feasible. Additionally, it does not cause severe toxicity [7–13].

In Japan, the safety and efficacy of hyperthermia in combination with radiotherapy
using the 8-MHz capacitive device has been demonstrated since the 1980s, including in
prospective phase I/II studies of patients with deep-seated malignant pelvic tumors [14–18].
Based on these results, and since the 1990s, electromagnetic hyperthermia for malignant
tumors has been covered by public health insurance, irrespective of the type and stage of
the malignant tumor. In Japan, all the people are covered by public health insurance. The
patient is free to choose the medical institution and can receive advanced medical treatment
at a low cost. In clinical practice, electromagnetic hyperthermia is mainly used in locally
advanced cancers wherein further improvement of the antitumor effects of radiotherapy
and/or chemotherapy is required, although only a limited number of hospitals are able to
carry out the procedure. Hence, in our institution, combination therapy using IMRT and
regional hyperthermia was initiated in 2011 to improve the clinical outcomes in patients
with high-risk localized prostate cancer. To the best of our knowledge, there are no reports
on clinical outcomes after such combination therapy; thus, the purpose of this study was
to evaluate the efficacy and toxicity of IMRT plus regional hyperthermia for high-risk
localized prostate carcinoma.

2. Materials and Methods
2.1. Patients

In the current study, we explained to the patients that the standard treatment for
National Comprehensive Carcinoma Network (NCCN) high-risk prostate cancer com-
bining IMRT and hormonal therapy results in biochemical recurrence in approximately
20–40% of patients, thereby requiring additional treatment. Furthermore, the possibility of
improving the radiotherapeutic effect by performing hyperthermia and the possible side
effects (mainly heat sensation, fatigue, and subcutaneous fat burns) were fully clarified.
Finally, hyperthermia treatment can only be carried out after the patient had understood
the advantages and disadvantages of and consented to the treatment by signing informed
consent documents.

This retrospective study was conducted with the permission of the Institutional Review
Board of the authors’ university. All personal data, such as names and addresses, were
anonymized so that the subjects could not be identified and stored in a locked vault
together with their correspondence, under the strict control of the Principal Investigator,
when investigating data from electronic medical records and treatment devices.

High-risk prostate carcinoma patients (n = 123), defined according to the NCCN, were
treated with definitive IMRT between March 2011 and December 2018, at an institutional
hospital. During the same period, according to our institution’s treatment protocol aimed at
improving clinical outcomes, a subset of the patients (70/123; 57%) were provided regional
hyperthermia along with definitive IMRT (Figure 1); the remaining 53 patients were treated
with definitive IMRT alone. Primary indications against the use of regional hyperthermia
were as follows: patient refusal (n = 21), cerebral disease (n = 12), cardiovascular disease
(n = 8), orthopedic disease (n = 5), presence of other disease (n = 4), and advanced age
(n = 3). Two of the 123 patients were not able to complete the planned IMRT dose (76 Gy in
38 fractions) and were excluded from the study. Therefore, data from 70 patients treated
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with definitive IMRT plus regional hyperthermia, and 51 patients treated with definitive
IMRT alone, were retrospectively analyzed (Figure 1). Patients with postoperative prostate
carcinoma were not included in this study.

Figure 1. Patient flow diagram.

Patient baseline characteristics and treatments are listed in Table 1. All patients had
pathologically confirmed prostate adenocarcinoma and initially underwent neoadjuvant
ADT for a median duration of 9 months (interquartile range, 7–11 months). Adjuvant ADT
was continued in 22 patients after completion of IMRT for a median duration of 24 months
(interquartile range, 22–33 months). Median total duration of neoadjuvant plus adjuvant
ADT was 10 months (interquartile range, 8–18 months).

Table 1. Patient characteristics.

Characteristics With Hyperthermia Without
Hyperthermia p

n = 70 (%) n = 51 (%)
Age (median, range) 72 (54–80) 71 (54–83) 0.3381
Performance status 0.1948

0 41 (59) 25 (49)
1 29 (41) 23 (45)
2 0 2 (4)
3 0 1 (2)

T stage 0.8000
T1 25 (36) 18 (35)
T2 31 (44) 25 (49)
T3a 14 (20) 8 (16)

N stage
N0 72 (100) 51 (100)

Gleason score 0.4774
≤7 17 (24) 14 (28)
8 25 (36) 22 (43)
9–10 28 (40) 15 (29)
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Table 1. Cont.

Characteristics With Hyperthermia Without
Hyperthermia p

Pretreatment PSA (ng/mL) 0.6095
<10 20 (29) 17 (33)
10–20 19 (27) 16 (31)
>20 31 (44) 18 (35)

IMRT
76 Gy, 38 fractions 72 (100) 51 (100)

Total ADT duration 0.2296
<6 months 2 (3) 0 (0)
6–11 months 46 (66) 29 (57)
≥12 months 22 (31) 22 (43)

Hyperthermia
Number of sessions
1 1 (1) -
2 1 (1) -
3 3 (4) -
4 2 (3) -
5 49 (70) -
6 12 (17) -
7 2 (3) -

PSA, prostate-specific antigen; IMRT, intensity-modulated radiotherapy; ADT, androgen deprivation therapy.

2.2. IMRT

Radiation treatment was provided to all patients with definitive intent using a 10-MV
linear accelerator (ONCOR Impression Plus, Siemens Medical Systems, Concord, CA). The
clinical target volume (CTV) included the entire prostate, gross extracapsular disease, and
proximal seminal vesicles. The planning target volume (PTV) was delineated by contouring
the CTV with a margin of 7 mm in all directions except posteriorly, where it was only 4 mm.
Our dose prescription policy was based on D95 of the PTV, i.e., percentage of the prescribed
dose covering 95% of the volume. The total planned dose for all patients was 76 Gy, with a
fractional dose of 2.0 Gy once a day, five times/week. Patients were immobilized using
Vac-Lok cushions in the supine position and were treated with step-and-shoot IMRT. A
megavoltage cone beam CT system was used to match the patient’s position. Dose-volume
constraints for at-risk organs were as follows: rectum V50 Gy < 25%, V65 Gy < 17%; bladder
V40 Gy < 50%, V65 Gy < 25%; femoral head Dmax < 50 Gy, and small intestine Dmax < 60 Gy.

2.3. Hyperthermia

Regional hyperthermia was provided using a 8 MHz radiofrequency capacitive device
(Thermotron RF-8, Yamamoto Vinita Co., Osaka, Japan). The physical features of this
instrument and its thermal distribution in a phantom model and the human body have
been described previously [14,19]. Briefly, both the upper and lower electrodes were
30 cm in diameter and were placed on opposite sides of the pelvis with the patient in the
prone position. The treatment goal was at least 30 min of continuous heating after the
radiofrequency output was increased to the patient’s tolerance threshold. Patients were
carefully instructed to report any unpleasant sensations that were suggestive of a hot spot.
Radiofrequency output was increased to the maximum level tolerated by the patient after
appropriately adjusting treatment settings. The liquid in the regular boluses adhering to the
metal electrode was 5% NaCl or 5% potassium sulfate, both having similar conductivity. To
reduce any preferential heating of subcutaneous fat tissue, overlay boluses were applied in
addition to regular boluses. Circulating liquid (0.5% NaCl or 0.5% potassium sulfate; both
show similar conductivity) inside the overlay boluses was cooled by the RF-8 circulatory
system during heating. Superficial cooling was performed using circulating liquid set at
5 ◦C in the overlay boluses. A gauze soaked in 10% NaCl was inserted in the intergluteal
cleft to improve temperature distribution in the prostate. Exceptions occurred in 4 patients
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provided hyperthermia in 2012; they were included in a previous prospective clinical
trial on optimization of deep heating area using this heating device and mobile insulator
sheets [20].

Hyperthermia was provided once or twice a week, after radiotherapy. We directly
measured intra-rectal temperature in all patients and during all hyperthermia sessions
using a 4-point microthermocouple sensor that was inserted into the rectum at the level
of the prostate. The thermal dose corresponding to the cumulative equivalent minutes
at 43 ◦C for the T90 (CEM43T90) was obtained based on these intra-rectal temperatures
during all hyperthermia sessions. The T90 is an index temperature that indicates either
achieving or surpassing 90% of intra-rectal measurement points; similarly, T25 indicates
either achievement of target temperature or that it has exceeded 25% of intra-rectal mea-
surement points. The CEM43T90 has been extensively and successfully used in clinical
trials to assess efficacy of heating [21–23] and provides data on the thermal isoeffect dose
expressed in cumulative equivalent minutes at a reference temperature of 43 ◦C based on
the lower end of temperature distribution (T90). The CEM43T90 is calculated from the
time-temperature data as follows:

CEM43T90 = ∑n
i=0 tiR(43−T90i)

When the temperature is higher than 43 ◦C, R = 0.5. When the temperature is lower
than 43 ◦C, R = 0.25. In this protocol, ti is the time interval of the ith sample (ti = 1.0 min).
Temperatures exceeding T90 of the intra-rectal measurement points during the ith minute
was designated as T90i. We then used the CEM43T90 to convert each T90i into an equivalent
time at 43 ◦C, and these were added over the entire treatment duration of “n” min.

2.4. Follow-Up

The length of follow-up was calculated from the IMRT start date. Patients were fol-
lowed up at intervals of 1–3 months during the first year and at 3–6 months thereafter. At
each follow-up visit, PSA was measured, and potential gastrointestinal (GI) and genitouri-
nary (GU) morbidity were accessed. Biochemical relapse was defined as per the Phoenix
definition [24]. The presence of bone metastasis was confirmed by bone scintigraphy, CT, or
MRI, while soft tissue metastasis was confirmed by CT or MRI. Toxicity of the therapy was
evaluated according to the Common Terminology Criteria for Adverse Events, version 4.0.
The highest toxicity level for each patient during and after IMRT was used for toxicity
analysis. Toxicity was classified as either acute (occurring during therapy or up to 3 months
after therapy) or delayed (occurring more than 3 months after completion of therapy).

2.5. Statistical Analyses

The Chi-squared test or the Mann–Whitney U test was used to evaluate differences
in clinical characteristics between patients with and without hyperthermia. Biochemical
disease-free survival (bDFS) (Phoenix definition), clinical relapse-free survival (RFS), and
overall survival (OS) rates were calculated from IMRT initiation using the Kaplan–Meier
method. Any significant differences between the actuarial curves were assessed using the
log-rank test. Hazard ratio and 95% confidence interval were calculated using the Wald
test. Multivariate analyses using a Cox proportional hazards model were also performed to
identify prognostic factors for the survivals. The Fisher’s exact probability test was used to
compare grade 2 or higher toxicity between patients with and without hyperthermia.

3. Results
3.1. Thermal Data

The number of heating sessions in each patient ranged from 1–7 (median, 5) and the
median duration of heating per session was 50 min (range, 30–55 min). The thermal dose
of CEM43T90 ranged from 0.1 to 32.1 min (median 7.5 min). Figure 2a shows CEM43T90
for each heating session with median values for the first, 2nd, 3rd, 4th, 5th, 6th, and 7th

25



Cancers 2022, 14, 400

sessions being 0.9, 1.4, 1.3, 1.4, 1.9, 1.8, and 1.2 min, respectively. The CEM43T90 of the first
session tended to be lower than of later sessions. Median T90 values for sessions 1–7 were
40.3, 40.5, 40.5, 40.3, 40.4, 40.4, and 40.2 ◦C, respectively, (Figure 2b) while those for T25
were 41.1, 41.2, 41.3, 41.3, 41.2, 41.2, and 40.9 ◦C, respectively (Figure 2c). Average heating
time for each session is shown in Figure 2d.

Figure 2. Thermal dose of CEM43T90 (a) median T90 (b) median T25 (c) and heating time (d) in each
of the HT treatment sessions.

3.2. Efficacy and Prognostic Factors

Median follow-up time was 64 months (interquartile range, 49–83 months). Table 1
provides data on differences in patient characteristics between the two groups, and no
significant differences were detected.

The 3-year and 5-year bDFS rates were 92.2% and 86.9%, respectively, for all 121 pa-
tients and biochemical relapse occurred in 6 patients in each group. Table 2 shows the
results of univariate analyses of select factors affecting bDFS, and hyperthermia was not
significant predictor of bDFS. Further, 5-year bDFS rate for patients with and without
hyperthermia was similar at 89.8% and 82.9%, respectively (p = 0.2170, Figure 3a). However,
the 5-year bDFS rate was 96.4% in the 39 patients with a CEM43T90 > 7 min, which was
significantly better than 82.4% in the remaining 82 patients with a CEM43T90 ≤ 7 min or no
hyperthermia treatment (Table 2). Table 3 lists the results of univariate analyses of factors
affecting bDFS in 70 patients treated with IMRT plus regional hyperthermia, and a higher
thermal dose of CEM43T90 > 7 min was a significant predictor of bDFS. Figure 3b shows
that the 5-year bDFS rate of 96.4% in 39 patients with CEM43T90 > 7 min was significantly
better than 81.5% in 31 patients with the CEM43T90 ≤ 7 min (p = 0.0316) and 82.9% in
51 patients not provided hyperthermia (p = 0.0370).
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Table 2. Univariate analyses of certain factors for bDFS in 121 patients treated with IMRT with or
without regional hyperthermia.

Variation Patients (n) 5-y (%) p (Log-Rank Test) Hazard Ratio *
(95% Confidence Interval)

T stage
T1–T2 99 87.4 0.6978 0.777 (0.217–2.786)
T3a 22 84.0

Gleason score
≤8 78 86.8 0.8710 0.913 (0.306–2.726)
≥9 43 87.2

Pretreatment PSA (ng/mL)
≤20 72 88.4 0.4478 0.668 (0.234–1.905)
>20 49 84.8

Total ADT (months)
≤10 70 84.0 0.3344 0.569 (0.178–1.815)
>10 51 91.3

Hyperthermia
Yes 70 89.8 0.2170 0.519 (0.180–1.497)
None 51 82.9

Hyperthermia
CEM43T90 > 7 39 96.4 0.0296 0.144 (0.019–1.099)
None or CEM43T90 ≤ 7 82 82.4

* Hazard ratio and 95% confidence interval were calculated using the Wald test.

Figure 3. bDFS and clinical RFS rates. (a) bDFS with and without hyperthermia treatment. (b) bDFS
among patients administered a thermal dose of CEM43T90 > 7 min, CEM43T90 ≤ 7 min, or no
hyperthermia treatment. (c) Comparison of clinical RFS between the groups with and without
hyperthermia treatment. (d) Comparison of clinical RFS among the patients with thermal dose
CEM43T90 > 7 min, CEM43T90 ≤ 7 min, and no hyperthermia treatment.
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Table 3. Univariate analyses of certain factors for bDFS in 70 patients treated with IMRT plus
regional hyperthermia.

Variation Patients (n) 5-y (%) p (Log-Rank Test) Hazard Ratio *
(95% Confidence Interval)

T stage
T1–T2 56 89.0 0.8403 0.802 (0.094–6.869)
T3a 14 92.9

Gleason score
≤8 42 91.2 0.5298 0.602 (0.121–2.984)
≥9 28 87.7

Pretreatment PSA (ng/mL)
≤20 39 89.7 0.784 0.800 (0.161–3.964)
>20 31 89.7

Total ADT (months)
≤10 42 86.3 0.2986 0.338 (0.039–2.894)
>10 28 96.3

Hyperthermia
CEM43T90 (min)
≤7 31 81.5 0.0316 0.134 (0.016–1.152)
>7 39 96.4

* Hazard ratio and 95% confidence interval were calculated using the Wald test.

Clinical relapse occurred in one patient treated with hyperthermia and in 4 patients
without hyperthermia, and the sites of first clinical relapse were lymph node (n = 2), lymph
node and lung (n = 2), and bone and lymph node (n = 1). The 3-year and 5-year clinical
RFS rates were 97.4% and 93.9%, respectively, for all 121 patients. Table 4 shows the results
of univariate and multivariate analyses of factors related to clinical RFS and additional
hyperthermia was significant predictor of clinical RFS in both univariate and multivariate
analyses. The 5-year clinical RFS rate was 98.0% for patients provided hyperthermia but
88.6% among patients without hyperthermia (p = 0.0229, Figure 3c). Further, 5-year clinical
RFS rate was 100% in the 39 patients with CEM43T90 > 7 min and 95.0% in 31 patients with
CEM43T90 ≤ 7 min (Figure 3d). The 5-year OS rate was 100% for patients who underwent
hyperthermia and 95.9% among patients who did not undergo hyperthermia.

Table 4. Univariate and multivariate analyses of certain factors for clinical relapse-free survival in
121 patients treated with IMRT with or without regional hyperthermia.

Variation Patients (n)
Univariate Multivariate

5-y (%) p * Hazard Ratio ** (95% CI) p Hazard Ratio (95% CI)

T stage
T1–T2 99 94.2 0.5391 0.601 (0.116–3.107) 0.564 0.600 (0.106–3.403)
T3a 22 93.3

Gleason score
≤8 78 95.7 0.5723 0.651 (0.145–2.920) 0.317 0.455 (0.097–2.125)
≥9 43 90.3

Pretreatment PSA (ng/mL)
≤20 72 92.8 0.5504 0.610 (0.118–3.144) 0.597 0.612 (0.100–3.766)
>20 49 95.5

Total ADT (months)
≤10 70 91.5 0.1592 0.246 (0.030–2.043) 0.121 0.170 (0.018–1.599)
>10 51 97.4

Hyperthermia
Yes 70 98.0 0.0229 0.126 (0.015–1.049) 0.035 0.099 (0.000–0.852)
None 51 88.6

* Log-rank test. ** Hazard ratio and 95% confidence interval were calculated using the Wald test. CI, confidence
interval; PSA, prostate-specific antigen; ADT, androgen deprivation therapy.
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3.3. Toxicity

Acute toxicity (≥Grade 2) occurred in 70 patients treated with IMRT and hyperthermia
and included grade 2 (n = 11, 15.7%) and grade 3 (n = 2; 2.8%) GU toxicity. In 51 patients
treated with IMRT alone, acute toxicities were grade 3 GU toxicity in 3 (5.9%) patients
and grade 2 GU toxicity in 6 (11.8%). The occurrence of acute toxicities ≥ grade 2 was
not significantly different between patients with or without hyperthermia treatment. Skin
burn, as a subcutaneous induration, was seen in two (2.9%) patients and it spontaneously
disappeared after completion of combined therapy. Delayed toxicity ≥ grade 2 among
70 patients treated with IMRT with hyperthermia included grade 3 GI toxicity in one (1.4%)
patient and grade 3 GU in one (1.4%) patient. Among 51 patients treated with IMRT alone,
delayed toxicity ≥ grade 2 did not occur. Between patients with or without hyperthermia,
the occurrence of delayed toxicity ≥ grade 2 was not significantly different.

4. Discussion

The results of the present study demonstrate the feasibility of combining IMRT (total
76 Gy in 38 fractions) and regional hyperthermia. This strategy appears to have promising
efficacy in patients with high-risk localized prostate carcinoma as the addition of hyper-
thermia resulted in a significant improvement in clinical RFS. The strengths of this study
are that total dose and fractionation of IMRT were identical in all patients, and that neoad-
juvant hormone therapy was administered to all patients. Thus, this cohort of patients was
suitable for evaluating the radio-sensitizing effect of hyperthermia and for reducing bias
due to differences in treatment protocols for NCCN-defined high-risk localized prostate car-
cinoma. Additionally, temperature in the rectum of the dorsal prostate during heating was
monitored in all patients, which permitted adequate analyses of the thermal dose provided.

IMRT is the standard radiation modality used in the treatment of high-risk localized
prostate cancer. A recent study with IMRT at a dose of 76–80 Gy plus ADT, which was ad-
ministrated in 78.5% of the patients with NCCN high-risk localized prostate carcinoma, re-
ported 5-year bDFS and metastasis-free survival rates of 80.6% and 92.5%, respectively [25].
Simizu et al. (2017) have described clinical outcomes after IMRT (72.6–74.8 Gy in 2.2 Gy
per fraction) plus ADT administrated to 61% of the patients with high-risk prostate car-
cinoma and report 5-year bDFS and clinical RFS rates of 77% and 87%, respectively [26].
Marvaso et al. (2018) conducted ultra-hypofractionated radiotherapy using image-guided
IMRT (32.5 or 35 Gy in 5 fractions) plus ADT in 21 (75%) of the 28 patients with NCCN
high-risk localized prostate carcinoma and report 3-year bDFS and clinical RFS rates of
66% and 87%, respectively [27]. We report higher and more promising 5-year bDFS and
clinical RFS rates of 89.8% and 98.0%, respectively, after IMRT with 76Gy in 38 fractions
plus regional hyperthermia and ADT (Figure 3a,c).

Previous reports of high-dose IMRT describe the occurrence of acute ≥ grade 2 tox-
icities to be 28% and that of delayed ≥ grade 2 GI and GU toxicities to be 4% and 15%,
respectively, in 772 patients with prostate carcinoma [28]. We have previously reported that
addition of regional hyperthermia to 3D-CRT (70 Gy in 35 fractions) did not increase the oc-
currence of acute or delayed toxicity in patients with prostate carcinoma [13]. Similarly, we
now show that acute and delayed toxicities were comparable when regional hyperthermia
was added to IMRT.

Maluta et al. (2007) have reported on the clinical outcomes of a prospective phase
II study for locally advanced prostate carcinoma in a cohort of 144 patients treated with
three-dimensional radiotherapy (74 Gy in 37 fractions) plus regional hyperthermia; ad-
ditional ADT was administered to more than 60% of the patients [11]. In that study,
5-year OS was 87%, and 5-year bDFS was 49% and no severe toxicities were recorded.
Hurwitz et al. (2011) also describe the results of a prospective phase II study for locally
advanced prostate carcinoma in 37 patients treated with three-dimensional radiotherapy
(66 Gy, daily dose of 1.8–2.0 Gy) plus two transrectal ultrasound hyperthermia treatments
and ADT [12,29]; specifically, 5-year OS and bDFS were 93.5% and 60.6%, respectively.
Although we only included patients with NCCN high-risk and not very high-risk, IMRT
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with 76 Gy in 38 fractions plus regional hyperthermia and ADT demonstrated a favorable
clinical outcome, indicating that our treatment strategy is promising.

Several clinical randomized trials conducted in the 1990s have demonstrated that
adding hyperthermia to radiotherapy improves local control and complete response rates
in patients with superficial tumors, such as those involving recurrent breast carcinoma
and malignant melanoma [30,31]. Importantly, detailed analyses of thermal data from
those randomized trials of breast carcinoma as well as malignant melanoma treated with
radiotherapy, with or without hyperthermia, showed significant improvements in local
control rates in patients who achieved higher intra-tumor temperatures [32,33]. Previous
clinical studies on deep-seated tumors, including cervical carcinoma of the uterus and
rectal carcinoma that were treated with hyperthermia plus deep regional hyperthermia,
also state that thermal parameters correlate with clinical outcomes [34–36]. For prostate
carcinoma, we have previously demonstrated that the addition of regional hyperthermia
with a higher thermal dose (CEM43T90 ≥ 1 min/heating session) for 3D-conformal radio-
therapy improves bDFS [13]. Here, bDFS was significantly higher in patients treated with a
higher combined thermal dose of CEM43T90 ≥ 7 min (Figure 3b).

Recent investigations on hyperthermia treatment planning have aimed to simulate
temperature patterns as well as specific absorption rate (SAR) distributions, while help-
ing operators visualize the effects of different steering strategies in modern locoregional
radiofrequency hyperthermia treatments [37–39]. We have previously investigated the use
of electromagnetic field numerical simulations for reducing subcutaneous fat overheating,
which is a major drawback of deep heating using a capacitively coupled heating system [40].
Hence, optimization of temperature distribution in the deep regional hyperthermia in the
pelvis is needed [40] and we used recommended optimal settings in the numerical simula-
tion study, such as use of overlay boluses, electrical conductivity of the circulating coolant,
prone position during hyperthermia, and intergluteal cleft gauze, which resulted in im-
proved bDFS among patients who received a good thermal dose. Further improvements
in heating methods and selection of patients suitable for hyperthermia represent future
research directions.

The efficacy of brachytherapy combined with external beam radiotherapy and ADT as
another method of improving the therapeutic effect of IMRT and ADT has been reported in
prostate cancer. The ASCENDE-RT trial found that additional low-dose rate brachytherapy
improved bDFS, but at the cost of higher, acute and late genitourinary toxicity [41]. Our
proposed combination therapy with hyperthermia seems to be a promising method of
improving the efficacy of external beam radiotherapy, given its noninvasiveness and the
lack of a significant increase in side effects.

Despite these promising results, our study has a few limitations. As this was a
retrospective study, the possibility of selection bias with respect to prognostic factors cannot
be ruled out. However, as dose prescription for IMRT was constant and there were no
differences in the major prognostic factors between patients with and without hyperthermia,
the influence of selection bias can be presumed to be relatively small. The duration of
ADT was a potential confounding factor. Although no significant difference was found
in the duration of ADT between the patients with and without hyperthermia treatment,
the duration of ADT was shorter in the hyperthermia group. Therefore, we speculate that
the duration of ADT is unlikely to be a confounding factor in the results of this study. A
formal prospective clinical trial is needed to determine the efficacy and prognostic factors
associated with this approach of combined therapy in patients with high-risk localized
prostate carcinoma.

5. Conclusions

To the best of our knowledge, this is the first report to assess efficacy, in terms of
clinical outcomes, of a combination of IMRT and regional hyperthermia in patients with
high-risk localized prostate carcinoma. We demonstrate that the use of definitive IMRT,
combined with regional hyperthermia, is a promising treatment modality that is not
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associated with severe toxicity. Our results support further evaluation such as clinical
trials evaluating IMRT with or without regional hyperthermia in patients with high-risk
localized prostate carcinoma.
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Simple Summary: More than 80% of global cervical cancer cases and deaths occur in Low-to-
Middle-Income Countries. Improving the efficacy of treatments without increasing the costs in
these regions is therefore imperative. The aim of our Phase III Randomised Controlled Trial was to
investigate the effects of the addition of a mild heating technology, modulated electro-hyperthermia,
to chemoradiotherapy protocols for the management of locally advanced cervical cancer patients in
a resource-constrained setting. We previously reported on the positive outcomes on local disease
control, quality of life, and early toxicity. Our recent results showed a significant improvement in
two and three year disease free survival, without any significant changes to the toxicity profile, and
with an improvement in quality of life, alongside a cost saving over three years. The effect was most
significant in patients with Stage III disease, and a significant systemic effect was observed in patients
with distant nodal metastases.

Abstract: (1) Background: Modulated electro-hyperthermia (mEHT) is a mild to moderate, capacitive-
coupled heating technology that uses amplitude modulation to enhance the cell-killing effects of the
treatment. We present three year survival results and a cost effectiveness analysis from an ongoing
randomised controlled Phase III trial involving 210 participants evaluating chemoradiotherapy (CRT)
with/without mEHT, for the management of locally advanced cervical cancer (LACC) in a resource
constrained setting (Ethics Approval: M120477/M704133; ClinicalTrials.gov ID: NCT033320690).
(2) Methods: We report hazard ratios (HR); odds ratio (OR), and 95% confidence intervals (CI) for
overall survival and disease free survival (DFS) at two and three years in the ongoing study. Late
toxicity, quality of life (QoL), and a cost effectiveness analysis (CEA) using a Markov model are
also reported. (3) Results: Disease recurrence at two and three years was significantly reduced by
mEHT (HR: 0.67, 95%CI: 0.48–0.93, p = 0.017; and HR: 0.70, 95%CI: 0.51–0.98, p = 0.035; respectively).
There were no significant differences in late toxicity between the groups, and QoL was significantly
improved in the mEHT group. In the CEA, mEHT + CRT dominated the model over CRT alone.
(4) Conclusions: CRT combined with mEHT improves QoL and DFS rates, and lowers treatment
costs, without increasing toxicity in LACC patients, even in resource-constrained settings.

Keywords: modulated electro-hyperthermia; abscopal effect; locally advanced cervical cancer;
resource-constrained setting; radiosensitiser

1. Introduction

Around 602,127 new cases of cervical cancer and an estimated 341,831 deaths from
cervical cancer were reported globally in 2020. More than 80% of these cases and deaths oc-
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curred in Low-to-Middle-Income-Countries (LMICs) [1], creating significant socio-economic
stress in these resource-constrained settings [2]. The problem is compounded by poor
screening programs [2], limited access to adequate treatments [3], and the high incidence of
Human Immunodeficiency Virus (HIV) infections in these regions [4]. While developed
countries are estimated to achieve the elimination goal of four cases per 100,000 women-
years by 2060, LMICs are expected to only reach this goal towards the end of the century [2].
Improving treatment outcomes, without significantly increasing the costs, is therefore
crucial to the management of the disease in these regions. Hyperthermia (HT) is a known
radiosensitiser [5], and has proven to be a beneficial adjunct to radiotherapy (RT) and
chemoradiotherapy (CRT) for the management for locally advanced cervical cancer (LACC)
in developed settings [6]. Classical HT techniques include capacitive and radiative heating
technologies, both of which have demonstrated efficacy at improving outcomes in cervical
cancer [7–9]. Classical HT uses temperature-dependent dosing calculations such as CEM43
and TRISE [10,11] to optimise the treatment outcomes, although the optimal temperature
and timing is still a topic of discussion [12,13].

There is emerging evidence that radiofrequency (RF) electromagnetic fields associated
with some HT techniques have additional effects during the treatments [14]. Modulated electro-
hyperthermia (mEHT) is a mild- to moderate-heating technology that applies 13.56 MHz RF
waves generated by a capacitive coupling set-up between two electrodes. The amplitude of
the waves is modulated with a signal equivalent to 1/f noise, where the power density (S(f)),
(or power per frequency interval), of the 1/f amplitude-modulated signal is inversely
proportional to the modulation signal: S(f)~1/f. The amplitude modulation (AM), and
the precise impedance matching (which allows for the cellular selection and the relatively
low applied power), are the main differences between mEHT and classical capacitive
HT technologies [15]. Pre-clinical studies have shown that the modulation induces a
non-thermal field effect which enhances the cell–killing of the thermal effect by a factor of
3.2 [16]. This appears to make mEHT more effective when adjusted to the same temperature
as other heating techniques in pre-clinical studies [17]. It has even been proposed that the
AM could be the most important characteristic of mEHT [18]. Pre-clinical studies have
shown several immune-related effects of mEHT, which, if applied clinically, could promote
the recognition and the targeting of tumours by the immune system [19–22].

This technique proposes a dosing paradigm based on energy deposition and absorp-
tion, with thermal effects being an outcome of the treatment, and not the goal of the
treatment. The biophysics of the technology are described in detail elsewhere in the litera-
ture [23,24]. The lower power output, lower temperatures achieved [25], and non-thermal
dosing parameters negate the need for thermal monitoring as safety and dosing parameters
during mEHT. This has led to opposing opinions regarding the grouping of mEHT with
classical HT techniques.

While there are numerous Phase I/II trials on mEHT, and some small double arm
studies [26], there have not been any completed Phase III Randomised Controlled Trials
(RCT) on mEHT. We previously reported preliminary results from an ongoing Phase III
RCT which is investigating the effects of CRT with or without mEHT for the management
of LACC in a resource-constrained setting in South Africa. The primary outcome was two
year overall survival (OS), and the secondary outcome was local disease control (LDC) at
six months post-treatment. The LDC results, as summarised in Table 1 [27], and a detailed
safety and toxicity analysis [28], have been reported previously. The Odds Ratios (OR) for
achieving LDC and Local Disease Free Survival (LDFS) at six months post-treatment were
0.39 (95%CI: 0.20–0.77; p = 0.006) and 0.36 (95%CI: 0.19–0.69; p = 0.002), respectively, in
favour of the administration of mEHT [27].
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Table 1. Summary of the local disease control results at six months post-treatment [27].

210 Randomised
Participants

Total mEHT Control Chi
Squaredn % n % n %

Eligible for analysis 202 96.2% 101 50.0% 101 50.0%
Alive at six months

post-treatment 171 84.7% 88 87.1% 83 82.2% p = 0.329

LDC achieved 60 29.7% 40 45.5% 20 24.1% p = 0.003
LDFS achieved in those

who survived six months
post-treatment

59 29.2% 39 38.6% 20 19.8% p = 0.003

Abbreviations: LDC: Local Disease Control; LDFS: Local Disease Free Survival; mEHT: Modulated electro-hyperthermia.

The addition of mEHT did not affect the early toxicity profile of the prescribed CRT. In
the mEHT Group, 97% of the participants were able to receive ≥ 8 out of the 10 prescribed
mEHT treatments, with 9.5% of participants in the mEHT group reporting grade 1–2 adi-
pose burns, 2% reporting grade 1 surface burns, and 8.6% reporting pain during the mEHT
treatments [28]. The average BMI of the participants was 27.8 [15–49]. A multivariate anal-
ysis showed that energy dose in kilojoules, HIV status, and Body Mass Index (BMI) were
not significant predictors of adverse events. Body Mass Index was also not significantly
predictive of LDC. This suggests that mEHT is able to penetrate thicker layers of adipose
tissue than conventional capacitive heating technologies, without significant damage to the
adipose tissue [28]. The addition of mEHT was also associated with a significantly greater
improvement in cognitive function at six weeks post-treatment, a significant reduction in
pain and fatigue, and a significant improvement in social and emotional functioning at
three months post-treatment [28]. An unexpected observation was the potentiation of the
abscopal effect. An analysis of the sub-group of participants with extra-pelvic nodal disease
visualised on the pre-treatment 18F-FDG PET/CT scans showed that 24.1% (13 out of 54) of
those who were treated with mEHT had complete metabolic resolution of all disease on the
follow-up 18F-FDG PET/CT scans, compared to 5.6% (3 out of 54) of the participants who
did not receive mEHT (Chi squared: p = 0.013). A multivariate analysis showed that the
outcomes were not associated with the administration of cisplatin or with the participants’
HIV-status. These results suggested the potentiation of an abscopal effect by mEHT, as the
locally applied RT resulted in the resolution of distant disease, when combined with mEHT.
These findings are elaborated in the paper by Minnaar et al. [29].

The preliminary results showed a significant short-term benefit with the addition
of mEHT to CRT, without a significant increase in toxicity, in our resource-constrained
setting. We present the two and three year OS results, and preliminary results from a
cost effectiveness analysis (CEA) on the use of mEHT in public and private healthcare
settings. Local disease control may be associated with a short-term improvement in quality
of life and with OS; however, long-term DFS results hold more relevance as DFS may be
associated with sustained improvements in quality of life and affect the socio-economic
impact of the disease. The follow-up results presented in this paper are the first long-term
results reported from a Phase III RCT on mEHT and they are an important contribution to
the understanding of the long-term clinical impact of mEHT in the management of LACC.
The CEA provides valuable insight into the feasibility of incorporating mEHT into clinical
practice that can be applied to both developed and resource-constrained settings.

2. Materials and Methods

The trial (ClincialTrials.gov ID: NCT03332069), was approved by the Human Research
and Ethics Committee (HREC) on 4 May 2012 (ID: M120477) and registered on the National
Clinical Trial Database (ID: 3012) before recruitment began. Due to the significant improve-
ment seen in the mEHT Group early on in the study, the follow-up period was extended
from two to five years post treatment on 5 May 2017 (M704133). All patients (or their legal
representatives) provided written informed consent before enrolment.
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Participants: Inclusion criteria included females with treatment-naïve, histologically
confirmed FIGO stage IIB (with invasion of the distal half of the parametrium) to IIIB squa-
mous cell carcinoma of the uterine cervix (staged clinically using a chest X-ray, abdomino-
pelvic ultrasound, and clinical examination); eligible for RT with radical intent; and a
creatinine clearance > 60 mL/min (calculated according to the Cockcroft-Gault equation).
Additional inclusion criteria included an Eastern Cooperative Oncology Group (ECOG)
performance status < 2; estimated life expectancy of at least 12 months; adequate haemato-
logical function (absolute neutrophil count > 3000/mm3, haemoglobin ≥ 10 g/dL; platelet
count > 150/mm3); and a negative pregnancy test and use of effective contraception in
women of childbearing potential. Pre-treatment 18F-FDG PET/CT scans were performed
as part of the screening process. Patients with Vesicovaginal and vesicorectal fistulas; extra-
pelvic visceral metastases, and bilateral hydronephrosis visualised on screening 18F-FDG
PET/CT scans, were excluded from the study, as were HIV-positive patients with a CD4
count < 200 cells/µL and/or not on antiretroviral therapy (ART) for at least six months
and/or signs of ART resistance; contradictions or a known hypersensitivity to any of
the prescribed treatments; life-threatening Acquired Immunodeficiency Syndrome (AIDS)
defining illnesses (other than cervical carcinoma); prior invasive malignancy, other than
LACC, diagnosed within the past 24 months; and pregnant or breast feeding women. For
the analyses in this report, all participants who met the eligibility criteria, were randomised,
were treated, and for whom data were available at two years and three years post-treatment,
were included. Participants who were lost to follow-up are reported as “LTFU” and their
last known disease status is included.

Treatment: As per institutional protocols, all participants received 50 Gy of external
beam radiotherapy (EBRT) in 25 fractions, administered to the whole pelvis, using 2D
planning with virtual simulation. High Dose Rate (HDR) brachytherapy (BT) (source
used: Iridium-192), was administered in three fractions of 8 Gy for a total equivalent
dose in 2 Gy fractions (for an alpha-beta ratio of 10) of 86 Gy. Further details of the RT
method can be found in the paper by Minnaar et al. [27]. 2D planning for EBRT and
HDR BT is standard in our facility and in resource-constrained settings due to the lack of
access to sophisticated imaging techniques and due to limited resources and staff capacity
available to manage the high volume of gynaecological oncology patients seen each year.
All participants were prescribed two doses of 80 mg/m2 cisplatin, administered 21 days
apart (according to the institutional protocol), during EBRT (not administered on BT days
or mEHT days). Participants in the study group received two mEHT treatments per
week (Model: EHY2000+; Manufacturer: Oncotherm GmbH, Troisdorf, Germany), with a
minimum of 48 h in between mEHT treatments, at a target power of 130 W for a minimum
of 55 min. The EBRT was started within thirty minutes of completing mEHT treatments.
Total Kilojoules administered per treatment were recorded.

Randomisation and Masking: After enrolment, participants were randomly assigned
(stratum: HIV status; accounting for age and stage), to receive CRT alone, or in combination
with mEHT, using the REDCap stratified secure online random-sampling tool. Although
the trial was open-label, and participants were aware of which group they were in due to the
challenges associated with setting up a sham hyperthermia treatment, physicians reporting
on the pre- and six month post-treatment 18F-FDG PET/CT scans were blinded to the group
that the participants were in, as were the clinicians conducting the follow-up evaluations.

Data Collection and Management: The research co-ordinator was responsible for
collecting the data and data were captured using the online REDCap electronic data capture
tool hosted by the University of the Witwatersrand. The treatments were administered and
the clinical evaluations were conducted by the clinical team, without the involvement of
the research co-ordinator.

Outcomes: The primary outcome was Two Year OS. Two year DFS, defined as the
time from the start of treatment until the time of first documented disease recurrence, is
also reported. The first evaluation of LDC was done at six months post-treatment. If local
disease was still visible on the six month 18F-FDG PET/CT, then DFS was considered
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a failure from day one and the number of days spent disease free was considered to be
zero. Three year OS and DFS are also reported. The DFS was censored for cancer specific
deaths. Participants who demised with a disease free status, and who did not demise from
a treatment related death, before the two or three year cut off, were allocated a positive
disease free status at the exit date and the exit date was recorded as the date of death.
Late toxicity was graded according the Common Toxicity Criteria for Adverse Events
(CTCAE) version 4, and Quality of life (QoL) was measured using the validated European
Organization for Research and Treatment of Cancer (EORTC) quality of life questionnaires
(QLQ): C30 and Cx24 (cervical cancer specific). The QLQs were available in several local
languages [30] and were administered at one and two years post-treatment. The results
were compared to the baseline QLQ results and the scoring and reporting were done
in accordance with the EORTC guidelines [31,32]. According to the EORTC guidelines,
the scores were converted linearly to scores from 0–100, where a high score represents
higher functioning or a higher symptom experience, and a lower score represents a lower
symptom experience or a lower functioning [33]. Early toxicity and QoL at six months
post treatment have been previously reported [27,28]. A CEA was performed, and the
outcome was Cost per Quality Adjusted Life Year (QALY). After initial treatment costs,
only disease progression and hospitalization costs are further incurred in the model. The
private healthcare model included costs associated with Intensity-Modulated Radiation
Therapy (IMRT), weekly cisplatin and a broader range of chemotherapy drugs for recurrent
or residual disease, whereas the public healthcare model included only 3D-planning for
radiotherapy, two doses of cisplatin during RT, and limited treatment options for recurrent
or residual disease.

Statistical Analysis: The sample size was calculated based on the estimated required
sample sizes for a two-sample comparison of survivors’ functions at two years (statistical
power of 90%). We estimated an expected reduction in mortality at two years of 50%, based
on OS of 20% in the Control Group and 40% in the experimental group. The statistical
significance is defined as a two-sided alpha < 0.05 for a log-rank test, with a constant Hazard
Ratio (HR) of 0.5693. Cox proportional hazards models including each factor (treatment
group, HIV status, age, stage of the disease) were performed to compare the time from the
start of treatment to the first occurrence of any event (death or disease recurrence). We
report the HR; Odds Ratio (OR), and 95% confidence interval. Log-rank statistics were used
to compare both treatment arms with Kaplan–Meier survival curves plotted at two and
three years (for OS; DFS), for stage IIB and stage III participants separately and combined.
Overall type I error was considered at 5%, and the survival analysis was done by intention
to treat. The initial survival analysis was planned for two years post-treatment. However,
the positive results seen at two years post-treatment motivated an extension of the follow-
up to five years post-treatment. In this paper, we therefore include the original planned
two year analysis as well as the three year analysis, which was used for the evaluation of
the cost effectiveness. Late toxicity was graded according to the CTCAE V.4 for bone, renal,
bladder, skin, subcutaneous tissues, mucous membranes and gastrointestinal systems. The
frequency of reported grade 1/2 late toxicity and grade 3/4 toxicity were compared by
treatment group and by HIV status using frequency tables. Pearson’s Chi squared test and
Fisher’s exact tests were used to determine the difference in frequencies between groups.
Multivariable proportional hazards regression models were used to identify significant
predictors (including arm, HIV status, and number of cisplatin doses), of grades 3/4 late
toxicity. Two-sample independent t-tests with equal variances were used to evaluate QoL
score change from baseline to 12 and 24 months post-treatment between the two treatment
groups. The differences in score changes between the groups are assessed using paired t-
tests. STATA 15.0 Statistics software program (Stata Corporation, College Station, TX, USA)
was used to analyse the data.

The CEA was performed with a time horizon of three years, using a Markov model
with a six month cycle length, from the perspective of a private healthcare funder (medical
aid scheme), and a public healthcare funder (the state). The two-tiered healthcare system
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in South Africa is comprised of a state-funded public healthcare system and a private
healthcare system that is mostly funded by private contributions to medical aid schemes.
An estimated 70–80% of the population makes use of the public healthcare system [34], and
this setting is underfunded and poorly equipped to manage the large volume of patients.
The input costs of the treatments for the public healthcare CEA are based on the direct costs
to the state for the treatments, as outlined in by the Department of Health [35], and therefore
represents the cost versus benefit of the treatment of patients in a public healthcare facility,
funded by the state. The input costs of the treatments in the private healthcare CEA include
the regulated profit added to the cost of the treatments, charged by the privately owned
hospitals and by the healthcare professionals in private practice, to the private medical
aid schemes. The results of the private healthcare CEA therefore represent the costs to the
private healthcare funders, versus the clinical benefit of the members or patients.

3. Results
3.1. Participants

A total of 271 patients were screened between January 2014 and November 2017,
and 210 eligible participants were enrolled and randomised (mEHT Group: n = 106,
Control Group: n = 104). Five participants were lost to follow-up either before, during, or
immediately after treatment (mEHT Group: n = 3, Control Group: n = 2) and were excluded
from OS and DFS analyses. Four participants were lost to follow-up after treatment and
could not be contacted (mEHT: one lost to follow-up at six-, nine-, and 18 months post-
treatment; Control group: one lost to follow-up at 24 months post-treatment). These
participants were excluded from the survival analysis, and their last recorded disease status
and follow-up date were used for the DFS analyses (Figure 1). There were no significant
differences in participant characteristics and treatment characteristics between the mEHT
and Control groups (Tables 2 and 3). Two thirds of the participants had FIGO Stage III
disease and half of all the participants were HIV-positive with more than two thirds of the
HIV-participants in the under 50 years old age group. The median age was 50.1 (27.3–74.8),
and 79% of participants were unemployed. The median RT dose received was 74 Gy (range:
2–74) and the average dose of cisplatin received was 131 mg/m2 per participant, with
12% of participants not receiving any cisplatin. In the mEHT Group, 97% of participants
received 80% (8/10), or more of the prescribed mEHT treatments, with only 2% receiving
20% (2/10) or less of the prescribed mEHT treatments. All participants with a haemoglobin
value < 10 g/dL at enrolment were transfused before treatment.

3.2. Two Year Survival

Survival data were available for 202 participants at two years post-treatment, (mEHT
Group: n = 100; Control Group: n = 102), of which 53 [53%] and 43 [42%] participants in
the mEHT Group and Control Group, respectively, were alive at the last follow-up. The
frequency of participants achieving two year OS in the group with LDC at six months post-
treatment (42/59 [71.2%]) was significantly higher than those who did not achieve LDC
(17/59 [28.8%]; Pearson Chi2: p < 0.001). Local Disease Control is a significant predictor of
two year OS (OR: 3.8; p < 0.001; 95%CI: 2.00–7.34). The risk of death was 30% lower in the
mEHT group (HR: 0.70; p = 0.074; 95%CI: 0.48–1.03, adjusted for HIV status, age and FIGO
stage) (Table 4, Figure 2a).
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Age Group 
<50 years 52 (49.1%) 46 (44.2%) 
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≥50 years 54 (50.9%) 58 (55.8%) 

ECOG 
0 3 (2.8%) 7 (6.7%) 
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1 103 (97.2%) 97 (93.3%) 
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African 98 (92.5%) 97 (93.3%) 

p = 0.335 
Caucasian 4 (3.8%) 1 (1.0%) 
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Staging IIIA 1 (0.9%) 1 (1.0%) 

Figure 1. Trial profile. Abbreviations: mEHT: modulated electro-hyperthermia.

Table 2. Participant characteristics.

Participant Characteristic
mEHT Control

p-Value
106 (50.5%) 104 (49.5%)

HIV Status
Positive 52 (49.1%) 55 (52.9%) p = 0.579

Negative 54 (50.9%) 49 (47.1%)

Age Group <50 years 52 (49.1%) 46 (44.2%) p = 0.483≥50 years 54 (50.9%) 58 (55.8%)

ECOG
0 3 (2.8%) 7 (6.7%) p = 0.184
1 103 (97.2%) 97 (93.3%)

Race

African 98 (92.5%) 97 (93.3%)

p = 0.335
Caucasian 4 (3.8%) 1 (1.0%)

Indian 0 (0.0%) 0 (0.0%)
Asian 0 (0.0%) 0 (0.0%)

Mixed Race 4 (3.8%) 6 (5.8%)

Education
Primary 45 (43.3%) 50 (49.0%)

p = 0.334Secondary 55 (52.9%) 51 (50.0%)
Tertiary 4 (3.8%) 1 (1.0%)

Employment Unemployed 83 (78.3%) 82 (78.8%) p = 0.923
Employed 23 (21.7%) 22 (21.2%)
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Table 2. Cont.

Participant Characteristic
mEHT Control

p-Value
106 (50.5%) 104 (49.5%)

FIGO IIB 40 (37.7%) 36 (34.6%)
p = 0.895Staging IIIA 1 (0.9%) 1 (1.0%)

IIIB 65 (61.3%) 67 (64.4%)

Histological Grade
1 7 (6.9%) 4 (4.1%)

p = 0.7592 70 (69.3%) 67 (69.1%)
3 24 (23.8%) 26 (26.8%)

Tumour Dimensions (cm)
Median 7 7.1

p = 0.1429Min 2.7 1.8
Max 11.7 14.87

Tumour SUV
Median 18.07 19.26

p = 0.7769Min 7.01 6.07
Max 63.25 97

HB (g/dL)
Median 10.9 11

p = 0.9424Min 5.7 5.2
Max 16.2 16.2

Age
Median 49.2 50.6

p = 0.3665Min 27.3 29.2
Max 70.8 74.8

BMI
Median 27 26.5

p = 0.3883Min 15 15
Max 49 41.7

Abbreviations: BMI: Body Mass Index; ECOG: Eastern Cooperative Oncology Group; FIGO: Fédération Inter-
nationale de Gynécologie et d’Obstétrique; HB: Haemoglobin; HIV: Human Immunodeficiency Virus; mEHT:
Modulated Electro-Hyperthermia; SUV: Standard Uptake Value.

Table 3. Treatment characteristics.

Treatment mEHT Control
p-Value

Characteristics 106 (50.5%) 104 (49.5%)

No of HDR BT doses

0 0 (0.0%) 0 (0.0%)

p = 0.2231 0 (0.0%) 2 (2.0%)
2 3 (2.9%) 1 (1.0%)
3 101 (97.1%) 99 (97.1%)

No of Cisplatin Doses
0 14 (13.6%) 11 (10.7%)

p = 0.7271 42 (40.8%) 47 (45.6%)
2 47 (45.6%) 45 (43.7%)

Total RT Dose
Median 74 74

p = 0.6133Min 20 2
Max 74 74

Days between enrolment
and Treatment

Median 37 37
p = 0.2241Min 18 21

Max 79 104

No of mEHT doses
Median 10

Min 1
Max 10

Abbreviations: HDR BT: High Dose Rate Brachytherapy; mEHT: Modulated Electro-Hyperthermia; RT: Radiotherapy.
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Table 4. Multivariable Cox proportional hazards model for two year overall survival.

Overall HR p-Value [95%CI]

mEHT 0.70 0.074 0.48–1.03
HIV-negative 0.82 0.328 0.54–1.23

Age at Enrolment 0.97 0.007 0.95–0.99
FIGO Stage III 1.01 0.785 0.71–1.57

FIGO Stage II HR p-Value [95%CI]

mEHT 0.88 0.677 0.47–1.64
HIV-negative 0.73 0.342 0.37–1.41

Age at Enrolment 0.99 0.401 0.96–1.02

FIGO Stage III HR p-Value [95%CI]

mEHT 0.61 0.047 0.37–0.99
HIV-negative 0.90 0.699 0.54–1.52

Age at Enrolment 0.96 0.006 0.94–0.99
Abbreviations: FIGO: Fédération Internationale de Gynécologie et d’Obstétrique; HIV: Human Immunodeficiency
Virus; HR: Hazard Ratio; mEHT: Modulated Electro-Hyperthermia.

When considering participants with Stage II and Stage III disease separately, the risk
of death within two years post-treatment, adjusted for age, disease stage, and HIV status,
was significantly lower in the mEHT participants with Stage III disease compared to the
Control participants with Stage III disease (mEHT Group: 34/61 [56%]; Control Group:
27/67 [40%]; HR: 0.61; p = 0.047; 95%CI: 0.37–0.99). Age was also a significant predictor of
two year OS in the group of participants with Stage III disease (HR: 0.96, p = 0.006, 95%CI:
0.94–0.99) (Table 4).

When analysing the sample by treatment arm, age was a significant predictor of two
year OS in the mEHT Group (HR: 0.95, p = 0.001, 95%CI: 0.93–0.98), but not in the Control
Group (HR: 0.98, p = 0.181, 95%CI: 0.96–1.01). We subsequently analysed participants
according to their age group at the time of randomization (30 years; 30–50 years; >50 years).
As there were only three participants younger than 30 years, we combined them with the
group of participants between 30 and 50 years. Considering the participants younger than
50 years, and 50 years and older separately, the addition of mEHT had the most significant
effect on two year OS in the age group 50 years and above (HR: 0.44, p = 0.011, 95%CI:
0.24–0.83).

Two year DFS was seen significantly more frequently in the mEHT Group (36/99
[36.4%]) than in the Control Group (14/102 [13.7%]; p < 0.0001), with participants treated
with mEHT having 33% less risk of developing a recurrence during the first two years
than the Control Group participants (HR: 0.67, 95%CI: 0.48–0.93. p = 0.017, adjusted for
age, stage, and HIV status) (Table 5, Figure 2b). Participants treated with mEHT had an
odds ratio of 3.59 of achieving disease free status at two years (p < 0.001; 95%CI: 1.79–7.21)
compared to Control Group participants. When evaluated by disease stage, mEHT was not
significantly predictive of two year DFS in participants with Stage II disease but remained
significant for participants with Stage III disease (Table 5).

3.3. Three Year Survival

Three year OS was achieved by 33.7% (34/101) and 44% (44/100) of participants from
the Control and mEHT Groups, respectively. The risk of death in the first three years was
28% lower for the participants who received mEHT, although this was not significant (HR:
0.72; 95%CI: 0.51–1.03, p = 0.74; adjusted for age, disease stage and HIV status) (Figure 3a),
and when considering only the participants with Stage III disease, the risk was significantly
lower (38%) in the mEHT group (HR: 0.62; p = 0.040; 95%CI: 0.40–0.98, adjusted for age,
and HIV status) (Table 6).
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disease free survival. The sharp drop of the DFS rates seen early on in 2b is a result of the higher 
rate of residual disease at six months post-treatment in the Control Group compared to mEHT 
Group. Participants with residual disease post-treatment were considered to have zero disease free 
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Figure 2. Kaplan–Meier survival curves at two years (a) two year overall survival; (b) two year
disease free survival. The sharp drop of the DFS rates seen early on in 2b is a result of the higher
rate of residual disease at six months post-treatment in the Control Group compared to mEHT
Group. Participants with residual disease post-treatment were considered to have zero disease free
survival days.

Table 5. Multivariable Cox proportional hazards model for two year disease free survival.

Overall HR p-Value [95%CI]

mEHT 0.67 0.017 0.48–0.93
HIV-negative 0.99 0.257 0.72–1.48

Age at Enrolment 0.99 0.257 0.97–1.01
FIGO Stage III 0.99 0.944 0.79–1.38

FIGO Stage II HR p-Value [95%CI]

mEHT 0.77 0.342 0.45–1.32
HIV-negative 1.18 0.569 0.66–2.01

Age at Enrolment 0.99 0.601 0.97–1.02

FIGO Stage III HR p-Value [95%CI]

mEHT 0.62 0.025 0.41–0.94
HIV-negative 0.98 0.915 0.97–1.01

Age at Enrolment 0.99 0.301 0.97–1.01
Abbreviations: FIGO: Fédération Internationale de Gynécologie et d’Obstétrique; HIV: Human Immunodeficiency
Virus; HR: Hazard Ratio; mEHT: Modulated Electro-Hyperthermia.

44



Cancers 2022, 14, 656

Cancers 2022, 14, 656 11 of 20 
 

 

3.3. Three Year Survival 
Three year OS was achieved by 33.7% (34/101) and 44% (44/100) of participants from 

the Control and mEHT Groups, respectively. The risk of death in the first three years was 
28% lower for the participants who received mEHT, although this was not significant 
(HR: 0.72; 95%CI: 0.51–1.03, p = 0.74; adjusted for age, disease stage and HIV status) 
(Figure 3a), and when considering only the participants with Stage III disease, the risk 
was significantly lower (38%) in the mEHT group (HR: 0.62; p = 0.040; 95%CI: 0.40–0.98, 
adjusted for age, and HIV status) (Table 6). 

 
(a) 

 
(b) 

Figure 3. Kaplan–Meier survival curves at three years (a) three year overall survival; (b) three year 
disease free survival. The sharp drop off in DFS rates seen early on in 3b is again a result of the high 
rate of residual disease at six months post treatment. 

  

Figure 3. Kaplan–Meier survival curves at three years (a) three year overall survival; (b) three year
disease free survival. The sharp drop off in DFS rates seen early on in 3b is again a result of the high
rate of residual disease at six months post treatment.

The frequency of DFS remained significantly higher in the mEHT Group compared to
the Control Group at three years post-treatment (mEHT: 35/99 [35.4%]; Control: 14/102
[13,7%]; Chi-squared: p < 0.0001) with an odds ratio of 3.4 of achieving DFS in favour of
the mEHT Group (p = 0.001; 95%CI: 1.71–6.91) and a hazard ratio of 0.70 (95%CI: 0.51–0.97;
p = 0.035, adjusted for age, stage and HIV status) (Figure 3b). When evaluated by stage of
disease, the significance remained in participants with Stage III disease (Table 7).
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Table 6. Multivariable Cox proportional hazards model for three year overall survival.

Overall HR p-Value [95%CI]

mEHT 0.72 0.074 0.51–1.03
HIV-negative 0.84 0.366 0.58–1.23

Age at Enrolment 0.98 0.019 0.96–1.00
FIGO Stage 1.10 0.619 0.76–1.59

FIGO Stage II HR p-Value [95%CI]

mEHT 0.91 0.748 0.51–1.64
HIV-negative 0.75 0.365 0.40–1.40

Age at Enrolment 0.99 0.468 0.96–1.02

FIGO Stage III HR p-Value [95%CI]

mEHT 0.62 0.040 0.40–0.98
HIV-negative 0.93 0.777 0.58–1.50

Age at Enrolment 0.97 0.018 0.95–0.99
Abbreviations: FIGO: Fédération Internationale de Gynécologie et d’Obstétrique; HIV: Human Immunodeficiency
Virus; HR: Hazard Ratio; mEHT: Modulated Electro-Hyperthermia.

Table 7. Multivariable Cox proportional hazards model for three year disease free survival.

Overall HR p-Value [95%CI]

mEHT 0.70 0.035 0.51–0.98
HIV-negative 1.05 0.786 0.74–1.50

Age at Enrolment 0.99 0.240 0.97–1.01
FIGO Stage 0.98 0.913 0.70–1.37

FIGO Stage II HR p-Value [95%CI]

mEHT 0.78 0.357 0.46–1.33
HIV-negative 1.20 0.538 0.68-2.11

Age at Enrolment 0.99 0.582 0.97–1.02

FIGO Stage III HR p-Value [95%CI]

mEHT 0.66 0.040 0.43–0.98
HIV-negative 0.98 0.932 0.62–1.55

Age at Enrolment 0.99 0.278 0.97–1.01
Abbreviations: FIGO: Fédération Internationale de Gynécologie et d’Obstétrique; HIV: Human Immunodeficiency
Virus; HR: Hazard Ratio; mEHT: Modulated Electro-Hyperthermia.

3.4. Late Toxicity

There was no significant difference in frequencies of reported late toxicity (grouped
according to grades I/II and grades III/IV), between the two treatment groups or between
the HIV-positive and HIV–negative participants at 9 months, 12 months, 18 months, and
24 months post-treatment. Multivariate Cox proportionate hazards models, including arm,
HIV status and cisplatin doses, did not show any significant predictors of grades I/II or
grades III/IV late toxicity.

3.5. Quality of Life

There were no statistically significant differences in QLQ scores between the two
groups at baseline assessment [28]. When comparing the changes in scores from baseline to
24 months between groups, the reduction in pain was significantly higher in the mEHT
Group (p = 0.0368), cognitive function was significantly improved in the mEHT group
(p = 0.0044), and participants in the Control Group reported a reduction in role functioning
while the mEHT Group participants reported an improvement in role functioning with a
significant difference between the two groups (p = 0.0172). When assessing the change from
baseline to 12 months within each group, there was an improvement in all scales except for
role functioning in the mEHT Group, with significant improvements in Global Health Scale,
Pain, Fatigue, and Emotional functioning. In the Control Group, there were significant
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improvements in the Visual Analogue Scale, Global Health Scale, Nausea and Vomiting,
and Emotional Functioning, while Physical Functioning, Role Functioning and Cognitive
Functioning decreased in the Control Group (Table 8). When assessing the change from
baseline to 24 months within each group, the mEHT group reported a significant improved
of all scales except for role function (which improved by a score of 9.4), while the Control
Group only reported a significant change in five out of 11 scales, with a negative change in
cognitive function (Table 9).

Table 8. Mean change in scores from baseline to 12 months in the mEHT and Control Group.

12 Months
mEHT Control

Mean SD 95%CI p-Value Mean SD 95%CI p-Value

Visual Analogue 5.4 31.6 −2.9 to 13.8 p = 0.1961 9.7 29.8 2.1 to 17.3 p = 0.0133

Global Health 10.2 34.3 1.2 to 19.2 p = 0.0275 13.8 36.3 4.4 to 23.1 p = 0.0047

Financial Burden −7.1 50.7 −207 to 6.4 p = 0.2967 −6.1 48.0 −19.1 to 7.0 p = 0.3537

Symptom Scales

Pain Reduction −18.4 37.3 −28.2 to −8.6 p = 0.0004 −6.3 40.2 −16.6 to 4.0 p = 0.2264

Nausea/Vomiting −5.5 23.4 −11.6 to 0.7 p = 0.0815 −6.5 19.1 −11.4 to −1.7 p = 0.0094

Fatigue reduction −9.4 31.0 −17.5 to −1.2 p = 0.0247 −1.3 40.5 −11.6 to 9.1 p = 0.8065

Functional Scales

Social 5.5 46.9 −6.9 to 17.8 p = 0.3787 2.6 55.2 −12.0 to 17.3 p = 0.7201

Cognitive 7.5 31.9 −0.9 to 15.9 p = 0.0795 −1.1 34.0 −10.1 to 7.3 p = 0.7542

Emotional 9.8 31.9 1.4 to 18.2 p = 0.0233 13.4 39.9 3.2 to 23.6 p = 0.0111

Role −3.2 40.9 −13.9 to 7.6 p = 0.5583 −4.9 40.0 −15.2 to 5.3 p = 0.3401

Physical 2.3 29.9 −5.6 to 10.2 p = 0.5599 −4.0 27.7 −11.2 to 3.1 p = 0.2594

Abbreviations: CI: Confidence Interval; mEHT: Modulated Electro-Hyperthermia; SD: Standard Deviation.

Table 9. Mean change in scores from baseline to 24 months in the mEHT and Control Group.

mEHT Control

Mean SD 95%CI p-Value Mean SD 95%CI p-Value

Visual Analogue 25.1 21.5 16.6 to 33.6 p < 0.0001 15.6 31.9 2.9 to 28.2 p = 0.0176

Global Health 23.2 31.7 11.7 to 35.6 p = 0.0002 17.3 29.1 6.0 to 28.6 p = 0.0041

Financial Burden −26.1 60.9 −48.0 to 4.1 p = 0.0216 −16.7 46.7 −34.8 to 1.4 p = 0.0698

Symptom Scales

Pain Reduction −34.4 32.8 −46.2 to −22.6 p = 0.0001 −15.5 35.7 −29.3 to −16 p = 0.0298

Nausea/Vomiting −13.0 27.7 −23.0 to −3.0 p = 0.0122 −1.2 18.7 −8.4 to 6.1 p = 0.7383

Fatigue reduction −18.4 27.9 −28.5 to −8.4 p = 0.0008 −10.7 34.0 −23.9 to 2.4 p = 0.1071

Functional Scales

Social 12.0 31.2 0.7 to 23.2 p = 0.0375 17.3 41.7 1.1 to 33.4 p = 0.0373

Cognitive 19.8 33.2 7.8 to 31.6 p = 0.0020 −4.2 28.9 −15.4 to 7.0 p = 0.4523

Emotional 27.3 30.3 16.4 to 38.3 p < 0.0001 17.9 34.2 4.6 to 31.1 p = 0.0101

Role Function 9.4 35.1 −3.3 to 22.1 p = 0.1415 7.1 35.0 6.4 to 20.7 p = 0.2893

Physical 11.7 21.2 4.0 to ‘9.3 p = 0.0040 2.6 27.2 −7.9 to 13.2 p = 0.6150

Abbreviations: CI: Confidence Interval; mEHT: Modulated Electro-Hyperthermia; SD: Standard Deviation.

3.6. The Abscopal Effect

We previously reported on an increased frequency of an abscopal effect seen in the
mEHT participants at six months post-treatment [29]. The three year follow-up of these
participants shows that 10 of the 14 mEHT participants with an abscopal effect were disease
free at three years post-treatment, and three participants were deceased, two of whom were
disease free at death (cause of death renal failure, DFS days 335 and 596), and one whom
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was disease free at the last follow-up with an unknown cause of death after 860 days. Of
the three participants in the Control Group who had an abscopal response, two achieved
three year DFS and one demised after 483 days, due to renal failure. The disease pattern
and description of these participants are detailed in our previous paper on the abscopal
effect seen at six months post-treatment [29].

3.7. Cost Effectiveness Analysis

The addition of mEHT to CRT increases the efficacy of the oncology treatments;
however, it also increases the initial input costs. The base case CEA showed that the
addition of mEHT to CRT dominated the model, compared to CRT alone, making the
combined treatment (mEHT + CRT) less costly and more effective, from the perspective of
both government and private healthcare funders. This result is driven by the difference
in DFS and is due to the high costs of recurrent and progressive disease. This model did
not use a societal costing perspective, which incorporates productivity-loss costs as well as
dying costs, especially before retirement age. The incremental cost-effectiveness ratio (ICER)
plane shows that CRT + mEHT produces more health effects at a lower cost over three years,
in the government and private healthcare model, per disease free cycle (a half year lived in
perfect health) (Figure 4). The probability that mEHT + CRT is cost-effective compared with
CRT alone is about 82.2% in the government healthcare model and 77.7% in the private
healthcare model, at no additional cost. The QALYs are summarised in Table 10.

Table 10. Quality adjusted life year data for private and government healthcare CEA models.

Perspective Treatment Cost in ZAR QALYs
Gained *

Incremental
Cost

Incremental
QALYs * ICER

Government mEHT 412,433.37 4.84

CRT 449,290.02 4.60 36,836.65 −0.24 Dominated

Private payer mEHT 579,998.97 4.84

CRT 617,421.79 4.60 37,422.82 −0.24 Dominated
* QALYs gained in the two perspectives are the same since assumptions for health effects were the same. The only
differences in the model inputs were the costs.
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Figure 4. Incremental cost-effectiveness ratio (ICER) plane (a) government healthcare model; (b) private
healthcare model. The Cost Effectiveness Analysis was done for both a Government-funded and a
privately-funded healthcare model, for the same duration (three years), assuming the same health effects,
with the only difference being the input costs. In the Government-funded healthcare model, the QALYs
range from 0–1.4, with incremental costs mainly seen in the 4th Quadrant, showing improved clinical
benefits and lower costs per QALY with the addition of mEHT. In the Privately funded healthcare model,
the QALYs range from 0–3.5 with incremental costs falling in the lower portion of the 1st quadrant and
the upper portion of the 4th quadrant, implying a clinical benefit with a high probability of cost saving
with the addition of mEHT to chemoradiotherapy.

4. Discussion

The results from this study show a significant improvement in two and three year DFS
with the addition of mEHT to CRT protocols for LACC, without any significant changes
in late toxicity. This follows our previous paper describing the improvement in LDC
with the addition of mEHT to CRT. The strict criteria for LDC evaluation is one of the
strengths of the study. Evaluation of LDC was based on pre- and post-treatment 18F-FDG
PET/CT scans, examinations, and fine needle aspiration if indicated. Local disease control
was considered a failure if any disease was confirmed in the pelvis [27]. We previously
described the safety of mEHT in our paper on early toxicity, and reported high compliance
rates to mEHT treatments in our high risk population. Other strengths of the study include
the low variability in patient and treatment characteristics between the groups, the strict
control between the groups, and the low number of participants lost to follow-up, even in
the resource-constrained setting.

Our sample included HIV-positive participants, who are expected to have worse
outcomes [36–38], and overweight participants [28]. Radiobiological data have previously
suggested that HIV-positive patients may be more radiosensitive, and may therefore be
at risk of increased toxicity from RT [39,40]. The evaluation of the early and late toxicity
associated with RT combined with mEHT as a radiosensitiser in HIV-positive patients is
therefore important in our setting where around 50% of LACC patients are HIV-positive.
Heating pelvic tumours using capacitive HT techniques carries a high risk of adipose
burns, especially when the treatment area includes a layer of adipose tissue thicker than
1.5 cm [41,42]. The safety demonstrated by mEHT for the management of cervical cancer,
even in participants with above average BMIs, alongside the efficacy, indicates that mEHT
is able to effectively and safely target deep tumours that would otherwise be difficult to
treat using conventional capacitive HT. Factors which may contribute to the improved
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safety and efficacy of mEHT include the lower power output of mEHT (maximum of 130 W
in our study), compared to other capacitive HT devices, the non-thermal effects [14] or field
effects [16,43], and the AM of the RF waves in mEHT, which appears to contribute to the
improved selectivity and enhanced effects in the tumour [18,25].

We initially estimated a reduction in two year mortality of 50% in order to achieve a
power of 90% based on our sample size. While two year OS rates were not significantly
improved, the reduction in disease recurrence at two years in the mEHT group was signifi-
cant and was more than 50% (36.4% DFS in the mEHT Group and only 13.7% DFS in the
Control Group), giving a statistical power of >90% for the DFS assessment. The effect of
mEHT on outcomes was seen more significantly in the two year and three year DFS analy-
ses than in the OS analyses, and the significance remained in both the HIV-positive and
-negative participants and when considering participants based on age category. However,
the significance was lost when considering only the participants with Stage II disease. In
the OS analyses, the significance of the effects of mEHT on outcomes was less consistent.
This may be a result of the inclusion of non-cancer related deaths in the OS analysis, which
likely masked the effects of mEHT in the OS analyses. In our sample, the majority of
the HIV-positive participants were younger than 50 years, and this may contribute to
the improved OS outcomes seen in participants over the age of 50 years, compared to
those younger than 50 years. This suggests that, while mEHT still improves the OS of
HIV-positive participants, the effect is higher in HIV-negative participants as seen in the
older group containing mostly HIV-negative women. In the group of participants who
were 50 years and older, mEHT was a consistently significant predictor of DFS, regardless
of HIV-status.

A limitation of the study is the substandard RT and BT administered as a result
of a lack of sophisticated imaging and planning techniques in our setting, compared to
developed settings. Due to resource constraints, the standard of care weekly cisplatin
schedule was also not prescribed. Other limiting factors related to resource constraints
include time to start EBRT, time to complete RT, and time between treatment completion
and 18F-FDG PET/CT scans. Delays were most frequently attributed to technical problems,
machine down-time, and source supply problems (in the case of the 18F-FDG PET/CT
scans), as previously reported [27]. Another limitation of the study is the apparent high
rate of under-staging of the patients using clinical staging techniques. The participants
were all staged according to the recommended FIGO staging guidelines from 2014, and the
institutional protocols at the time, using a chest X-ray, abdomino-pelvic ultrasound, and
examination. The FIGO staging system was revised in 2018 to include more sophisticated
imaging techniques which are able to include lymph node involvement and to improve
the accuracy of the staging. The earlier FIGO staging criteria resulted in up to 40% of
stage IB-IIIB cases being under diagnosed and as many as 64% of stage IIIB cases being
over-diagnosed [44]. Funding was obtained for the addition of 18F-FDG PET/CT scans
pre-treatment and six months post-treatment to assess clinical response to treatment. The
18F-FDG PET/CT scans were therefore not used for staging purposes in our study; however,
participants with visceral and bone metastases and bilateral hydronephrosis on the 18F-FDG
PET/CT scans were still excluded as they required a change in the treatment protocol.
The pre-treatment 18F-FDG PET/CT scans indicated that more than half of the patients
were in stage IVB disease, as seen by the high number of patients with extra-pelvic nodal
involvement and local invasion of the bladder and rectum that was not detected during the
routine clinical staging procedures. In a sub-group analysis of these participants, it was
noted that there was complete metabolic resolution of all diseases, local and distant, in
around a quarter of those who received mEHT. This suggests that mEHT may potentiate the
abscopal effect induced by ionising radiation. This also provided an opportunity to assess
the systemic effects of mEHT. The previously reported abscopal results [29], combined
with the long term follow-up of the abscopal response reported in this paper, suggest
that the preclinical immunological effects, observed in response to the administration of
mEHT [45–47], could have clinical benefits in the management of systemic disease as well
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as local disease. If we consider that Stage IVB disease is generally considered incurable,
then a disease free status in the participants with extra-pelvic disease at three years of 24.5%
in the mEHT group compared to the 5.6% in the control group, even with sub-optimal RT
delivery, is a significant and important outcome.

Only one Phase III study has investigated CRT with/without classical HT (using
capacitive HT), for the management LACC, and they reported an improvement in five year
DFS from 60.6% (95%CI, 45.3–72.9%) to 70.8% (95%CI, 55.5–81.7%), although the difference
was not significant (HR: 0.517, 95%CI, 0.251–1.065, p = 0.073) [48]. While results from
Phase III studies on RT with/without classical HT are positive, they are not comparable to
our study, due to the differences in HT techniques and treatment protocols. Classical HT
requires a substantial increase in local temperature in order to slow down DNA repair and
induce tumour cell killing [12], and thermo-monitoring is a critical safety and efficiency
measure [10], while mEHT aims to improve perfusion and support an immune response
to the tumours [49], with a mild temperature increase, and without the need for thermo-
monitoring as a measure of safety and efficiency.

The substantial improvements in quality of life are an important result to consider as
prolonged life is not always associated with quality of life in cancer patients. The adverse
effects from oncology treatments can negatively impact the quality of life even in patients
who are disease free, while persistent and recurrent disease are often considered to be poor
predators of quality of life. An increase in life expectancy, together with a decreased quality
of life and increased costs of treatment for adverse effects and persistent/recurrent disease,
can place additional burden on the healthcare system. The CEA performed confirms that
the improvement in quality of life, and improvement in DFS, not only benefits the patients
and the community, but also has the potential to reduce the economic burden of the disease
in both private and public healthcare settings.

While it is unclear how much of an effect mEHT as a radiosensitiser would have when
added to optimal RT and BT delivery for cervical cancer, it is encouraging to see such a
large improvement in two and three year DFS with the addition of mEHT, even in sub-
optimal conditions and in our high-risk population. There is still room for improvement in
five year OS rates in cervical cancer patients with stage III and IV disease globally, even
with sophisticated RT techniques, and a safe and effective radiosensitiser, such as mEHT,
may still be a beneficial adjunct to RT in optimal settings. The continued monitoring of
participants in the reported study will provide more insight into the effects of mEHT on five
year survival. Modulated electro-hyperthermia is a feasible addition to LACC treatment
protocols to improve outcomes, especially in settings in which sophisticated imaging and
RT technologies are not accessible.

5. Conclusions

Modulated electro-hyperthermia enhances outcomes of LACC patients when added
to CRT, without increasing the toxicity profile of treatments. The associated improvement
in quality of life along with the reduction in healthcare costs makes this intervention a
feasible and effective adjunct to CRT for the management of LACC. The addition of mEHT
improved LDC and DFS in our sample, without additional toxicity, and with improved
role functioning of the patients, benefiting both the patients, the community, and the
already-strained healthcare system. Modulated electro-hyperthermia could therefore be
considered as an adjunct to CRT, especially in resource-constrained settings and for cervical
cancer patients with advanced disease. The five year follow-up results and detailed CEA
will provide further insight into the long term benefits of mEHT as an adjunct to CRT.
Further investigations into the immunological effects of mEHT could assist in the long-term
goal of shifting RT from a local treatment, to a systemic treatment when combined with
mEHT, offering additional options for patients with metastatic disease. Studies on the
systemic effects of mEHT, as well as studies with the aim of better understanding the
thermal and non-thermal effects of mEHT, are likely to shed more light on the mechanisms
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of action and further improve the application and recommendations for the use of mEHT
in a clinical setting.
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Simple Summary: We demonstrated that a 13.56 MHz modulated electro-hyperthermia (mEHT)
boost is feasible in neoadjuvant treatment for rectal cancer. Herein, we attempted to present the
long-term results for this phase 2 trial. Although there are many reports on the usefulness of ther-
moradiochemotherapy for loco-regional control, so far, only a few cases of survival benefit exist.
Thus, this study assessed whether this limitation of hyperthermia could be overcome through the
mEHT method featuring an applied energy variable. Following a median follow-up of 58 months for
60 patients, mEHT boost showed comparable results with conventional hyperthermia; potential thera-
peutic effects were also observed. Moreover, mEHT could be considered a useful tool in combination
treatment with radiotherapy owing to its low thermotoxicity and improved treatment compliance.

Abstract: We evaluated the effect of 13.56 MHz modulated electro-hyperthermia (mEHT) boost in
neoadjuvant treatment for cT3-4- or cN-positive rectal cancer. Sixty patients who completed the
mEHT feasibility trial (ClinicalTrials.gov Identifier: NCT02546596) were analyzed. Whole pelvis ra-
diotherapy of 40 Gy, mEHT boost twice a week during radiotherapy, and surgical resection 6–8 weeks
following radiotherapy were performed. The median age was 59. The median follow-up period was
58 (6–85) months. Total/near total tumor regression was observed in 20 patients (33.3%), including
nine cases of complete response. T- and N-downstaging was identified in 40 (66.6%) and 53 (88.3%)
patients, respectively. The 5-year overall and disease-free survival were 94.0% and 77.1%, respectively.
mEHT energy of ≥3800 kJ potentially increased the overall survival (p = 0.039). The ypN-stage and
perineural invasion were possible significant factors in disease-free (p = 0.003 and p = 0.005, respec-
tively) and distant metastasis-free (p = 0.011 and p = 0.034, respectively) survival. Tumor regression,
resection margin status, and other molecular genetic factors showed no correlation with survival.
Although a limited analysis of a small number of patients, mEHT was feasible considering long-term
survival. A relatively low dose irradiation (40 Gy) plus mEHT setting could ensure comparable
clinical outcomes with possible mEHT-related prognostic features.

Keywords: regional hyperthermia; rectal cancer; neoadjuvant chemoradiation; survival

1. Introduction

Considering neoadjuvant treatment for rectal cancer, hyperthermia boost to radiochemother-
apy reportedly produces excellent local control results; however, the long-term survival effects
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have not been sufficiently proven [1]. Attention is focused on whether this limitation of
hyperthermia could be overcome by 13.56 MHz-based modulated electro-hyperthermia
(mEHT), which possesses a potential cell killing effect by means of specific immunogenic
pathways in addition to the traditional thermal effect [2–4].

mEHT has been demonstrated to possess effects at an average temperature of <39 ◦C [5,6].
In our previous early feasibility report for rectal cancer treatment, we demonstrated an
excellent lymph node response by mEHT boost and a complementary nature of mEHT
to radiation, thereby exploring the possibility of radiation dose reduction in combination
with mEHT [7]. This study aimed to determine the follow-up results, focusing on the long-
term survival of patients who faithfully received mEHT while undergoing neoadjuvant
treatment for rectal cancer.

2. Materials and Methods
2.1. Patients

This single non-inferior prospective trial received approval of the Institutional Review
Board of Wonju Severance Christian Hospital (Approval number: CR313035) and was regis-
tered with ClinicalTrials.gov (study number NCT02546596), a total of 60 patients with cT3-4
or cN positive rectal cancer faithfully underwent preoperative radiochemotherapy with con-
comitant mEHT boost between March 2014 and March 2017 (Figure 1). For pre-treatment
staging, magnetic resonance imaging and computed tomography were performed. All
patients had a general condition of ECOG performance status ≤2. Considering the thermal
toxicity, cases in whom we anticipated thermal hypersensitivity, such as severe cardiac
conditions or excessive subcutaneous fat, were fundamentally excluded. The above have
been described in detail in the previous early clinical feasibility report [7]. Patient- and
disease-related characteristics are shown in Table 1.
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Table 1. Patient- and disease-related characteristics at diagnosis (n = 60).

Characteristic Value

Age (year) <60
≥60

32 (53.3%)
28 (46.7%)

Sex Male
Female

45 (75.0%)
15 (25.0%)

Pathologic diagnosis
Adenocarcinoma

Mucinous adenocarcinoma
Tubular adenocarcinoma

57 (95.0%)
2 (3.3%)
1 (1.7%)

Histological differentiation
Well-differentiated

Moderately differentiated
Poorly differentiated

8 (13.3%)
49 (81.7%)
3 (5.0%)

Primary tumor location from the anal verge (cm) ≤5
>5

23 (38.3%)
37 (61.7%)

Primary tumor volume (cm3)
<65
≥65

41 (68.3%)
19 (31.7%)

Positive lymph node volume (cm3)
≤5
>5

34 (55.0%)
27 (45.0%)

cT stage T3
T4

46 (76.7%)
14 (23.3%)

cN stage N1
N2

28 (46.7%)
32 (53.3%)

Carcinoembryonic antigen (ng/mL) ≤5
>5

39 (65.0%)
21 (35.0%)

Carbohydrate antigen 19–9 (U/mL)
≤37
>37

Not available

50 (83.3%)
9 (15.0%)
1 (1.7%)

KRAS mutation
Negative
Positive

Not available

27 (45.0%)
14 (23.3%)
19 (31.7%)

BRAF mutation
Negative
Positive

Not available

38 (63.3%)
2 (3.3%)
20 (33.3)

Microsatellite instability

Microsatellite-stable
Microsatellite instability-low
Microsatellite instability-high

Not available

38 (63.3%)
1 (1.7%)
1 (1.7%)

20 (33.3%)

2.2. Overall Treatment Schedule

Three- or four-field linear accelerator-based 6–15 MV X-rays from three-dimensional
planning were delivered to the whole pelvis area including the rectal tumor, mesorectum,
and internal iliac/presacral lymph node chain up to the sacral promontory level in 2 Gy
daily fractions up to a total dose of 40 Gy. Intravenous 5-fluorouracil (400 mg/m2/day at
the 1st and 5th weeks from the start of radiotherapy) or oral capecitabine (825 mg/m2 based
on the virtual period of the conventional 28-fraction radiation schedule) was administered
concomitantly. According to the protocol, curative resection with lymph node dissection
was planned at 6–8 weeks following completion of radiotherapy. Ultimately, the specific
resection range was based on the surgeon’s discretion considering the tumor location,
sphincter function, or clinical response to preoperative treatment.
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2.3. Modulated Electro-Hyperthermia

In addition to chemoradiation, eight sessions of mEHT were combined twice weekly
during the radiotherapy period using 13.56 MHz capacitive coupled device (EHY2000,
Oncotherm GmbH, Troisdorf, Germany). Treatment was performed such that a 30 cm-
diameter electrode included the entire treatment area based on the center of the irradiation
site while the patient was in a supine position. Treatment duration per session was 60 min,
and the interval between mEHT and radiotherapy on the same day was <1 h. The power
to be applied was 140 W; only for the first session, a gradual power increase method
(starting at 100 W to increase in 20 W per 20 min) was used in consideration of the patient’s
adaptation status. In all subsequent sessions, the applied energy was partially adjusted
when heat-related discomforts were recognized.

2.4. Treatment Response and Toxicities

Neoadjuvant treatment response and toxicity evaluation was performed as described
in the previous early feasibility study [7,8]. The evaluation period of acute toxicity was
from the start of neoadjuvant treatment to 90 days after ending radiotherapy, and toxic
events that occurred thereafter were classified as late toxicity. Each toxicity grade during
the period was based on the maximum value. Acute toxicity was assessed by NCI-CTCAE
version 3.0 (NCI, Bethesda, MD, USA), while late toxicity was based on RTOG and EORTC
criteria [9]. For the mEHT-related toxicity that mostly disappeared immediately after
treatment, separate evaluation was conducted based on the Berlin scoring system, during
the radiotherapy period only [10].

2.5. Statistical Analysis

In this study that assessed the follow-up results of the impact of mEHT boost on sur-
vival in a single-arm, non-inferiority trial, the primary endpoint (preoperative therapeutic
response) assessment was by pathologic downstaging and tumor regression grade [7]. Sur-
vival rates were analyzed based on the baseline factors, in a median 58 (range, 6–85) months
of follow-up. By definition, overall survival (OS) was the time interval from the day of ra-
diotherapy to the day of death or last follow-up. Disease-free survival (DFS), loco-regional
recurrence-free survival (LRRFS), and distant metastasis-free survival (DMFS) were de-
termined to be from the day of surgery to the day of recurrence, death, or last follow-up,
respectively. To examine the impact of each clinical parameter within a single group treated
with radiotherapy plus mEHT, the difference in survival according to each parameter cate-
gory was analyzed. Chi-square and Fisher’s exact tests were used for categorical variable
analysis, as appropriate. Cox proportional hazard regression analysis was used to calculate
univariate/multivariate adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for
each survival. Statistical significance was based on p < 0.05. Analyses were conducted using
SAS software 9.4 (SAS, Cary, NC, USA) and R 4.0.5 (Institute for Statistics and Mathematics,
Vienna, Austria).

3. Results
3.1. Clinicopathology- and Treatment-Related Indices

Factors that could affect the treatment outcomes, such as details of each treatment
modality, response to preoperative treatment, and pathology after surgical resection, are
shown in Table 2. The participants’ median age was 59 (range, 33–83) years, and they were
predominantly male (n = 45, 75%). The clinical tumor volume had a median of 52.7 (range,
22.4–233.1) cm3. All patients completed their scheduled treatment course, including eight
sessions of mEHT, whose median total energy was 3902 (range, 2704–4429) kJ (the energy
value up to 8 sessions is shown in Figure 2a). At surgery, R0 resection was performed in
53 patients (88.3%); R2 resection was not performed. The proportion of lower ypT-stage
(ypT0–2) and N-stage (ypN0) was 55.0% (33 patients) and 76.7% (46 patients), respectively.
The number of relatively good treatment responses among patients (total and near total
regression grade for primary tumors) was 20 (33.3%). All acute toxicity occurred within
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grade 2. As for late toxicity, there were no >grade 2 events other than grade 3 gastrointestinal
toxicity in four cases. Among the analyzed patients, mEHT-related toxicity was mild in all
but one grade 2 case (Table 3).

Table 2. Factors associated with neoadjuvant treatment and surgical outcomes (n = 60).

Characteristic Value

Total dose of radiotherapy 40 Gy

Total number of mEHT session Median 8 (range, 8–9)

Total energy of mEHT (kJ) <3800
≥3800

12 (20.0%)
48 (80.0%)

Chemotherapy regimen
5-fluorouracil/leucovorin

Capecitabine
Others

4 (6.7%)
55 (91.7%)
1 (1.7%)

Radiotherapy to surgery interval (day) Median 52 (range, 41–70)

Types of Surgery

Low anterior resection
Abdominoperineal resection

Hartmann’s procedure
Others

50 (83.3%)
4 (6.7%)
3 (5.0%)
3 (5.0%)

Resection margin status Negative
Positive

53 (88.3%)
7 (11.7%)

ypT CR, Tis, T1, T2
T3, T4

33 (55.0%)
27 (45.0%)

ypN N0
N1, N2

46 (76.7%)
14 (23.3%)

Stage group CR, 0(TisN0), I, II, III 26 (43.3%)
34 (56.7%)

Tumor regression grade Total, near total
Moderate, minimal

20 (33.3%)
40 (66.7%)

Lymphatic invasion

Negative
Positive

Complete response
Not available

41 (68.3%)
5 (8.3%)

9 (15.0%)
5 (8.3%)

Venous invasion

Negative
Positive

Complete response
Not available

43 (71.7%)
3 (5.0%)

9 (15.0%)
5 (8.3%)

Perineural invasion

Negative
Positive

Complete response
Not available

36 (60.0%)
10 (16.7%)
9 (15.0%)
5 (8.3%)

Tumor budding

Negative
Positive

Complete response
Not available

16 (26.7%)
26 (43.3%)
9 (15.0%)
9 (15.0%)

mEHT: modulated electro-hyperthermia, SD: standard deviation, CR: complete response.
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Figure 2. Energy profile of modulated electro-hyperthermia (mEHT) at each mEHT session (a) and
from the perspective of total value line-up (b).

Table 3. Distribution of treatment-related toxicities (n = 60).

Toxicity Grade 0 1 2 3 4 5 NA

Acute GI 20 21 19 0 0 0 0

Acute GU 47 12 1 0 0 0 0

mEHT-related * 44 15 1 0 0 0 0

Late GI 16 16 15 4 0 0 9

Late GU 41 11 3 0 0 0 5
GI: gastrointestinal. GU: genitourinary. mEHT: modulated electro-hyperthermia. NA: not available. * Scoring
system proposed by the Berlin group [10].

3.2. Survival

We included 60 patients for the log rank test and 52 patients for univariate/multivariate
analysis, considering postoperative follow-up loss or missing values for various clinical
factors. The 5-year OS, DFS, LRRFS, and DMFS rates were 94.0%, 77.1%, 96.4%, and 78.7%,
respectively (Figure 3). A total of two loco-regional recurrences and 10 distant metas-
tases occurred during the follow-up. Each recurrence site was the primary lesion (two
patients) and peripheral lymph nodes (one patient), and one case of multiple recurrence
or metastasis was observed. Two patients with loco-regional recurrence belonged to the
low tumor regression group, one of whom had postoperative positive resection margin
status. The distribution of the total mEHT energy showed a relatively rapid change around
3800 kJ, which was used as a cut-off value for the comparison of applied energy judged
to be meaningful in terms of the relative balance between energy value categories except
for the few extreme values (Figure 2b). When comparing 3800 kJ as a boundary, mEHT
energy possibly affected the OS (Figure 4a). Differences according to molecular pathological
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factors, such as KRAS, BRAF, and microsatellite status, did not appear to affect survival
in the mEHT-based group (Table 4). ypN-stage and perineural invasion (PNI) seemed to
be related to DFS (p = 0.003 and p = 0.005, respectively for univariate analysis) and DMFS
(p = 0.011 and p = 0.034, repectively for univariate analysis), which was more remarkable
with the complete response group added (Figure 5b). Tumor regression and resection mar-
gin status, which are considered to be prognostic factors in preoperative chemoradiation,
did not show significant correlation in our mEHT-based patient group (Table 4).
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Table 4. Univariate and multivariate analyses of the baseline variables.

Variable Category
Univariate Multivariate

HR 95% CI p HR 95% CI p

Overall Survival
Age (years) <60 vs. ≥60 1.318 0.184–9.433 0.783 2.990 0.201–44.527 0.429

Sex Male vs. Female 1.399 0.143–13.695 0.773 2.468 0.164–37.189 0.514
Resection margin status Negative vs. Positive 9.200 0.575–147.73 0.117 59.458 0.150–23546.9 0.181

ypN-stage 0 vs. 1, 2 1.042 0.104–10.480 0.972 2.111 0.084–53.349 0.650
Tumor regression grade Total, near total vs. Moderate, minimal 0.574 0.079–4.188 0.584 0.111 0.003–4.608 0.248
Total mEHT energy (kJ) <3800 vs. ≥3800 0.103 0.006–1.869 0.124 0.402 0.008–19.397 0.645

Disease-free Survival
Age (years) <60 vs. ≥60 1.005 0.306–3.297 0.993 1.503 0.386–5.849 0.557

Sex Male vs. Female 1.061 0.281–4.007 0.930 2.093 0.505–8.669 0.308
Resection margin status Negative vs. Positive 2.057 0.442–9.568 0.358 5.623 0.375–84.259 0.211

ypN-stage 0 vs. 1, 2 6.630 1.916–22.934 0.003 5.831 0.955–35.594 0.056
Tumor regression grade Total, near total vs. Moderate, minimal 1.538 0.407–5.811 0.526 0.223 0.036–1.396 0.109

Perineural invasion Negative vs. Positive 5.744 1.687–19.559 0.005 4.487 0.818–24.630 0.084
Total mEHT energy (kJ) <3800 vs. ≥3800 0.866 0.186–4.037 0.855 0.311 0.311–49.627 0.290

Loco-regional Recurrence-free Survival
Age (years) <60 vs. ≥60 1.239 0.077–19.802 0.880 5.232 0.078–349.23 0.440

Sex Male vs. Female 2.622 0.164–41.953 0.496 7.443 0.185–298.65 0.287
Resection margin status Negative vs. Positive 8.571 0.530–138.55 0.130 60.406 0.397–9196.8 0.110

ypN-stage 0 vs. 1, 2 3.087 0.193–49.355 0.425 5.937 0.305–115.46 0.240

Distant Metastasis-free Survival
Age (years) <60 vs. ≥60 0.793 0.224–2.811 0.719 0.928 0.229–3.758 0.917

Sex Male vs. Female 1.208 0.311–4.687 0.784 2.093 0.498–8.793 0.313
Resection margin status Negative vs. Positive 2.270 0.479–10.768 0.302 4.262 0.311–58.359 0.278

ypN-stage 0 vs. 1, 2 5.341 1.461–19.525 0.011 5.916 0.899–38.941 0.065
Tumor regression grade Total, near total vs. Moderate, minimal 1.325 0.342–5.137 0.684 0.204 0.033–1.274 0.089

Perineural invasion Negative vs. Positive 4.082 1.111–14.998 0.034 2.467 0.430–14.146 0.311
Total mEHT energy (kJ) <3800 vs. ≥3800 0.737 0.155–3.498 0.701 2.221 0.219–22.515 0.500

HR: hazard ratio, CI: confidence interval, mEHT: modulated electro-hyperthermia.
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4. Discussion

In a recent retrospective analysis based on whether or not mEHT was supplemented,
mEHT was effective in downstaging and tumor regression, which was more pronounced
in large-sized tumors [11]. We attempted to assess how each clinical parameter affects the
survival rates when mEHT is concurrently combined with radiation. This study was limited
to ascertaining the significance of mEHT as it focused on descriptive data without a control
group. Nevertheless, compared to previous studies on similar platforms, generally non-
inferior survival outcomes were obtained. Although the patient characteristics were not
completely consistent, 5-year OS and DFS of 94.0% and 77.1%, respectively, were similar
to the results of survival improvement by conventional hyperthermia boost (Table 5).
Generally, the addition of hyperthermia had excellent results for loco-regional control;
however, it rarely resulted in an improvement in the survival rate [1,12].

Although mEHT-mediated survival gain was not clearly identified with a single-arm
study, our non-inferior results at least demonstrated the usefulness of mEHT to some extent
in the low radiation dose setting of 40 Gy. Despite attempts to improve the oncologic
outcome through treatment intensification during chemoradiation, toxicity risk-related
uncertainty still remains [13,14]. mEHT, which is relatively free from toxicity, is thought
to be effective in more stable thermoradiotherapy. In addition, though very limited, the
manageability of mEHT was revealed based on the concept of applied energy rather than
intratumoral temperature without invasive parameter measurement. Recent mEHT studies
have also reported good clinical cases regardless of temperature measurement [15,16].
Therefore, it is appropriate to investigate whether mEHT boost is a trigger for improving
the clinical outcome through non-thermal effects, such as changes in the tumor microenvi-
ronment or immunogenicity, while being less affected by temperature.
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Although limited, mEHT demonstrated the potential for survival improvement by
increasing the total applied energy (Figure 4a). Unlike other previous clinical reports of
hyperthermia, our study showed almost no variation in the mEHT-related parameters
between patients as most patients possessed high treatment compliance and relatively
uniform energy input above a certain level. Hence, the tendency in OS difference by energy
level came from a structure wherein determining the prognosis was challenging owing
to the tight energy distribution. Therefore, this result is thought to have its own clinical
impact compared to the value obtained statistically, representing the importance of the
input energy itself.

The low thermotoxicity of mEHT and its high therapeutic compliance are advan-
tageous in terms of treatment management, including applied energy assessment. As
originally planned, mEHT was performed in all patients twice a week. The energy for
each session showed a slight increase generally up to the 8th session, which is directly
contrary to common hyperthermia protocols (Figure 2a). Although the treatment compli-
ance has been improving in conventional hyperthermia via technological advances [14],
in most rectal cancer hyperthermia studies, the session number was insufficiently set to
less than once a week or did not meet the schedule owing to thermotoxicity [10,12,17–20].
Therefore, mEHT application to the pelvic area is reportedly less associated with thermal
toxicity, indicating that thermosensitive patients can adapt to the high-frequency energy
as the session is repeated. The unexpectedly high heat sensitivity that appeared in some
patients should be compensated by a more individualized approach. Another limitation
of our study was that cases of severe obesity were excluded without clear criteria for heat
sensitivity. If these cases are supplemented, discovery of biomarkers for mEHT indications
and easier treatment application could be achieved.

Among molecular pathological factors, it was found that only PNI specifically affected
the survival rates. PNI has been studied in several malignancies, including uterine cervical
and head and neck cancers [21,22]; however, it has not been widely assessed in colorectal
cancer. There have been limited reports in some colorectal cancer studies that PNI positivity
could serve as a factor that lowers the survival rates [23–25]. Thus, a more in-depth
study of PNI is needed in terms of the specific situation of mEHT-based neoadjuvant
thermoradiotherapy.

In a previous retrospective analysis that included a control group (non-mEHT group),
the resection margin status was one of the significant prognostic factors for survival [11];
however, this trend disappeared in this mEHT-dominant group. This could be the result of
the difference in the follow-up period or the relatively small number of patients. However,
the mEHT-mediated impact also needs to be confirmed, i.e., whether it is large enough to
offset the influence of the resection margin, etc. Meanwhile, besides the role of mEHT, it
is worth noting that 40 Gy radiation may be sufficient for the neoadjuvant treatment for
rectal cancer, which is consistent with the latest report that 40–41.4 Gy was sufficient for
esophageal cancer treatment [26,27]. Nevertheless, an index comparable to intratumoral
temperature has not been established, which is a contemporary problem that needs to be
continuously addressed in terms of the quality management of mEHT. These limitations
in this study will have to be overcome through a large-scale prospective well-designed
clinical trial in the future.
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Table 5. Comparison of overall and disease-free survival in previous neoadjuvant thermoradiother-
apy studies for rectal cancer.

References Patient
Enrollment

No. of
Patients Radiation Dose Hyperthermia

Machine

No. of Hy-
perthermia

Session

Overall
Survival

Disease-Free
Survival

Maluta et al.,
2010 [18] Phase II 76

60 Gy (50 Gy +
10 Gy boost)/

30 times
BSD-2000 Once a week

(5 times)
86.5%

(5 years)
74.5%

(5 years)

Kang et al.,
2011 [12] Retrospective 98

Group A: 39.6 Gy
/22 times,

Group B: 45.0
Gy/25 times

Cancermia
GHT-RF8

Twice a week
(1–11 times)

73.9%
(5 years)

75.1%
(5 years)

Gani et al.,
2016 [28] Retrospective 60 50.4 Gy/28 times BSD-2000

once or
twicea week
(1–9 times)

88.0%
(5 years)

77.0%
(5 years)

Gani et al.,
2021 [29] Phase II 78 50.4 Gy/28 times BSD-2000 Twice a week

(1–10 times)
94.0%

(3 years)
81.0%

(3 years)
Ott et al.,
2021 [14] Prospective 89 50.4 Gy/28 times BSD-2000 Twice a week

(1–11 times)
82.0%

(5 years)
57.0%

(5 years)
Current
study Phase II 60 40 Gy/20 times Oncothermia

EHY-2000
Twice a week

(8–9 times)
94.0%

(5 years)
77.1%

(5 years)

5. Conclusions

A non-inferior effect of 40 Gy radiation plus mEHT combination was substantiated
in the long-term survival of patients. In a slightly low-dose radiation platform, less ther-
motoxic mEHT can be considered to aid in rectal cancer treatment. In the long term, a
segregated approach from conventional hyperthermia is warranted in the overall manage-
ment with a reasonable consensus on the applied energy index.
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Simple Summary: This review shows the advantages of heterogeneous heating of selected malignant
cells in harmonic synergy with radiotherapy. The main clinical achievement of this complementary
therapy is its extreme safety and minimal adverse effects. Combining the two methods opens a
bright perspective, transforming the local radiotherapy to the antitumoral impact on the whole
body, destroying the distant metastases by “teaching” the immune system about the overall danger
of malignancy.

Abstract: (1) Background: Hyperthermia in oncology conventionally seeks the homogeneous heating
of the tumor mass. The expected isothermal condition is the basis of the dose calculation in clinical
practice. My objective is to study and apply a heterogenic temperature pattern during the heating pro-
cess and show how it supports radiotherapy. (2) Methods: The targeted tissue’s natural electric and
thermal heterogeneity is used for the selective heating of the cancer cells. The amplitude-modulated
radiofrequency current focuses the energy absorption on the membrane rafts of the malignant cells.
The energy partly “nonthermally” excites and partly heats the absorbing protein complexes. (3) Re-
sults: The excitation of the transmembrane proteins induces an extrinsic caspase-dependent apoptotic
pathway, while the heat stress promotes the intrinsic caspase-dependent and independent apoptotic
signals generated by mitochondria. The molecular changes synergize the method with radiotherapy
and promote the abscopal effect. The mild average temperature (39–41 ◦C) intensifies the blood flow
for promoting oxygenation in combination with radiotherapy. The preclinical experiences verify, and
the clinical studies validate the method. (4) Conclusions: The heterogenic, molecular targeting has
similarities with DNA strand-breaking in radiotherapy. The controlled energy absorption allows
using a similar energy dose to radiotherapy (J/kg). The two therapies are synergistically combined.

Keywords: loco-regional hyperthermia; oncology; modulated electro-hyperthermia; cellular selection;
bioelectromagnetics; complexity; immune-effects

1. Introduction

Nowadays, oncology is one of the most complex interdisciplinary experimental and
clinical research fields. Clinical success often relies on the sensitive balance between cure
and toxicity, providing the most effective but at the same time the safest treatment. Hyper-
thermia (HT) has promised a simple way to solve the frequent dilemma of complementary
treatment choice. Despite its promise and a long history with ancient roots, oncological
hyperthermia has had a long and bumpy road to modern medicine, and even today, it
has no complete acceptance among oncology professionals. The original ancient idea of
hyperthermia is relatively simple: heat the tumor, which forces it to use more resources
from the host tissue due to accelerated metabolism, but no extra supply is available. The
“starving” tumor destroys itself by acidosis. A deep belief in the curative effect of the fever-
like processes, which force self-control of the body, drives the medical concept of “Give
me the power to produce fever and I will cure all diseases” [1]. Hippocrates successfully
applied radiative heat to treat breast cancer [1]. In vitro measurements have proved this
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idea [2], measuring a significant impoverishment of Adenosine triphosphate (ATP) and
lactate enrichment in treated tumors.

The large group of HT methods contains various therapies using various electromag-
netic and mechanical (ultrasound) energy sources. The attention of hyperthermic oncology
presently focuses on local-regional heating (LRHT) methods by electromagnetic effects.
There are two basic categories of LRHT heating; Figure 1.

1. External radiation focused on the target, trying to heat the tumor mass as homoge-
neously as possible without considerably heating surroundings tissues. The heating
intention is isothermal, but due to the heterogeneity of the target and the heat distribu-
tion dynamics controlled by blood flow, the temperature is not homogeneous (see later).
The intensive heating of a larger volume (regional heating) achieves an approximately
controllable condition in the tumor at the central position. The treatment evaluation
involves the ratio of the isothermal areas. The specific power density (SAR) ranges from
4.6 to 89 W/kg [3], depending on the location and size of the tumor, determining the
heated volume and its blood flow.

2. Heating good energy absorbers in a localized area by electromagnetic effects, which
heats these materials extensively, and in the next step, the absorbers heat up their host
tissues. The heating intention is heterogeneous, targets only the dedicated particles
(like nanoparticles, seeds, rods, etc.). The dose homogeneity characterizes this method
because of the dispersed absorbers. The particles heat up their environment by heat-
conduction, realizing more localized heating in the volume. The SAR in nanoparticle
methods is surprisingly large because the absorbers have only a tiny mass compared
to the surrounding tissue. The small mass (ranging density of 1 mg/cm3 specifically
absorbs extra-large SAR >> 1 W/g = 1 kW/kg or higher [4], because of the absorption on
the tiny target. When it heats the neighboring tissues, the average SAR corresponds to
the isothermal heating conditions in the range of about a few W/kg. Targeting various
chemical bonds uses even higher SAR because the absorbing mass is lighter than the
metallic nanoparticle. These methods focus on molecular changes. The temperature is a
possible cofactor.
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Figure 1. The two essential branches of electromagnetic LRHT methods. The majority of applications
use the conventional focusing with isothermal intention. The method requests to measure the
temperature as dose characterization. Heterogeneous (non-isothermal) heating is an emerging
category of LRHT applications with nanoparticle insertion (mainly magnetic suspension). The
heterogenic heating methods do not need direct temperature measurement. The dose measures the
absorbed energy (J/kg = Ws/kg), so the tumor’s temperature develops by the heat-conduction from
the targeted particles. The figure does not show the popular non-electromagnetic LRHT methods
(e.g., HIPEC and HiFu).

The success of LRHT is unquestionably conclusive. Results regarding many tumors,
including breast [5], head and neck [6], cervix [7], pancreas [8], soft-tissue sarcoma [9], and
others [10], provide convincing proof of its place in the field of oncotherapies. In particular,
LRHT has had remarkable success, such as in a complementary application with radiation
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therapy (RT) [11–14], showing a solid synergy [15,16] and being applied successfully in
various curative therapies [17–19]. The success of complementary RT + LRHT has a broad
spectrum of clinical evidence [20–24], and has been well-reviewed in its details [25–28].
The introduced thermal enhancement ratio (TER) characterizes LRHT’s additional gain
over RT [29].

Together with the high rate of successes, challenges, of course, also appear. To fulfill
our strong motivation to popularize LRHT among oncology professionals, we analyze
some of the apparent controversies in LRHT applications, studying these challenges in the
search for a solution. The challenges are not limiting but oppositely motivate us to solve the
actual difficulties and thereby seize the extreme medical value of hyperthermia in oncology.
The challenge guides us to new developments and improvements in the otherwise broad
spectrum of hyperthermia facilities in oncology.

1.1. Heating Challenge

The skeptical opinion concerning hyperthermia in oncology was developed in parallel
with expectations. A half-century ago, in 1964, a leading German oncosurgeon expressed
his doubts [30]: “All of these methods impress the patient very much; they do not impress
their cancer at all”. His skepticism towards oncological hyperthermia became widespread
among medical experts, who declared hyperthermia to be of no benefit to cancer patients
and so did not propose it enter actual therapy protocols. Unfortunately, the method has to
fight hard for its well-deserved place among stable routine therapies in oncology. Our task
is to show the place of HT as the regular fourth column in the oncology arsenal, together
with surgery, chemo, and radiotherapies.

The challenges always concern the complex behavior of living organisms, which
balances multiple oppositional regulatory feedbacks. The balance gives a character a
“double-edged sword”, which determines a window of positive actions. When applied
outside this window, the helpful actions act oppositely, the difference between support or
degradation being only the dose.

The primary challenge connects hyperthermia to the standard systemic homeostatic
thermal control according to the complexity. The body temperature provides fundamental
conditions of the proper physiologic and molecular processes, so its stability is essential and
ranges in a narrow 7/273 (~2.6%) interval in humans. The homeostatic control regulates
the system, keeping it stable and adaptable. Heating locally or systemically attacks the
regulatory stability, igniting non-linear physiological reactions to correct the system [31].
The body’s homeostatic control monitors thermal conditions and regulates its temperature
and parts compared to a set-point in the hypothalamus [32], trying to re-establish the
unheated temperature. The feedback regulation non-linearly increases the blood-flow
(BF) [33,34], as an effective heat exchanger, as well as the regulation intensifying other
physiological mechanisms to control conditions [35]. The reactive BF change causes most
of the challenges in LRHT applications.

On the other hand, the reaction to the growing temperature also has a supporting
behavior. It induces relatively significant protective heat shock proteins (HSPs) in the
targeted cells. The extra stress by heating increases the HSPs only slightly in the otherwise
heavily stressed malignant cells but causes a drastic gain (8–10 times) in the healthy
ones [36]. The difference makes the malignant cells more vulnerable to the temperature
increase than the well adapting healthy cells.

1.2. Complementary Challenge

The correct dose application of LRHT is a critical issue in the future of hyperthermia
in oncology [37]. Furthermore, the complementary therapy of LRHT and RT requires the
precise dosing of both components to ensure safe and reproducible effectivity. RT has a
traditional, well-applicable, accepted dose, which determines the isodose by the equal
energy absorption in Gy (= J

kg ) in the chosen target. The isodose energy absorption is
not directly dependent on the size of the tumor. The dose is homogeneously distributed
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across the entire tumor volume, independently of its size; the same dose is maintained in all
volume units. The treatment defines the isodose (e.g., fractional dose for daily application)
equally, and the complete sum of fractions composes the final dose, which depends on the
tumor conditions (localization, size, stage, conditions, cellular specialties, etc.). It is fixed
through the planning process and the focusing adjustments realized.

LRHT uses the temperature as an active part of the treatment, applying it for dose
characterization. Contrarily, RT regards it as an adverse effect, causing burns and fibrotic
conditions [38,39]. A fundamental difference between RT and LRHT appears in their
treatment length, and consequently, the applied energies. RT applies a short shot with
only a negligible effect on the physiological regulation, while the LRHT treatment time is
long (usually 60 min), so homeostatic control is activated. The radiation focus also shows
significant differences: the heating produced with LRHT spreads into non-targeted volumes
in conductive and convective ways, while RT remains local, being well focused on the
planned volume. The frequency of the standard treatments differs too: while fractional RT
treats daily, LRHT, due to the HSP protection that develops, cannot be applied so frequently,
requiring at least a 48 h break between applications. Unfortunately, the LRHT-produced
HSP could be associated with radioresistance too, but on the other hand, LRHT influences
numerous other molecular parameters which could sensitize to the RT [40].

RT and LRHT achieve therapeutic synergy in their complementary application despite
the differences. The LRHT supports the RT by the thermosensitizing [41] and oxygenation of
the target [42]. The active arrest of the cell cycle can realize an essential synergy in different
phases by the RT and LRHT. RT is most active in the mitosis phase, while moderate heat
shock arrests G1/S and G2/M cell-cycle checkpoints [43]. The LRHT predominantly acts
in the S phase of the cell cycle [44] in moderately acidic, hypoxic regions, complementing
the cell cycle arrest. Various molecular parameters support the RT efficacy [45], e.g., a
heat-induced decrease in DNA-dependent protein kinase [46].

The physiological regulation compensates for the heating effect of LRHT, increasing
the BF by vasodilatation to maintain thermal homeostasis. The BF counterbalances the in-
creased temperature by intensive heat-interchange, which in exchange delivers an extended
oxygen supply for radio-effects, fixing the DNA breaks [47,48].

The possible synergy of RT and LRHT has a contradictory process. The high BF
naturally opposes the Hippocratic “thermal starvation” concept. Nevertheless, the higher
metabolic rate of the proliferating mass compensates for the missing supply by non-linearly
increasing BF [49–51]. The effects of higher radiosensitivity compete with the increased
volume of delivered nutrients due to vasodilation and the heat-promoted perfusion through
the vessel walls. On the other hand, the neo-angiogenic arteries do not vasodilate in massive
tumors, as they lack musculature in their vessel-wall [52].

Consequently, the reaction to heat differs in the healthy and malignant tissues, exhibit-
ing approximately 38 ◦C when the BF in the tumor lags the BF in the healthy host [53].
Additionally, the temperature increase can produce vasoconstriction in certain tumors,
which decreases the BF and the decrease in heat exchange offers a relatively higher tempera-
ture in these regions [54]. This effective heat trap [55] lowers the available oxygen, affecting
the efficacy of RT. Parallel at the same time, vasodilatation in healthy tissues increases the
relative BF, presenting more cooling media in the volume [56,57], and increases the RT
effect in the healthy host tissue counterproductively to clinical safety.

The BF has a central role in maintaining the overall homeostasis. Besides the tempera-
ture, it regulates essential parameters like the acid-alkaline equilibrium, glucose delivery,
immune actions, and numerous blood-delivered molecular feedback loops in the body. In
the precise interaction of RT with LRHT, these parameters may also have remarkable modi-
fying factors. The vascular response of tissues has a tumor-specific temperature threshold,
indicated by the kink in the Arrhenius empirical plot [58,59], in consequence of a structural
phase transition in the plasma membrane [60].

The above contradictory processes are natural in complex systems, where the
suppressor–promoter pairs have an essential role in the dynamic regulation of the homeo-
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static balance. As always, the regulative processes balance the progressor and suppressor
action, so not surprisingly, the radiotherapy-induced damage could cause the activation of
damage-repair mechanisms, and survival signaling adds to other factors of tumor-resistive
effects [61]. This complex dynamic behavior otherwise guarantees the robust stability of
homeostasis as the regulator of healthy processes.

The complementary LRHT and RT synergy also require consideration of the system’s
complexity. The sum of its distinct parts does not describe the natural cooperating proce-
dures. The interactions are essentially nonlinear, representing that the whole is more than
the sum of the parts. The living structures, in their complexity, have a universal behavior:
they are self-organized [62]. The basic synergistic possibilities of LRHT and RT are collected
in Table 1.

Table 1. The synergistic possibility shows a broad range of advantages for combined therapy of
LRHT and RT.

Tumor Characteristics Oncological Hyperthermia Including All
Technical Solutions Synergy with Radiotherapy

Cell cycle
Arrests the cycle of cells at the S stage, activates the
malignant cell from its dormant (G0) phase making

attack possible for chemo- and radio-therapies

Radiotherapy arrests the M/G2 stages of the cell cycle well
completes the arrest

pH dependence Kills cancer cells in an acidic environment
(Hippocrates’ original idea)

It kills cancer cells in an alkaline environment, completes the
cell desertion in all environmental conditions

Oxygenation Acts in the hypoxic state Acts in an oxygenated state

Increased temperature Heated tumor mass increases the oxygen delivery Makes strand breaks on DNA, the fixing of which means
oxygen blocks the reparation

1.3. Dosing Challenge

The present dose of HT measured with cumulative equivalent minutes compared to
the 43 ◦C basepoint, (CEM 43 °C) [63,64] fit to the complete necrotic cell killing in vitro [65].
This reference is far from the reality of human medicine. The principal challenge of this dose
is that homogenous heating is only an illusion. The approximately isothermal x percent
of the heated area at T temperature completes the correct dose. The CEM 43 °C Tx [65],
where Tx refers to the x% of the heated mass is approximated with the isothermal condition
at temperature T. The dose is, of course, lowered by the growing x value; Figure 2. The
isothermal approach tries macroscopically equalizing the temperature with high SAR. The
Tx estimation makes macro characterization and does not consider the tissue-defining
microheterogeneity of the target.
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The dosing of LRHT has serious challenges. It is much less reproducible and control-
lable than the dosing in RT. LRHT has huge anatomical, physiological, bio-electromagnetic,
mechanical, and thermal heterogeneities, limiting the isodose-type approach of LRHT.
The associated isothermal heating uses the temperature as a defining factor of the dose.
However, the homogeneity and the lengthy treatment time do not maintain the otherwise
precise focus. When the temperature stabilizes in a tiny region, the heat spreads from the
targeted volume, and in this way, the intended isothermal region represents only a decreas-
ing fraction of the target. The temporarily defined homogeneous volume may dynamically
change by elapsed time; the situation is far from equilibrium [67], and the temperature
and space distribution vary. The nonlinear BF and other homeostatic regulatory effects,
together with the regular heat flow, destroy the homogeneity.

For example, when the measured temperature is actually T90 in 90% of the monitored
sites (referred to as the thermal isoeffect dose in 90% of the area), considering the average
(assumed homogenous) volume, the T90 > T80 > . . . > T10, and the T100 could be achieved
only in a WBH situation. This construction certainly contradicts the homogenous idea.

Due to technical and safety issues in clinical conditions, achieving the 43 ◦C temper-
ature requires enormous efforts. The challenge is heating the surrounding healthy host
by the spread of heat that cannot be avoided with any precise focusing of the radiation
beam. Clinical safety requests that the heating not exceed 42 ◦C in the healthy tissue.
The blood flow increases more in the healthy host tissues than in the tumor, causing a
particular gradient of the flow intensity to heat the tumor’s boundary. The tumor periphery
contains the most vivid, mostly proliferative malignant cells. The temperature differences
at the tumor border develop a certain BF gradient, which could wash out the aggressive
malignant cells, increasing the risk of dissemination.

The CEM 43Tx dose has numerous principal challenges [68]. It failed to show the
local control characterization of clinical results in soft tissue sarcomas [69] and does not
correlate with clinical results for superficial tumors [70]. Complete homogeneity in the
heating of living objects could be achieved only in the whole-body hyperthermia (WBH)
process. It represents an entirely isothermal CEM 43 °C T100 situation. Contrary to isother-
mal heating, the non-isothermal LRHT shows better clinical results [71], and the results
of complementary application to chemotherapy also remain behind the chemotherapy
alone [72,73]. However, administering a dose of CEM 43T90 LRHT also did not show a
correlation between dose and clinical outcomes (such as local remissions, local disease-free
survival, and overall survival) [74].

Measuring the isothermal situation, determining the CEM 43Tx dose has practical
challenges. Reliable temperature measurement is an unachievable goal; Figure 3.

1. The invasive temperature sensors available are point detectors. When the point is
near the arteries of a highly vascularized area, the temperature is less than in the low
vascularization part, so many independent sensors are necessary to attain objective
results. However, this induces safety and treatment problems.

2. Usually, a near lumen (such as the esophagus, bronchus, colon, or vagina) offers the
possibility to approximate the temperature in the distant tumor, but this is again far
from the reality in the target.

3. The most effective temperature mapping can be done with MRI measurement, using a
phantom for reference, usually unionized water. The MRI measurement depends on the
temperature, but also strongly depends on the structure of the measured volume. In the
temperature measurement, both factors are included in calculating the result, but the
calibration does not consider a final element: the changes in the structure, which is the
goal of the LRHT treatment.
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1.4. Challenge of the Heated Body

It looks evident that WBH offers the best heating possibility because of its easy con-
trol (measurements in body lumens) and the realized complete isothermal load on all
the malignant cells and tissues. Notably, the WBH method does not show such good
results in the high-temperature regime (≥41 ◦C). The prospective double-arm study shows
that the overall survival was less in a combined hyperthermia application than in cases
when only chemotherapy (ChT) was administered [72]. The same result was obtained in
malignant pleural mesothelioma [73] when the toxicity was also higher in the combined
treatments. Contrary to the 10+ times higher CEM 43 °C dose of WBH producing isother-
mal temperature (CEM 43 °C T100), a fourfold development of metastases was measured
in canine sarcomas with radiation therapy with or without WBH compared to the local
heating [71]. The mild temperature WBH (mWBH < 40 °C and dosemWBH < 2 CEM43◦CT100

treatment )
was effective [75]. (The additional parameter T100 to CEM 43 ◦C denotes that 100% of the
tumor received the dose). The mWBH activates the immune reactions, and so it could
be a good complementary treatment for other therapies [76–78]. However, the demand
for higher temperatures for direct cellular degradation challenges such applications and
favors the LRHT application. Contrary to WBH, LRHT does not load the patient’s heart,
and negligible electrolyte loss happens, and consequently, the inclusion criteria allow
more patients.

1.5. Challenge of Homogeneity

The challenge of LRHT differs from that of WBH. While WBH ensured a homogeneous
loading of the tumor, achieving homogeneity in LRHT is complicated. The well-focused
heated volume spreads by heat-conduction over time, heating larger and larger body
regions. The spread of heat triggers BF and so supports the delivery of necessary nutrients
(glucose and others) to the tumor. A further challenge is an increasing difference between
the BF of the tumor and its healthy host, BF to the host increasing much more quickly
than in the tumor. This flow gradient promotes the invasion and dissemination of the
cancer cells from the most vivid near-surface region of the proliferating tumor. An early
phase III clinical study faced this problem, the straightforward local advances of HT + RT
compared to RT alone not appearing in the survival time in breast tumors [79]. Another
study obtained the same controversy: local remission success and the opposite in the
overall survival [80]. The development of distant metastases was also observed [81]. The
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same reason led to a debate about LRHT results for the cervix, showing both advantages [17]
and disadvantages [82] in survival.

A further study of cervix carcinomas supports the survival benefit [83], but again a
critic has questioned this result [84,85]. Another phase III trial of cervical carcinomas with
HT plus brachytherapy involving 224 patients noticed the same controversies between
survival time and local control [86]. The controversy was observed in a study of locally
advanced non-small-cell lung cancer (NSCLC) having a significant response rate improve-
ment, although there was no change in overall survival [87]. A multicenter phase III trial for
NSCLC also showed no improvements in overall survival in the hyperthermia cohort [88].
The cause was directly shown: the appearance of distant metastases was five times higher
(10/2; p = 0.07) in the HT + RT group than in the RT cohort [88]. The study of the surface
tumors had the same contradiction between the local control and survival rate [89].

Most likely, the improved dissemination of malignant cells forming micro- and macro-
metastases causes contradictory results. We must learn from the contradictions and follow
the admonishment of Dr. Storm, a recognized specialist of hyperthermia: “The mistakes
made by the hyperthermia community may serve as lessons, not to be repeated by investi-
gators in other novel fields of cancer treatment” [90].

Our task is to improve the controllability of LRHT, ensure the stable, successful
applicability of heat therapy combined with RT in oncology, and fulfill the authentic
promise that LRHT is an excellent complementary tool for RT [91]. Serious analysis is
necessary as has recently been started [92]. I would like to continue this approach and add
biophysical aspects. The data showing a highly significant improvement of local control
obtained with LRHT and RT represent facts that we must consider as the basis for the
further development of oncological hyperthermia and the correction of the problems with
overall survival. We must concentrate on blocking invasion and reducing dissemination to
overcome the issues. The task is to prevent the formation of metastases caused by heating.
Furthermore, we may eliminate the metastases formed earlier, prior to thermal treatment,
with the primary tumor’s local hyperthermia.

2. Materials and Methods

The radiation similarity of LRHT and RT induces the proposal to characterize the target
volume with the isodose load. The isodose concept ensures reproducibility, safety, and
efficacy too. The isodose in RT is simply the energy-dose of ionizing radiation measured
in Gy (= J

kg ) and applied to the tumor volume in daily fractions. The energy dosage may
be reached in a session during a short time. The heating conditions limit the provision of
the necessary energy. The LRHT needs a significantly longer time for a session than RT
needs. Consider power, the applied energy per unit time (power, P [ J

s = W]). The energy
dose is the sum of the power Pi during the time τi when it is applied (E = ∑t

i=0 Piτi). The
power in the unit of mass is the specific absorption rate (SAR = P/m, where m is the mass
of the target) measured in W

kg units. The energy (E/m) is the dose considering the duration

of the SAR load in the target, measured in J
kg units, like the dose Gy in RT. In this way, the

SAR offers the possibility to unite the doses of LRHT and RT. The energy increases the
temperature, so in an ideal case, the SAR could be applied as the isothermal dose of LRHT.

The heating process starts with an approximately linear rate of temperature growth.
It is quasi adiabatic. The relatively slow homeostatic feedback does not disturb the heat-
ing [93], and the SAR is proportional with this development in time (t): SAR ∼= c dT

dt [31].
Physiological regulation and safety issues challenge this concept. The homeostatic

regulation increases the BF in the targeted volume, and like a heat exchanger, cools it down.
In this way, higher power is necessary than it otherwise would be desired without this
physiological control. The systemic control increases rapidly and non-linearly [31] with
different speeds as the BF changes. The treatment’s safety requires an intensive cooling
of the body surface where the heating power penetrates. The cooling takes away a large
amount of the applied energy, not contributing to the heating. The cooling and other
energy losses (like radiation, heat diffusion, convection, etc.) limit the application of E as
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the dose because the actual energy absorbed in the body is uncontrolled. Consequently,
temperature measurement is mandatory to estimate the amount of the absorbed power
(SAR) in the target.

A new paradigm solves the challenge when the heating does not target the whole
mass of the tumor, but the individual malignant cells are in focus [94]. This case avoids
overly intensive feedback of the homeostatic regulation, and the various other losses also
become more easily manageable. The individual cellular heating breaks the homogeneous
isothermal requirement. The absorption is heterogeneous and microscopically individ-
ual, using the tumor’s natural thermal, electromagnetic, mechanical, and physiological
heterogeneity [95].

The heterogeneous molecular actions in the selected volume do not contradict the
isodose concept. The apparent contradiction originates from the false expectations of the
isodose effect. The isodose does not mean that the action in the target involves all molecules
and structures. It means that the isodose grants the desired molecular and structural
changes in all isodose volumes. Nevertheless, the required molecular actions are individual
and heterogenic. This homogenous-heterogenic vision is well observable in medication.
When the body takes a dose intravenously, orally, or in other ways homogeneously in the
body, the dose is calculated from the body’s volumetric parameter (BMI). However, the
expected action of the drug is heterogenic, selectively targeting molecular structures. The
ionizing radiation-activated DNA damage is the heterogenic goal of RT. LRHT targets other
molecular effects, but the expected effect is incidental due to the averaging of the energy by
the isothermal conditions.

The crucial point of the new paradigm is to select the malignant cells and concentrate
the energy absorption upon them. The new paradigm is electromagnetic heating, as most
applied hyperthermia methods use radiofrequency (RF) current. The current delivers
energy to depth, its parameters (amplitude, frequency, and phase) being chosen optimally
to find the heterogeneities produced by the malignant cells; Figure 4. All three parameters
have dynamic changes by time variation, improving the selection mechanisms. The carrier
frequency is amplitude modulated, and the modulation frequency is not constant, but
follows the demands of the homeostatic control, representing a spectrum suitable for the
spatiotemporal distribution of the cancer cells.
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Figure 4. Draft presentation of the heating paradigms: (a) Homogeneous mass heating trying to
achieve isothermal conditions. It intensively heats the surrounding healthy tissues as well. (b) Selec-
tive, heterogeneous (heterothermal) heating. It creates a high temperature in the absorbing points,
but mild average temperature (<40 ◦C) in the surrounding healthy tissue.

The heterogeneous heating has a crucial behavior: it provides a high temperature
for the selected malignant cells, but the average temperature of the tumor remains under
40 ◦C. A temperature of over 40 ◦C downregulates the cytotoxicity of innate immune
attacks [96,97], including those of the natural killer cells (NKs) [98]. On the other hand,
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substantial cellular thermal damage has been observed at temperatures above 41–42 ◦C [99].
Modulated electro-hyperthermia’s (mEHT’s) heterogenic heating could harmonize these
two otherwise contradictory demands.

Time-fractal modulated electro-hyperthermia (mEHT) supports the selection and
induces programmed cell-killing processes, genuinely breaking the isothermal approach.
Instead of homogenous heating of the target, mEHT uses excellent selection to force energy
absorption on the malignant cells, heating them locally to the hyperthermia temperature to
induce cellular changes in the targeted cells by thermal and nonthermal mechanisms [100];
Figure 5. The thermal component of the absorption heats the selected membrane rafts,
which is the source of the temperature of the tumor, as is standard in heterogenic seeds or
nanoparticle heating processes. In contrast, the nonthermal component causes molecular
excitation for programmed cell death [101]. The excitation by electric field E has similar
increase like the temperature increases the molecular reaction rate [102]. The cell-membrane
represents decreasing impedance with increasing frequency, so the field penetrates the cell
with improved intensity. The membrane practically shortcuts and does not significantly
influence the RF current flow over ~25 MHz [103].

Nevertheless, the difference between the energy absorption between the membrane
and intra- and extracellular electrolytes remains on high frequencies [104]. The primary en-
ergy absorption happens in the transmembrane proteins and their clusters on the rafts [105].
The density of membrane rafts is significantly higher than in the nonmalignant cells [106].
The absorbed energy makes the molecular excitation nonthermal and the temperature an
essential joint conditional factor, promoting the reaction rate [107].
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Figure 5. The transmembrane proteins of malignant cells absorb the energy in thermal and nonther-
mal forms. The amplitude-modulated carrier frequency’s nonthermal effect gives the apoptotic signal
pathway (see below in results). The carrier frequency delivers the modulated signal and selects the
malignant cells, while the modulation with homeostatic autocorrelation (time-fractal) constrains the
apoptotic pathway.

The applied selective energy-absorption works like RT and realizes isodose conditions,
too, concentrating on very local (nanoscopic) molecular effects, mostly to break the DNA
strands in the isodose-defined volume. In this meaning, mEHT and RT have a similar
nano targeting philosophy; Figure 6. The target is the natural heterogeneity of the tis-
sues, as RT targets the DNA. The method recognizes the particularities of tumor cells’
microenvironment (TME) [108].

Two essential effects are considered for selection: thermal absorption and nonthermal
excitation. The thermal component provides the appropriate temperature of the TME by
heating the membrane rafts [105]. Another general thermal action affects the extracellular
matrix (ECM) and a part thereof, the TME. This acts mechanically and molecularly [109],
accompanying the thermal absorption of transmembrane protein clusters.
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Figure 6. The conceptual similarity of RT and mEHT. Both therapies target molecular bonds, so the
primary energy absorption is heterogenic. The result is cellular degradation in various ways.

The nonthermal effect happens when “under the influence of a field, the system
changes its properties in a way that cannot be achieved by heating” [110]. The nonthermal
component excites the membrane receptors of the cells. The well-chosen electric current
can deliver energy for molecular excitations involving various ionic and molecular inter-
actions [31]. The process only has a subtle thermal effect and excites the molecules or
structures that fit the applied resonant conditions [111].

The apoptotic signal by the mEHT excited membrane receptors and the apoptosis by
the single or double-strand breaking of DNA for cellular degradation are strong similarities
of RT and mEHT. Nevertheless, despite conceptional similarities, RT and mEHT have
an essential difference: the additional thermal component in HT, which is absent in RT.
Thermal absorption is mostly an unwanted side effect in ionizing radiation. The goal is
only the molecular effects.

The excitations of transmembrane proteins need low frequency [111], but their neu-
ronal excitation, which may rise to 10 kHz [112], is not safe with the applied power. On
the other hand, the frequency for selective heating is in the high RF frequency range. The
mEHT solves the challenge of the contradictory simultaneous requirement of high and
low frequencies. It uses the appropriate low frequency to modulate the high-frequency
carrier; Figure 7 [113]. The membrane rectifies. The carrier frequency in the rectified signal
remains active, but mainly at the cellular membrane (β-dispersion, see later). In this way,
the original modulation signal makes the excitation process.
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forms the modulated signal, a frequency spectrum on the carrier 13.56 MHz. The cell membrane
rectifies and works for the excitation of apoptotic pathways. The high-frequency carrier gives the
optimal thermal condition for the excitation by the low-frequency info signal in the selected cells.
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mEHT is a complex method, which complicates its technical realization. The technical
details (Figure 8) need further explanation. I will discuss it in the discussion section of
this article.
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Figure 8. The technical conditions of mEHT. The realization of the method rigorously accommodates
and utilizes the complexity of the heterogenic impact of mEHT to arrest the proliferation of cancer
and degrade the developed tumor cells.

1. The chosen optimal carrier frequency is 13.56 MHz, which belongs to the freely applica-
ble ISM band [114] and does not need shielding.

2. The energy is capacitively coupled, but it does not use the plane-wave approach. Plane-
wave radiation is devoted to isothermal heating.

3. There is precise impedance matching [108] in the mEHT method. Proper impedance
matching produces negligible reflected power (order of 1 W), mimicking the galvanic
contact with the skin as much as possible.

4. It has resonant matching with micro-selection ability, which fits the impedance [109].
It eliminates the imaginary part of the impedance. It differs from the usually applied
plane-wave matching.

5. The maximum adequate output power of mEHT is limited. The power limit depends on
the size of the electrode. In device EHY2000+, the maximal power is 150 W, while in the
model of EHY2030, which has optionally larger electrodes too, the limit is 250 W. The
applied power in therapy depends on the localization and size of the tumor. The power
limitation keeps the SAR less than for isothermal heating, but high enough to select and
excite the membrane rafts of the malignant cells [100] and sensitizes to the RT [115,116].

6. The modulation spectrum is a low-frequency time-fractal [113], described by frac-
tal physiology [117–120], which agrees with the homeostatic molecular temporal bal-
ance [113]. mEHT extensively uses the modulation technique to identify fractal struc-
tures in space and time (dynamics) in spatiotemporal identification [113]. The electric
parameters (resistance and capacity) depend on the malignant status [121]. The selection
between malignant and healthy cells was measured as a characteristic time-fractal [122].
The modulation delivers temporal information executing enzymatic processes at the
cell membranes [123], promoting the consequence of the excitation.

7. The membrane rectifies [124,125], and considerably gains the strength of signal intracel-
lularly [103,104]. The rectified signal acts in the low- and high-frequency ranges.

8. The correct impedance matching provides an appropriate electric field that ensures
the current density (j). The j is the parameter of the isodose conditions, ensuring the
constant current density in the target. A complex value describes the current depending
on the phase shift from the applied signal voltage. The dominant dielectric actions
(heating and excitation energies) produce thermal and nonthermal effects.

9. The modulated j-current density actively produces both the thermal and nonthermal effects.
10. The patient is interactively connected to the electric circuit, like a discrete element of the

RF-net. This solution allows the real-time control of the patient due to the treated tumor
being actively sensed and targeted as part of the tuned electric circuit.
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Further technical details can be found elsewhere [108].

3. Results

The mEHT method is the focus of intensive research regarding all attributes. Phantom
experiments show the proof of the thermal concept, measuring the temperature devel-
opment in well-chosen chopped-meat phantoms [126,127], and computed results show
the validity of heat selection using tissue heterogeneities, also proven in experimental
setups [128].

These macro approaches are well completed with the micro-approach, calculating the
nano-range thermal and nonthermal components [105].

In vitro experiments fixed the thermal effects to the reference calibration using the
U937 human lymphoma cell line [95], and the HT29 and A431 [94] cell lines. The quan-
titative dose equivalence of mEHT with RT defines the harmonizing basis of cellular
degradation in two different lung cancer cell lines, A549 and NCI-H1299 [129].

mEHT is a mild LRHT in the conventional meaning. The temperature dynamically
grows in the mass of the liver when there is no tumor inside because selective targeting
does not modify the distribution, as temperature measurement in the liver of an anes-
thetized pig shows [130]. The thermal component of mEHT heats the target, which may
be used for temperature mapping in a preclinical murine model [131] at a mild level. A
mild hyperthermia temperature level in humans could be measured in cervical cancer,
which increases the peritumoral temperature to 38.5 ◦C, with proper blood flow for the
complementary treatments [132].

The comparison of mEHT to wHT and to plane-wave fitted, non-modulated capac-
itive hyperthermia (cHT) at the same temperature shows a significant improvement of
apoptosis with mEHT in the HepG2 cell line [133]. It showed that the wHT and cHT (the
homogeneous heating) cause approximately the same low apoptotic rate, which reveals
the advantage of the mEHT heterogeneous concept. The breaking of DNA measured
with subG1 also significantly improves with mEHT as compared to the conventional
homogeneous methods [133]. Radioresistant pancreatic cell lines show extensive DNA
fragmentation measured with subG1 after mEHT [134].

The effect has given a possibility to make a reference calibration of mEHT compared to
wHT on HepG2 cells shown at ~5 ◦C [133], while in the U937 cell-line [95], it shows a >3 ◦C
shift to the advantage of mEHT over wHT (Figure 9), it is supposed that the difference
indicates a 3+◦C higher temperature of rafts than of the TME. The gain of tumor destruction
at 42 ◦C is ≈4.9 fold, which corresponds well with the in vivo experiments (≈4.3) in HT29
colorectal carcinoma [135].
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calibration measurement with the U937 cell line [95,136]. The mEHT shows a >3 °C temperature 
difference in apoptotic efficacy at all measured points. 

A critical thermal factor is that the possible touching point of two cells has a drasti-
cally increased heat-production due to the extensive SAR at that point [105]. The telophase 

Figure 9. The calibration of the thermal factor of mEHT. (a) The homogeneous HT (water-bath
hyperthermia, wHT) is used to calibrate apoptosis. The mEHT causes effective apoptosis at 42 ◦C,
corresponding to the calibration at 5 ◦C higher (HepG2 cell-line) [133]. The mEHT affects the rafts on
the cell-membrane with a 5 ◦C higher temperature than the average medium indicates. (b) Another
calibration measurement with the U937 cell line [95,136]. The mEHT shows a >3 ◦C temperature
difference in apoptotic efficacy at all measured points.
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A critical thermal factor is that the possible touching point of two cells has a drastically
increased heat-production due to the extensive SAR at that point [105]. The telophase
of the cell cycle naturally forms a tight touching of the two just-created daughter-cells,
where the increased SAR could block the finalizing of the cycle and cause the daughter
to degrade [137]. Like all complex phenomena, the cytoskeleton’s effect could also act
oppositely. The reorganization of actin filaments and microtubules by an outside modulated
electric field can support the proper polymerization of the cytoskeleton when the cell is
only pre-malignant [138]. The close independent malignant cells attract each other by the
induced dielectrophoretic forces and the vast electric field gradient between the cells [105].
This makes it possible to reconstruct the intercellular E-cadherin connection, allowing
the regular networking of the cells [133]. The deformation of the cells by external field
depends on the frequency [139]. The carrier of mEHT is high enough that the deformation
is negligible due to the higher conductivity in the ECM than in the cytoplasm [104].

The molecular models concentrate on the membrane effects, showing the thermal and
nonthermal results. The same heat conditions force the same processes in the cytosol ER
and other cellular organelles, and the heat-sensitive transient receptor potential vanilloid
receptor (TRPV) also senses the same temperature for action. The excess ionic concentration
is caused by mEHT [140], which increases the influx of Ca2+ ions from the ECM to the
cytosol. The high iCa2+ promotes apoptosis in the mitochondria-dependent intrinsic signal
pathway [141]. The decreased membrane potential of mitochondria [136] well supports the
mitochondria-associated apoptotic process. The mEHT induces the Ca2+ influx with the
assistance of E2F1 [142], which regulates the HSPs without heat-shock [143], supporting
the possible factors of the nonthermal effect of applied electric current.

Research of the nonthermal effects on HT29 and SW480 human colorectal cancer cell
lines shows a significant nonthermal impact on the ionic fluxes, and mEHT has doubled
the antiproliferative and anticlonogenic effects of conventional water-bath heating (wHT)
at 42 ◦C [144].

There are tumor-specific thermal and nonthermal stresses with mEHT related to
the metabolic profiles of the targeted malignant cells having elevated glycolysis [145].
The efficacy of mEHT may correlate with the tumor metabolic profile by the targeted
selection [146].

The nonthermal activity causes structural changes affecting the intracellular polymer-
ization of filaments [138]. The fluctuations also have an essential role in the electromagnetic
interaction, showing thermal and electric noise limitation in the TME connected mem-
brane [147].

mEHT applications focus on induced apoptosis [148,149]. The method may cause
caspase-dependent paths through Cas8 (extrinsic way) and Cas9 (mitochondrial, intrinsic
way) [133,150] and independent [151,152] apoptosis. A notable factor is the arrest of the
XIAP effect to block the main path of caspase-dependent apoptosis by the secretion of
SMAC/Diabolo [153] and Septin4 [154].

Experiments show that the aggressively radioresistant cell (L9) could be resensitized
by mEHT [155], and also, radio-resistive pancreatic cells (Panc1, Capan1) show extended
apoptosis when treated with mEHT [134,156,157]. mEHT also destroys these adenoma-
carcinoma cell lines [148]. The radiosensitization of mEHT significantly intensifies the
autophagy and apoptosis in SCC VII and SAS cell lines compared to RT and wHT [158].
The massive apoptotic activity could be used for thermal dose calibration and energy-
absorption-based temperature mapping [159].

Curiously, a notable reduction of apoptosis was measured with the addition of artificial
gold suspension nanoparticles (NPS) to the targeted volume [160].

DNA fragmentation drives tumor-cell degradation [152]. The induced stress by mEHT
upregulates the tumor suppressor p53 protein, a cell-cycle regulator, one of the key cell-cycle
regulation and DNA repair players. mEHT activates DSB production. The phosphorylated
form of histone family member X (γH2AX) as a DSB marker can activate p53.
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mEHT significantly upregulates the γH2AX producing DSB in treating a B16F10
melanoma murine tumor model [161], in C26 colorectal allografts [101]. The subG1 cell
fraction grows significantly in a radioresistant ductal adenocarcinoma cell-line (Panc1)
combined with mEHT + RT 24 h posttreatment [134]. In the same study, the cellular viability
drastically decreased in these resistant tumors in mono and complementary therapies with
mEHT. As independently expected [162], the thermal component of mEHT acts in synergy
with the electric excitation, affecting the repair of DNA. The induced upregulation of cyclin-
dependent kinase inhibitor protein (p21wa f 1) and the reduced Ki67 proliferation marker
correlates with γH2AX, showing that the DSB is related to mEHT treatment [101,163]. The
suppression of Ki67 and the significant growth inhibition has been shown in breast cancer
murine isograft [164].

The heatmap of the gene expression chip shows the gene regulations of the mEHT-
treated samples in an HT29 xenograft [165], in various gliomas [142], and also in vitro in
the U937 cell line [136]. The gene map shows a distinct difference in the gene regulations
between the homogeneous wHT and inhomogeneous mEHT treatments [136] at the same
42 ◦C temperature.

Extended research deals with the possible tumor-specific immune processes of the
heterogenic thermal and nonthermal effects and supports the emerging science of immuno-
oncology. This examination’s direction is focused on the abscopal effect, an emerging
approach in RT research [166], also recognized by the ASCO [167]. The expectation is a
tumor-specific immune situation, considering that cancer precludes regular immune attacks.
The mEHT being concentrated on the tumor cells provides immunogenic information for
the adaptive immune system about the malignant state and simultaneously sensitizes the
tumor to the innate immune attack. This situation could extend the RT + mEHT local
synergy to be active in the entire system.

The research concentrates on the optimal liberation of the genetic information from
the cancer cells during their degradation. We found that the best process to achieve our
goals is “soft” killing, not degrading the secreted molecules with too large an energy load.
So, we suppressed the necrosis and the observed apoptosis based on the immunogenic
efforts. One particular type of apoptosis, immunogenic cell death (ICD), was the aim,
which is associated with a damage-associated molecular pattern (DAMP) as expected in the
abscopal activity of RT too [168]. The promotion of damage-associated molecular pattern
signals in an HT29 xenograft clearly showed a DAMP when treated with mEHT [165]. In
parallel research, the innate NK*-cell activation to attack the selected malignant cells was
also proven in A2058 melanoma in a murine xenograft model [169].

DAMP productive mEHT has been supported with various immune supports, which
otherwise had no impact on cancer alone. The support by dendritic cells (DCs) has shown
to be an excellent addition to mEHT, despite its inactivity alone. The combined treat-
ment showed a perfect abscopal effect on the preclinical murine model, using SCC VII
malignant cell inoculation to the animal [170], detecting CD3+, CD4+, and CD8+ T-cells
resulting from DC maturation create antigen-presenting cells (APCs), increasing the S100
DC marker [171]. The presence of killer-T-cells (CD8+) increased significantly. The mice
had two distant tumor lesions (in the femoral and chest region) modeling metastases. The
femoral region was treated, and the chest remained untreated. After multiple treatments,
an apparent abscopal effect was observed, and the tumor growth was completely blocked
in the untreated chest tumor and the treated femoral [170]. Importantly the Treg protumoral
activity was blocked as well, measured with Foxp3 suppression.

The abscopal effect of multiple mEHT treatments alone has been shown in B16F10
melanoma pulmonary metastases, where a significant anti-tumor effect, reducing the
number of pulmonary metastatic nodules, and high immune cell infiltration was also
present [163].

Similar results were obtained in another study, significantly improving the immunolog-
ical tumor microenvironment with mEHT followed by dendritic cell immunotherapy [172].
This study also showed that no immune-effect happens with wHT at the same 42 ◦C tem-
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perature. A remarkable result of this study was that the rechallenge of the cured animals
with the same malignant cell-line was rejected, observing the adaptation of the immune
system, behaving like “tumor-vaccination”.

A natural herbal immune-support, Marsdenia tenacissima (MTE), caused a similar
arrest of the tumor development systemically after mEHT, despite it being ineffective
alone [173,174].

mEHT’s combination with the simple conventional tumor-suppressive drug Dox-
orubicin (Dox) shows a robust immune activation observed with ICD, DAMP, and APC
production and having a solid synergy with mEHT in intensively producing DSB, measured
by γH2AX [175].

The starting point of human applications is safety. One of the most sensitive organs,
the brain, was tested by dose escalation to measure the safety in human glioma cases,
proving the safety of mEHT [176]. Many RT-related clinical therapies combine the heat
effects with radio-chemotherapy (ChRT). The reason is to be effective systemically by using
the drug when LRHT and RT are only local. The ChRT could be a complete game-changer
because the reaction rate of chemo-agents exponentially rises by reciprocal temperature
(Arrhenius law) and makes cell death independent from RT or HT effects.

A Phase III trial comparing randomized cohorts of ChRT ±mEHT in clinical practice
showed an excellent response to the combination with mEHT compared to the ChRT
alone [177], and the toxicity was also low [178]. The abscopal effect was directly measured
in addition to the Phase III study [179,180], showing a significant increase compared to
the otherwise expected systemic effect of the ChRT. RT in combination with mEHT with
checkpoint inhibitors also shows the abscopal effect in various tumors [116], supposing
the immune-modulator function of mEHT [181]. Tumor-directed immunotherapy in the
combination of RT and mEHT is also a possible option [182]. Table 2 lists 25 studies
using mEHT complementarily to RT or ChRT, but the complete study list also contains
monotherapy and chemotherapy.

Some recent reviews are available for references regarding conceptual [31,111], tech-
nical [94,108], preclinical [101,108], and clinical [183–185] aspects of the mEHT method,
showing its efficacy in oncology.

Table 2. The table refers only to the clinical results obtained with mEHT complementary to RT
or ChRT.

No. Tumor Site Number of
Patients Treatment Used Results Reference

1 Advanced gliomas 12 mEHT + RT + ChT
CR = 1, PR = 2, RR = 25%. Median duration of
response = 10 m. Median survival = 9 m, 25%

survival rate at 1 year.
Fiorentini, et al., 2006 [186]

2 Various brain-gliomas 140 mEHT + RT + ChT OS = 20.4 m. mEHT was safe and well
tolerated. Sahinbas, et al., 2007 [187]

3 High-grade gliomas 179 mEHT + RT + ChT Longstanding complete and partial remissions
after recurrence in both groups. Hager, et al., 2008 [188]

4 Glioblastoma &
Astrocytoma 149 mEHT + RT + ChT (BSC, palliative range)

5y-OS = 83% (AST) in mEHT vs. 5y-OS = 25%
by BSC. 5y-OS = 3.5% in mEHT vs.

5y-OS = 1.2% by BSC for GBM.
Median OS = 14 m of mEHT for GBM and

OS = 16.5 m for AST.

Fiorentini, et al., 2019b [189]

5 Advanced cervical cancer 236 Random. Phase III (RT + ChT ±mEHT
[preliminary data]

Preliminary data for the first 100 participants.
A positive trend in survival and local disease
control by mEHT. There were no significant

differences in acute adverse events or quality of
life between the groups.

Minnaar, et al., 2016 [190]

6 Advanced cervical cancer 72 mEHT + RT + ChT CR + PR = 73.5%; SD = 14.7%. The addition of
mEHT increased the QoL and OS. Pesti, et al., 2013 [191]

7 Advanced cervical
carcinoma 20 mEHT + RT + ChT

mEHT increases the peri-tumor temperature
and blood flow in human cervical tumors,

promoting the radiotherapy + chemotherapy
Lee, et al., 2018 [132]

8 Advanced cervical
carcinoma 206 Random. Phase III (RT + ChT ±mEHT)

[abscopal effect]
The abscopal effect grows significantly with

mEHT complementary to ChRT. Minnaar, et al., 2020 [178]

86



Cancers 2022, 14, 901

Table 2. Cont.

No. Tumor Site Number of
Patients Treatment Used Results Reference

9 Advanced cervical
carcinoma 206 Random. Phase III (RT + ChT ±mEHT)

[toxicity & Quality of life]
mEHT does not increase the toxicity of ChRT

but increases the quality of life Minnaar, et al., 2020 [178]

10 Advanced cervical
carinoma 202 mEHT + RT + ChT

Six-month local disease-free survival (LDFS) =
38.6% for mEHT and LDFS = 19.8% without

mEHT (p = 0.003). Local disease control (LDC)
= 45.5% with mEHT LDC = 24.1% without

mEHT; (p = 0.003).

Minnaar, et al., 2019 [177]

11 Advanced NSCLC 97 mEHT + RT + ChT
Median OS = 9.4 m with mEHT OS = 5.6 m

without mEHT; (p < 0.0001). Median PFS = 3 m
for mEHT and PFS = 1.85 m without mEHT; p <

0.0001.
Ou, et al., 2020 [192]

12 Advanced NSCLC 311 (61 +197 +53) mEHT + RT + ChT

Two centers PFY (n = 61), HTT (n = 197) control
(n = 53). 80% (PFY), 80% (HTT) had distant
metastases, conventional therapies failed.

Median OS = 16.4 m (PFY), 15.6 m (HTT), 14 m
(control); 1st y survival 67.2% (PFY), 64%

(HTT), 26.5% (control).

Dani, et al., 2011 + Szasz,
2014 [193]

13 Advanced rectal cancer 76 mEHT + RT + ChT
Downstaging + tumor regression, ypT0, and
ypN0 were better with mEHT than without.

No statistical significance.
You et al., 2020 [194]

14 Various types of
sarcoma 13 mEHT + RT + ChT Primary, recurrent, and metastatic sarcomas

responded to mEHT, the masses regressed. Jeung, et al., 2015 [195]

15 Advanced pancreas
carcinoma 106 mEHT + RT + ChT

After 3 m, PR = 22 (64.7%), SD = 10 (29.4%), PD
= 2 (8.3%) with mEHT after 3 m of the therapy.

In group without mEHT in the same time: PR =
3 (8.3%), SD = 10 (27.8%), PD = 23 (34.3%). The
median OS = 18 m with mEHT and OS = 10.9 m

without mEHT.

Fiorentini, et al., 2019 [196]

16 Advanced pancreas
carcinoma 133 (26 +73 +34) mEHT + RT + ChT

Two centers PFY (n = 26), HTT (n = 73) control
(n = 34). 59% (PFY), 88% (HTT) had distant
metastases, conventional therapies failed.

Median OS = 12.0 m (PFY), 12.7 m (HTT), 6.5 m
(control); 1st y survival 46.2% (PFY), 52.1%
(HTT), 26.5% (control) QoL was improved.

Dani, et al., 2008 [197]

17
Metastatic cancers

(colorectal, ovarian,
breast)

23 mEHT + RT + ChT

OS and time to progression (TTP) were
influenced by the number of chemotherapy
cycles (p < 0.001) and mEHT sessions (p <

0.001). Bevacizumab-based chemotherapy with
mEHT has a favorable tumor response, is
feasible, and well-tolerated for metastatic

cancer patients.

Ranieri, et al., 2017 [198]

18 Rectal cancer 120 mEHT + RT + surgery In mEHT group, 80.7% showed down-staging
compared with 67.2% in non-mEHT group. Kim et al., 2021 [199]

19 Gliomas 164 mEHT + RT + ChT CR + PR is 41.4% for mEHT and 33.4% for
conventional therapies. Fiorentini et al., 2020 [200]

20 Ovarian, cervical cancer mEHT + RT + ChT The feasibility and success of oncothermia
is proven. Wookyeom, et al., 2018 [201],

21 Various sites 784 mEHT + RT + ChT + surgery

Preliminary results show promising survival
trajectories. mEHT is a safe treatment with very

few adverse events or side effects, allowing
patients to maintain a higher quality of life.

Parmar et al., 2020 [184]

22 Various sites mEHT + RT + ChT Planned trial. Arrojo et al., 2020 [202]

23 Various sites mEHT + RT + ChT The feasibility and success of oncothermia
are proven. Szasz AM et al., 2019 [183]

24 Advanced glioblastoma 60 mEHT + RT + ChT

No added toxicity by immunotherapy. Median
progression-free survival (PFS) = 13 m. Median

follow-up 17 m, median OS was not reached.
The estimated OS at 30 m was 58%.

Van Gool, et al., 2018 [203]

25
Different types of

metastatic/recurrent
cancers

33 mEHT + RT

CR = 2 (6.1%), Very good PR = 5 (15.2%), PR =
13 (39.4%), SD = 9 (27.3%), PD = 4 (12.1%).

Three patients (9.1%) developed autoimmune
toxicities. All these three patients had

long-lasting abscopal responses outside the
irradiated area.

Chi, et al., 2020 [116]

4. Discussion

All complex therapies overcome a contradictory process by considering one of the ro-
bust behaviors of this complexity: self-organization and the consequent self-similarity [204].
Recent decades have seen the development of various approaches describing the com-
plexity of systems with self-organization [205,206]. The homogenous approach does not
consider the natural heterogeneity of complex living systems. mEHT applies the selection
of microtargets to distinguish the various parts and functions of the living organism.

4.1. The Electromagnetic Selection

The selection at the macro scale uses the intensive metabolic activity of the malignant
cells to produce increased ionic density in the TME of the cells. In this way, the entire
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tumor has a higher complex conductivity (σ∗) for the electric current than its healthy
environment [105,207–210]. The conductivity is proportional with the imaginary part of
the complex dielectric function (ε∗), depending on the ionic density (strength) of the target.
A part of the high conductivity could be followed using positron emission tomography
(PET). The PET measures the intensified glucose metabolism, producing enhanced ionic
concentration (primarily lactic acid). The PET results could be considered in the planning
of RT [211], as it is a good addition for mEHT seeing the tumor activity, which is connected
to the selectivity of the method. The electric current will choose the most accessible route
(the most conductive one), flowing through the tumor.

Another electromagnetic selection mechanism concentrates on microregions (TMEs)
using distinct structural heterogeneity. The individual autonomic development of cancer
cells weakens the intercellular connections, breaking the E-cadherin protein connections.
The malignant processes’ breaking of the networking order also differentiates them in
this parameter. In this way, the TME starts becoming gradually disordered by the de-
velopment of the malignant network-breaking character shown in early observations by
NMR measurements [212–214]. The disorder increases the dielectric permittivity (ε) of the
microregion [215–218]. The high ε drives the mainly chosen radiofrequency (RF) current
like the high σ does. The plasma membrane and the TME absorbs the central part of the
energy in the MHz region of the RF current [104]. The microregion of the tumor cells
has considerable gradients of the electrolyte constituents of the electrolyte. The TME is
in direct contact with tumor cells, containing molecular bonds to the membrane surface,
while ECM is wide. Its primary function is connected to the transport processes. The
water content of the TME interacts with the membrane [219], having variant bonds [220],
and critically alters the membrane effect, showing a low SAR but high voltage drop [221],
which can help the signal’s excitation of the raft proteins [222]. The electrostatic charge of
the membrane attracts the ions from the ECM, whose very different effect is sufficient to
establish a transmembrane potential [223].

The rafts operate as a trigger of the cellular processes [224]. The rafts collect dynamic
proteins [225], including proteins with high lateral mobility in the membrane [226]. The
cataphoretic forces generated by modulated electric fields induce lateral movements and
are sensed by the rafts in the membrane [140]. The size of these clusters is in the nano
range. It depends on the ratio of protein to lipid content, different ranges of their horizontal
diameters have been measured: 10–100 nm [227]; 25–700 nm [228]; 100–200 nm [229]. The
width of the membrane is 5 nm [230], but the thickness of rafts, due to their transmembrane
proteins, has a larger size. Note that the temperature increase of the nanoparticle (NP)
is proportional to the square of its radius [231], which gives an easy comparison of the
temperature using the sizes of the particles. The standard applied SAR in nanoparticles,
considering their weight heating is 100–1500 MW/kg [4]. The mEHT heats not only the
rafts but heats the TME and also the tissues to a lesser extent. Rough approximation of
the absorbed power of rafts by mEHT is SAR > 1 MW/kg [105]. However, the role of
absorption differs in nanoparticle and raft heating. The absorbed energy in nanoparticles
produces only heat, while in the rafts with excitable structures, the energy divides into
thermal and nonthermal effects.

The relatively large rafts contain approximately half of the membrane mass because of
their relatively large mass compared to the lipids, representing only 2% of the membrane
components [104]. The targeting of the rafts induces accurate energy absorption. The
incorporation of energy happens at clusters of transmembrane proteins [95,140]. The
temperature of the selected rafts is over the thermal averaging of the tissue. On average,
the relatively small SAR is high in the rafts, similarly to the nanoparticle selective heating.

The selection of mEHT is demonstrated in an experiment with artificial NPs added
from suspension to the targeted volume [160]. The injecting gold NPs or other artificial
good energy absorbers produce a higher quantity of energy absorption in the target. The
temperature grows by the diffuse heating from these too. Despite the more intensive energy
absorption, the observed apoptosis in these cases decreases [160]. Probably, the sharing of
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the energy between the membrane rafts and the NPs causes this contradictory effect. The
phenomenon supports the proofs of the selection by mEHT.

The selection appears in the ECM too. The current which flows in the extracellular
electrolyte heats it more in the areas of selected TMEs than in the membrane-isolated
cytosol. The energy analysis of the heating differences explains how this effect contributes
to cell-killing mechanisms [109].

Well-defined conditions limit the SAR in the target, which limits the average
power provided.

1. The thermal effect happens in nanoscopic local “points”, the rafts. These NPs are
molecular clusters and sensitive to overheating. When the absorbed energy is too large,
it destroys the rafts by overheating. The mEHT loses its most significant advantage, the
excitation of signal-transports for apoptosis and immunogenic cell death (ICD).

2. The selection mechanisms of mEHT also limit the SAR, which forces temperature
development. At high temperatures, the heat spreads extensively, and the microscopic
differences vanish on average. A macroscopic average will characterize the target, as in
WBH. The limited energy absorption is mandatory for the selection of rafts.

3. The appropriate frequency is selected around 10 MHz [94]. When the frequency is larger
(>15 MHz), the membrane impedance becomes too small to select the disordered TME
accurately. The current will flow through the entire target tissue almost homogeneously,
neglecting the selection heterogenic selection factors of malignant cells. When the carrier
frequency does not ensure selection, the modulation also activates the healthy cells.
The significantly larger amount of membrane rafts between healthy and malignant
cells [106] remain selective factors only.

4.2. Nonthermal Processes

Healthy dynamism realizes a certain and strictly ordered set of molecular signals in
space and time to maintain homeostatic control. The functional signals repeatedly correlate
with the given functions (for example, the metabolic cycles), causing an autocorrelation of
the resultant signal [232,233]. Note that spatial autocorrelation is a valuable tool in studying
the microarchitecture of TME [234]. A significant periodic component in a data set has data
points in a time series that correlate with the preceding data points in time, consequently
measuring the self-similarity of different delay times in the signal. The autocorrelation
could be simply visualized in the particular self-overlapping value of the signal (how the
signal correlates with its earlier values). Hence, when the signal is shifted with a time lag,
it correlates with earlier values.

The autocorrelation makes preferences of bioeffect variants [235], changing chemical
reactions, selecting them by their timing, and ordering them by the time required for
the desired signal-pathway or enzymatic actions. The biological effects happen on a
broad time-scale. An adequately chosen time-fractal modulation promotes the desired
autocorrelation of the signal. This modulation noise regulates the biosystems to their
normal homeostasis [236], and the spatial autocorrelation also ensures the harmlessness
of white-noise excitation [237]. On the other hand, the otherwise healthy support has
an opposite impact on malignant processes. It does not harmonize with the malignant
processes, is absorbed in an anharmonic way (heating), and does not excite the molecular
signals. The modulation signal selectively supports or blocks the cellular membrane’s
preferred (healthy) or avoidable (malignant) processes. This dynamic effect expands
the electrodynamic selection mechanisms, taking effect not only in structural but also in
dynamical malignant irregularities in the health system. Both the structure and dynamics of
living organisms have a fractal pattern. The spatiotemporal structure and its consequence,
the signal character measured by the fluctuations, differentiate malignant tissue from
healthy [121] and are measurable by the RF current [122]. The fluctuation difference
between malignant and healthy tissues grounds the applied modulation on the RF carrier.
The mEHT therapy uses a pattern recognizing and harmonizing fractal modulation [113]
to keep the natural homeostatic control as effective as possible. The well-chosen fractal
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modulation favors the healthy homeostatic control and combats malignancies outside this
regulation [113]. The applied modulation in mEHT considers the natural heterogeneity in
space and dynamics, including the autocorrelation of living processes.

Depending on the RF frequency, various processes happen in biomaterials, described
by frequency dispersions [238]. The α-dispersion covers the low-frequency interactions
(~10 Hz–~10 kHz). This dispersion affects the molecules near the cell membrane interact-
ing with the TME, the various membrane components, and the transmembrane proteins.
Ionic electrodiffusion affects the dielectric loss of bound water in molecules. Intercellular
charging appears as the main change in α-dispersion. This region signifies our excitation
activity. However, its direct application is limited by its missing selectivity and the risk
of dangerous nerve stimulation. The task was to find a frequency that selects, does not
make nerve stimuli safe, and penetrates deeply into the body. The higher frequencies
are satisfactory, and the combination of those with low frequency in modulation solves
this complex problem by applying 13.56 MHz carrier frequency and modulating it with a
spectrum of frequencies in α-dispersion range.

The 13.56 MHz belongs to the β-dispersion. The broad range of β frequency disper-
sion [111,239] (known as the interfacial polarization effect) allows selective treatment [240].

The chosen 13.56 MHz select the cellular formations [241] interacting with the inter-
face of membrane-electrolyte structures, using Maxwell-Wagner relaxation [239] causing
interfacial polarization of the cell membranes [242]. It changes the charge distribution at
the cellular or interfacial boundaries [219]. A part of β-dispersion takes effect in the torque
of biological macro-molecules (like proteins) and orients these contrary to the thermal
background [243].

The range of the δ-dispersion [244,245] overlaps with β-dispersion interacts with the
dipolar moments of proteins and other large molecules (like cellular organelles, biopoly-
mers) [246], and affects the suspended particles in TME [247]. The δ-dispersion is primarily
selective for water-bonded lipid-protein complexes in the membrane rafts [219].

Important practical point to choose the carrier frequency in the β/δ interval, and
internationally approved for industrial, scientific, and medical use. A total of 13.56 MHz
was ideal for these requests. The model calculation also shows the importance of the
13.56 MHz [248]. The electrolyte and membrane differences between the malignant and
healthy tissue [249,250] are involved in the selection. The membrane lipid targeting has
recently come into focus, and it is recognized as having potential for cancer therapy [251].
Note that the rearranging (disordering) of the water structure at the membrane is clearly
visible in the absorption spectra and needs energy [252], which could be obtained from the
RF current density.

The carrier frequency’s RF energy ensures the selection and absorbs on the membrane
rafts [105]. The modulation in α-dispersion makes the requested excitation affects their
receptors [140], which destructs the malignant cells dominantly in an apoptotic way [253].
Theoretical considerations also prove the nonthermal effect of mEHT, showing that the
observed effects could not have a solely thermal origin [254]. The physical origin is also
explained [255] and centers on the effect of the modulation.

The bioelectromagnetism determines various features of homeostasis [256]. The
modulation is not a single frequency. It is a spectrum of 1/f spectral density in the audio
range (<20 kHz), improving the electric field’s homeostatic connection by a similar time-
fractal structure. The autocorrelation of the signal prefers the external apoptotic pathway.
The membrane gains the rectified signal [106], so the 10% modulation depth satisfies the
expected signal excitation. The adaptation of this spectrum is in its 1/f (“pink”) noise
structure [236,237] which depends on the target and automatically modifies the effect of
modulation by the noise structure in the TME [147].

This dynamic selection and distortion of malignant cells detect and treat. In this way,
the mEHT is a kind of theranostic method.
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4.3. Effect of RF Current Density and the Dynamic Heating

Impedance-matched mEHT uses the current density j as an isodose parameter. The
current density does not depend on the technical losses outside of the target. It considers
only the power which goes into the body. The isodose of j is approximative. It is rigorously
true only for homogeneous targets. A large average statistically offers a quasi-homogeneity.
This homogeneity expectation is a typical challenge in doses of chemotherapies, which
expect the homogeneously transported drug in the body, which selectively destroys the
malignancy. In the mEHT method, the same challenge appears in the homogeneity concept.

The j depends on the conductivity (σ) and the electric field strength vector (E):
j = σE

(
A

m2

)
. The j vector and the σ conductivity are complex numbers, and due to the

biomaterial not being a perfect conductor, it is lossy. The electric field drives both the
thermal heating and the nonthermal excitation processes, and it is linearly proportional
with the complex j, (E = 1

σ j) so the current density well describes the amount of excitation,
so linearly generates a nonthermal effect. In a good approximation, j does not depend on
the size of the applied capacitor plates. The size of the plate defines the area A = r2π of the
circular electrode with radius r. The current (I) depends on the electrode voltage (V) and
the resistivity (R) between the electrodes: I = V

R . The current density j = I
A while R = d

σA ,
where d is the distance between the electrodes. Consequently, j = Vσ

d , depends on only the
constant parameters and does not depend on the area or radius of the electrode. The j can
be kept constant when the electric potential is constant. The volume between the plates has
an equal dose, as with the homogeneity principle of systemic chemotherapy.

The power (P) as the absorbed thermal energy depends on the square of the field:
P = σE2 = 1

σ j2
(

W
kg

)
. In homeostatic conditions, when the general energy loss is negligible,

the measurement of the incident power (correlation with j2) offers a dose identification. The

dose, in this case, is the time summary of the power (dose = energy
mass =

∫
Pdt =

∫ j2

σ dt, [ J
kg ]).

The high efficacy of current matching [257], and the low value of the cooling energy-loss
allows this simple dose monitoring [68,258] instead of by the local temperature. Consequently,
mEHT has no compulsory demand to measure the temperature. It has enough accuracy to
measure the absorbed energy by the incident, not forced RF current density [68].

When the temperature grows, the heating period demands a higher dose than when
keeping the temperature constant [150,159]. The higher power increases the dose by
j ∼
√

P. The heating excites the selected molecular clusters and actively promotes the ICD
and the essential immuno-related processes [31]. Maintaining the temperature compensates
for the energy losses, so it needs a smaller dose. The unchanged temperature with lower
current density produces significantly less apoptosis as the active heating period raises
the temperature [259]; Figure 10. The amount of apoptosis increases by the synergy of
the temperature dynamics and the electric field, but practically does not change when
the temperature stabilizes and remains approximately constant. Stochastic explanation
describes this phenomenon [31]. This complexity involves the similarity of the temperature
and the electric field to improve the chemical reaction rate [102]. This effect provides a pos-
sibility to improve the heterogenic selective cell destruction by mEHT in clinical practices.
The therapy needs a protocol that keeps the temperature development’s dynamism [31].
Step-up heating considering the blood flow washing time (approximately 6 min) works
approximately well.

Contrary to the homeostatic balancing, intensive cooling supports the growth of the
incident power. Forced intensive cooling increases the current density because the incident
power must increase quadratically, replacing the power taken by the cooling. Due to the
applied cooling (energy loose), significantly modifying the incident power does not provide
accurate dose measurement. The dose needs other direct registering, like temperature or
current density j. The j flows through the patient practically independent from the energy
losses, characterizes the absorbed SAR only. Consequently, the direct measurement of the
current density appears as the dose in an intensive cooling process instead of the power.
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Figure 10. The effect of heating and maintaining the temperature on apoptosis. The mEHT had
significantly higher apoptotic cells than the wHT at the same temperature. (a) The apoptosis saturated
when the temperature became constant at the temperature maintenance period of treatment. (b) The
temperature dependence of apoptosis shows a limit at the saturated temperature.

The apoptosis of malignant cells shows the efficacy of mEHT therapy. The apoptotic
cellular degradation could be used for dosing in the active heating period [259]; Figure 11.
Consequently, the connection of the apoptotic cell degradation and current density appears
like an essential task of the new dose when the j is enhanced by cooling.
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Figure 11. The apoptosis linearly increases by the increase of current density. The higher current
density was reached by intensive cooling of the sample, keeping the medium at 36 ◦C, while the
standard treatment was at 41 ◦C. The difference in the approximated apoptosis at low current at 36
and at 41 ◦C is produced by the thermal effect.

The current density is proportional to the percentage of apoptosis. Measurements on
the U937 cell line well prove this concept [136]. The concentration of apoptotic cells grows
linearly with the current density j of mEHT; Figure 11. The standard mEHT treatment was
performed at 41 ◦C, with a standard current density. The control is a sham experiment,
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which fits a linear line. The heat effect of the standard treatment could be approximated
from this experiment.

The current density j appears as an optimal dose of mEHT. On the other hand, the j
does not offer a dose solution for conventional LRHT methods, where the patient impedance
matching is far from the resonance. The measured current density in LRHT does not show
the effective targeting of the tumor, having reflected imaginary parts and various other
impedance losses. Temperature measurement remains mandatory in the conventional
homogeneous mass heating of LRHT.

The percentage of the apoptotic processes induced by mEHT grows by increasing
current density, which participates in both fundamental processes of this method: in the
thermal and nonthermal action components. The thermal effects ensure the conditions
for optimal nonterminal (excitation) processes and the rates of chemical reactions (mostly
enzymatic assistances) afterward. We may regard the current density as a treatment dose,
having the same role in mEHT as the ionizing isodose in RT.

The j represents an isodose distribution in the target with mEHT, like the beam isodose
in the RT method. Note that this dose could happen only when the energy loss is low, and
the overall energy intake is not as high as the heterogeneity differences that may appear
with massive heating. Hence, the sensing heterogeneity limits the incident power. When
the heating forces isothermal conditions, the SAR ∼ j2 dominates, and the heterogenic
structure becomes thermally homogeneous. The isothermal temperature overshadows the
electrical differences in the target. The electromagnetic differences become gradually visible
when the incoming energy decreases. The electromagnetic effects distinguish the electrical
differences when its average absorption intensity does not exceed the distinct energy levels
of the difference between the absorption values of the desired differentiable units, so when
the j ≥ j2. So, in conditions when j ≤ 1, the selection of tumor cells is effective.

The proper modulated signal may trigger resonant excitations of the proteins [111],
which initiates extrinsic signal pathways for apoptosis [101,253] in a dose-dependent
way [259]. Consequently, the thermal factor generating hyperthermia temperatures creates
an appropriate condition for the nonthermal electric field effect by optimizing the reaction
rates and enzymatic reactions. The direct thermal and nonthermal effects complete each
other, creating a complex synergy of mEHT actions; Figure 12.
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nius character, while the nonthermal effects are quantum-mechanical, promoting enzymatic processes,
pushing through the transitional state. The nonthermal processes use the thermal conditions for
optimal reaction rates. (For details, see in the text.). The * denotes metastable transitional state.
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4.4. Complementary to Radiotherapy

The temperature distribution in the hyperthermic process also has complex balancing.
The homogeneously high temperatures (>42 ◦C) in LRHT could block the enzyme activ-
ity [260] and so arrest the DNA-repairing enzymes and optimize the cellular degradation
of malignant cells [261]. However, they produce massive necrosis, which makes the DAMP
release unstable, as well as the high temperature (>40 ◦C) blocking the immune-cell activ-
ity [96], which would be necessary for APC production to form tumor-specific processes.
The heterogenic heating of mEHT unites the advantages of the high cellular temperature
with the mild average. The thermal component of mEHT (TmEHT) produces a mild hyper-
thermic average (38 °C ≤ TmEHT < 40 °C), which is enough for a blood-flow increase [132]
to sensitize the RT, but less than the immune-cell inactivation limit [96]. The temperature of
the selected cells (Tcell) is well over the average (Tcell � TmEHT), at least by 3 ◦C as obtained
from the apoptotic rate [95,133] and tumor degradation [135,150] (see Figure 9).

Complex balancing appears in various features of the hyperthermia processes. LRHT ac-
celerates the distortions of malignant cells, reducing the α/β ratio in the linear-quadratic model
(LQM) of cell-survival in RT [262]. The LQM neglects the third term of the Taylor expansion
of the function of dose ( f (D)) in an exponential dependence from the efficacy (RTe f f ), which

is reciprocal with the cellular survival (Scell =
1

RTe f f
), supporting Scell = e− f (D) ∼= e−αD−βD2

.
High efficacy means a quick decrease of the Scell by the applied RT dose, so the quadratic term
is expected to be high. The hypo- or hyper-fractionating tries to fit the α/β ratio to the survival
of cellular variants [263].

It is predicted that LRHT optimizes the α/β ratio [264], which can be used for quanti-
tative reference for an equivalent radiation dose of mEHT [129]. Due to the LRHT effect
varying by types of cancer cells, the quantitative dose reference was measured on two
different lung cancer cell lines, A549 and NCI-H1299. The dose escalation by mEHT well
fits LQM and made it possible to estimate the reference dose determined by equivalence.

The daily RT fractions destabilize the cellular membrane [265], which is a possible
general target for cancer therapy [266]. The mEHT attacks the membrane by thermal and
electric field load, supporting the membrane destabilization. The double stress of mEHT
(heat and field) probably also destabilizes the plasma membrane. The observed intensive
apoptosis in many mEHT measurements in various tumors and the synergy with fractional
RT concludes that the membrane destabilization helps the apoptosis and does not lead to
necrotic cell death. The tripling of the apoptotic bodies in radioresistant pancreas tumors
in mono-mEHT and mEHT + RT combined therapies [134] supports the idea that the
destabilized membrane helps form apoptotic bodies.

Both the RT and the mEHT induce reactive oxygen species (ROS) as well as damaging
subcellular structures and organelles (such as the cytoplasmic membrane, endoplasmic
reticulum (ER), ribosome, mitochondria, and lysosome), affecting various biological activi-
ties globally altering the living processes of cancer cells, and possibly promoting autophagy
too [61]. Results show the intensive promotion of autophagy with mEHT and mEHT + RT
to produce apoptosis [158].

The synergy has been proven clinically in the combination of mEHT compared to
RT or ChRT alone [116,179]. The frequency of LRHT and the timing with RT are essential
considerations in the clinical practice of complementary therapy. The combined application
of these methods has synergy, considering the complex regulations connected with both
parts. The central focus of the RT makes a single or double break of a DNA strand (SSB or
DSB). Inhibiting the DNA repair is the expected primary support from LRHT. RT needs
radiosensitive conditions to fulfill its task, while LRHT (as shown with mEHT too [132])
gives oxygenation for the inhibition of the repair and/or arrests the activity of repair
enzymes. The γH2AX monitors the repair after RT is connected to the DSB of DNA.

4.5. Sequences and Timing of Treatments in Complementary Therapy

Both therapies, mEHT and RT, could cause cellular destruction in their stand-alone appli-
cation, inducing necrosis. mEHT in monotherapy produces massive apoptosis [134,142,150],
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even in radioresistant cases [148]. These distortion mechanisms are mostly independent of the
subsequent therapy, while in the application as the second in the sequence, a strong dependence
could be formed.

The optimal timing between RT and mEHT has a spatiotemporal complexity, challenging
the sequencing and frequency of the combination. The RT defines the application sequence:

• When the oxygenation (blood flow intensity) is high, we expect sensitivity for RT, so
apply it first. The maximal frequency of mEHT is every second day.

• When the tumor has hypoxic conditions (low oxygen content), apply the first mEHT
to increase it and sensitize the RT.

Further considerations can modify the above sequences depending on the tumor and
its grade. The temperature effect also modifies the clinical issues, so we list some features
in general for HT effects, where mEHT could also be involved.

• When HT is applied first, it sensitizes the RT by oxygenation of the tumor, but there
could also be an inhibitory effect when HT induces hypoxic conditions, which may
happen at higher temperatures than 43 ◦C, which usually does not happen with mEHT.

• Both HT and RT produce heat shock proteins (HSPs). The RT-induced stress also
produces these chaperone proteins in different amounts and types. For example,
HSP70 and HSP27 are involved in regulating the base excision repair (BER) enzymes
in response to RT stress [267].

• Developing an antiapoptotic HSP70 chaperone defines the minimal time between the
repeated HT treatments. Due to the HSP70 back to the baseline 48 h post-treatment.
Consequently, every second day is recommended as the most frequent application.
The maximal time between the HT treatments is one week when the possible buildup
of the adaptive immune system finishes.

• HT has effects that are not dependent on enzyme activity, such as a variety of irrepara-
ble DNA mismatches, heat-activated methylation, hydrolysis, mono- or di-adduct
damages, etc. The activity of repairing enzymes grows by temperatures, but at high
temperatures (generally 43 ◦C) it blocks their activity. The enzyme block could be
helpful. The high temperature causes intense hypoxia in the tumor and suppresses
the RT efficacy, so mild heating of mEHT is optimal.

• HT at lower temperatures is sufficient to enhance perfusion [70] and the formation
of numerous reactive oxygen species (ROS), such as hydrogen peroxide, superoxide
anions, nitric oxide, hydroxyl radical, etc. Superoxide dismutase (SOD) forms an
essential component in the defense against ROS. Heat stress could cause a decrease in
SOD levels, which also leads to cell death [268].

• There is a risk that HT could support the activity of DNA repairing enzymes when
it is applied after RT, even also when the end temperature is as high to block the
enzymatic activity, because the first part of the heating is a “warming up”, presenting
a preheating, which could increase the activity of reparation enzymes [269].

The DSBs are typically repaired within two to six hours following RT. A higher rate
of the γH2AX expression was observed at three hours as compared to one hour post-
RT treatment, signaling that the DSBs are still left unrepaired [270] 3 h posttreatment.
However, this could depend on the type of malignant cells [271]. By 6 h posttreatment,
γH2AX decreases approximately to half the amount [272]. Combining LRHT with 2 Gy
radiation, the concentration of γH2AX after 1 h at 42 ◦C is higher than at 39 °C [273], and
it is observed that a shorter time between the treatment parts results in a higher number
of γH2AX.

A 90 min timing between LRHT and RT significantly decreases the treatment efficacy
in clinical practice compared to a shorter (60 min) delay [274]. The subsequent in vitro
modeling on SiHa and HeLa cell lines [275] did not significantly impact the time interval as
in the clinical data, while earlier in vitro studies showed a significant difference preferring
the treatments to follow each other quickly [276]. Another in vitro experiment supports
quick sequences, observing that the DSB of DNA, measured with γH2AX, vanishes after
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2 h of RT [274]. Earlier, it was shown that simultaneous application has the highest
efficacy [277].

A high number of patients was studied, and a large impact of timing between LRHT
and RT of 4 h was not observed [278]. This contradictory result started an intensive debate
between the research groups [279,280]. The discussed disagreement of the two clinical
studies is confusing indeed. The reasons could have multiple components. The different
devices, the sequence order of the treatments, and the frequency of the LRHT application
could represent differences between the therapies and lead to a contradictory conclusion.
The first thirty minutes of “warming up” could be considered preheating, which could
increase the activity of reparation enzymes, including a risk that LRHT increases the DNA-
repairing enzyme activity and supports the repair of DNA when LRHT is applied second in
the sequence [269]. The warming-up period is mostly technically dependent, but depends
on the nonlinear physiologic control of the complex regulation of the patient, which
could rely on the bolus cooling and other device-dependent conditions. The warming-
up period with the non-homogeneous thermal effect by mEHT behaves oppositely than
conventional LRHT. mEHT generates the most significant apoptotic activity in the warming-
up period [259]. When the LRHT-induced temperature is high enough (>42.5 ◦C), it could
imply the blocking of the repairing enzymes. However, the necrotic cell-killing is also
intensive in this high-temperature regime so that the DNA damage could have secondary
importance in cellular degradation.

Note, the murine models in vivo (C3H mammary carcinoma) [281] show the thermal
enhancement ratio (TER) extensively decreases and at the end vanishes after 4 h in both
sequences when the LRHT precedes or follows RT, while the tumor control has a much
narrower (30 min) and non-symmetric interval.

The cell-cycle arrest is connected to the electric field activity and is primarily non-
thermal [282]. A part of the electric field penetrates the cell through the voltage-sensitive
phosphatase (VSP) [283] and modifies the cytoskeletal polymerization [138]. The field-
controlled phosphorous hydrolysis could have an essential role in cytoskeleton restructur-
ing and resonant-type behavior phenomena. The amplitude-modulated carrier frequency
can produce stochastic resonance, selectively inducing biological enzymatic reactions and
polymerization [111].

With care about the physiologic complexity, mEHT takes this contradictory situation
seriously and defines the clinical guideline for the complementary therapy, considering
the BF as the primary factor [284]. When the BF is low, the RT efficacy is suboptimal; the
guideline proposes applying mEHT first, increasing the oxygenation, and helping the set of
RT reactions be more effective with the higher reaction rate of molecular changes promoting
the fixing of the strand break in the DNA. The mild hyperthermic factor of mEHT optimizes
the blood-perfusion to support the RT, and the most optimal frequency of mEHT is every
two to three days [285], which well correlates with the timing relaxation of the induced
protective HSP70 in the heated malignant cells [253]. This frequency of mEHT treatment fits
well with the clinical evaluations, which are fixed in the internationally accepted guideline
of mEHT therapy [284].

When LRHT or mEHT is the first in the chosen sequence, it provides oxygenation,
which sensitizes the RT and produces protecting HSPs. The RT-induced stress also produces
repairing chaperone proteins, like HSP70 and HSP27, which regulate the base excision
repair (BER) enzymes in response to RT stress [267]. In addition, the heat effect has other
enzyme-independent effects such as sensitizing to the RT: it could cause a variety of
irreparable DNA mismatches, heat-activated methylation, hydrolysis, etc.

Mild heating also produces a sufficient enhancement of blood perfusion [70] and
enhances the formation of numerous reactive oxygen species (ROS), such as hydrogen
peroxide, superoxide anions, nitric oxide, hydroxyl radicals, etc. The heat stress could de-
crease the superoxide dismutase (SOD) level, weakening the defense against ROS, leading
to cell death [268]. mEHT increases the ROS level more extensively than homogeneous
(isothermal) heating [136], supporting the RT. Other physiological effects of heating (such
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as the increase in the electrolyte transport systems like the blood flow and lymph) could
enhance the success of RT, together with the increased oxygenation. However, there could
also be an inhibitory effect when LRHT induces hypoxic conditions, which may happen at
higher temperatures, while mEHT reduces the hypoxic level [286], vastly promoting the
better efficacy of RT.

4.6. Immunogenetic Effects

The heat and electrical stresses produce HSP chaperone proteins with mEHT to pro-
tect the cells from stress damage. The most characteristic protein family of chaperones,
HSP70, acts like a “double edge sword” [287,288], exhibiting both inflammatory and anti-
inflammatory, protumoral or antitumoral, immune stimulator or immune suppressor, etc.
functions. The role of HSPs depends on the conditions of their activity forming “friends or
foes” [289–291]. The primary function of intracellular HSPs (iHSPs) is to avoid the cell’s
apoptosis and protect the cell’s living conditions irrespective of its malignant or healthy
state. Nevertheless, certain conditions may promote the secretion of HSPs in the transmem-
brane position (mHSPs) or their escape extracellularly to the TME milieu (eHSPs). mHSPs
may signal to make malignant cells recognizable to NK cells [169]. eHSPs could offer even
more help in the elimination of malignancies. The mHSP70 carries an “info signal” [292],
with the genetic properties for producing antigen-presenting cells (APCs) and creating
killer T-cells [293], by the maturation of dendritic cells (DCs) [294]. This process requires
that the destruction of the cell is “gentle enough” and does not degrade the DAMP proteins.
When the appropriate molecules have a particular spatiotemporal order (immunogenic
cell death, ICD), the set of molecules ensures that the mHSP70 becomes a forceful “friend”
losing its “double-edge sword” behavior, and the genetic info well maturates the DCs
forming APCs. The process directly applies immune-oncology principles, and so ICD is of
tremendous clinical interest [295].

The major achievement of mEHT is activating the innate and adaptive immune system
to eliminate tumor cells both locally and systemically in the whole body. The induced
mHSPs mark cancer such as to be recognized by the innate immune action with NK
cells [169]. The secretion of eHSPs and the correct spatiotemporal set of DAMP may
develop tumor-specific adaptive immune processes to attack the cancer cells all over
the body.

In such a way, mEHT turns the local treatment systemic (abscopal), as proven preclini-
cally [170,174] and clinically too [116,179,296].

The abscopal effect was discovered in RT more than 60 years ago [297], but its appli-
cation was hindered because it was observable only in low radiation doses, limiting the
expected direct local degradation. The recent rediscovering of the abscopal effect with RT
shifts the idea from myth to reality [298] and sees it explained by molecular processes [299].
The synergy of RT with the emerging checkpoint inhibitor and antibody immune-therapies
provides new curative possibilities [300–302]. This field could have a new combination:
mEHT supported TSI develops immune adaptation by the tumor antigens providing an
abscopal addition to local RT.

The synergy of mEHT and RT turns these local treatments systemic, creating tumor-
specific immune processes (TSI) that extend the abscopal effect. The immunotherapy
strategy optimizes the RT with mEHT for the best efficacy [303] and highest safety [178].
The abscopal effect could renew the complementary applications of RT with this theranostic
synergy and well fits to the emerging trend of immuno-oncology too. This function connects
mEHT to the emerging trend in the field, to immuno-oncology [304]. The in-situ feedback
loop of the immune effects of mEHT is shown in Figure 13.

Finally, we may conclude that the thermal and nonthermal effects represent the non-
linear (∼ j2) and linear (∼ j) dependence of the current density and in consequence of
the electric field, but their functions differ. The thermal effect ensures the general energy
background, while the nonthermal is resonant; Figure 14.
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The synergy of mEHT with radiotherapy completes the advantages with essential
factors additionally to the conventional heating processes; Table 3.
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Table 3. The essential addition of mEHT to the synergistic RT-with-hyperthermia methods.

Synergistic Addition of Modulated Electrohyperthermia

Nanoscopic action Selects malignant cells and nonthermally excites, marginal heating of the healthy cells renders less
vulnerable to ionizing radiation

Apoptotic effect Mostly natural apoptosis, no inflammation, no large cytokine liberation, no extra injury current, no extra
pH hypoxia

Immune effect Immunogenic processes, abscopal effect. Both the innate and adaptive immune system are activated,
vaccination facility (patented)

Homeostatic effect Harmonized with homeostatic controls, the temperature increase in the nuclei is moderate, does not make
an additional enzymatic activity for reparation

Side effects Lower incident power puts less load on the skin, which is anyway irritated by radiotherapy, so the
synergy has fewer adverse effects

Quality of life Improves quality of life by reducing side effects

The broad range of application Possible to combine with radiotherapy in localizations which were not possible with radiative
hyperthermia (like the brain)

Applicable for palliative conditions Resensitizes to radiotherapy in highly metastatic advanced refractory cases, when conventional therapies
are ineffective

Long-time application mEHT is applicable as a chronic treatment for as long as is necessary with radiotherapy complementation

Applicability mEHT is applicable with most comorbidities as well as in combination with any other oncotherapies

5. Summary

To solve the challenges of conventional LRHT, mEHT has modified the isothermal
concept of oncological hyperthermia, focusing on the cellular distortion of malignant cells.
The new paradigm strongly considers the goal of LRHT, concentrates on the malignant
cells, and destroys them in the targeted volume. The principal idea is to use the natural
heterogeneity of the cancerous tissue, using the particular living conditions of malignant
cells, making them different from healthy cells and healthy host tissue. mEHT has an
isodose. The RF current density is defined similarly to the ionizing isodose in RT practice.
The degradation of the malignant cells and controllable stable dosing guides the efforts in
synergy with RT.

Modulated electro-hyperthermia complements radiotherapy with the precise hetero-
genic cellular selection of malignant cells. The transmembrane protein clusters (rafts) are
excited by mEHT and heated in synergy with the double-strand breaking of the DNA by
RT. The synergistic harmony of ionizing, thermal, and nonthermal effects allows the im-
munogenic cell death of the malignant cells and develops tumor-specific immune actions in
both the innate and adaptive immune system in situ during the treatment. The recognition
characteristic is amalgamated with the curative therapy, so the mEHT + RT synergy is
theranostic.

The selection process of mEHT uses the malignant attributes that characterize all
malignancies: the metabolic, dynamic, and structural differences. This universality of
mEHT does not depend on the mutation variants of cancer. Consequently, mEHT—like
RT—independently breaks the DNA strands of various malignant mutants, so the synergy
of the two methods may form a forceful cancer therapy. The final result is a systemic
(abscopal) effect that destroys the malignant cells in the entire body irrespective of the
possibility of its visual imaging. The complex integrating effect of mEHT + RT triggers
physiologic and cellular changes by thermal and ionizing components. Additionally, the
complementary application to RT triggers molecular and immunological changes with
resonant and ionizing excitation. All complex balances have progenitors of functioning
promoters and suppressors for balancing.

mEHT changes the LRHT paradigm from homogeneous mass heating to a heteroge-
neous selective one. The difference between the two approaches has been proven in various
experiments. Figure 15 shows a rough comparison of mass heating with selective heating.
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6. Conclusions

mEHT results well prove the nanothermia efficacy and its conceptual success. The
synergy with RT delivers effective cell degradation in tumors and develops an abscopal
effect, using the homeostatic adaptation of the healthy immune regulation to degrade the
malignant cells systemically in the entire body. The synergy is verified by preclinical and
validated by clinical results.
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Simple Summary: Many clinical trials have shown benefit for adding hyperthermia (heat) treatment
to radiotherapy. Despite overall success, some patients do not derive maximum benefit from this
combination treatment. Tumor hypoxia (low oxygen concentration) is a major cause for radiotherapy
treatment resistance. In this paper, we examine the question of whether hyperthermia reduces
hypoxia and, if so, whether reduction in hypoxia is associated with treatment outcome. The review
is focused mainly on several clinical trials conducted in humans and companion dogs with cancer
treated with hyperthermia and radiotherapy. Detailed measurements of temperature, hypoxia and
perfusion were made and compared with treatment outcome. These analyses show that reoxygenation
after hyperthermia occurs in patients and is related to treatment outcome. Further, reoxygenation is
most likely caused by variable intra-tumoral temperatures that improve perfusion and reduce oxygen
consumption rate. Directions for future research on this important issue are indicated.

Abstract: Numerous randomized trials have revealed that hyperthermia (HT) + radiotherapy or
chemotherapy improves local tumor control, progression free and overall survival vs. radiotherapy
or chemotherapy alone. Despite these successes, however, some individuals fail combination therapy;
not every patient will obtain maximal benefit from HT. There are many potential reasons for failure.
In this paper, we focus on how HT influences tumor hypoxia, since hypoxia negatively influences
radiotherapy and chemotherapy response as well as immune surveillance. Pre-clinically, it is well
established that reoxygenation of tumors in response to HT is related to the time and temperature
of exposure. In most pre-clinical studies, reoxygenation occurs only during or shortly after a HT
treatment. If this were the case clinically, then it would be challenging to take advantage of HT
induced reoxygenation. An important question, therefore, is whether HT induced reoxygenation
occurs in the clinic that is of radiobiological significance. In this review, we will discuss the influence
of thermal history on reoxygenation in both human and canine cancers treated with thermoradio-
therapy. Results of several clinical series show that reoxygenation is observed and persists for
24–48 h after HT. Further, reoxygenation is associated with treatment outcome in thermoradiotherapy
trials as assessed by: (1) a doubling of pathologic complete response (pCR) in human soft tissue
sarcomas, (2) a 14 mmHg increase in pO2 of locally advanced breast cancers achieving a clinical
response vs. a 9 mmHg decrease in pO2 of locally advanced breast cancers that did not respond
and (3) a significant correlation between extent of reoxygenation (as assessed by pO2 probes and
hypoxia marker drug immunohistochemistry) and duration of local tumor control in canine soft
tissue sarcomas. The persistence of reoxygenation out to 24–48 h post HT is distinctly different from
most reported rodent studies. In these clinical series, comparison of thermal data with physiologic
response shows that within the same tumor, temperatures at the higher end of the temperature
distribution likely kill cells, resulting in reduced oxygen consumption rate, while lower temperatures
in the same tumor improve perfusion. However, reoxygenation does not occur in all subjects, lead-
ing to significant uncertainty about the thermal–physiologic relationship. This uncertainty stems
from limited knowledge about the spatiotemporal characteristics of temperature and physiologic
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response. We conclude with recommendations for future research with emphasis on retrieving
co-registered thermal and physiologic data before and after HT in order to begin to unravel complex
thermophysiologic interactions that appear to occur with thermoradiotherapy.

Keywords: thermal dosimetry; hypoxia; hyperthermia; radiation therapy; reoxygenation; perfusion;
oxygen consumption rate; local tumor control; biomarker

1. Introduction

Key meta-analyses have been published on locally advanced cervix cancer [1], head
and neck cancer [2] and chest wall recurrences of breast cancer [3], showing therapeutic
benefit in terms of improvement of either/or local tumor control, progression free and
overall survival after combining local-regional HT with radiotherapy. An important ran-
domized trial comparing multi-agent chemotherapy +/− HT showed improvements in
progression free and overall survival in patients with locally advanced high-risk soft tissue
sarcomas in the arm receiving HT [4,5].

Despite the overall success of many trials, a therapeutic benefit was not obtained in
all patients and some randomized trials did not show a statistically significant therapeutic
benefit of HT [6–8]. Even in those patients in which there was some benefit, it may not have
been maximally optimized. Demonstration of enhanced anti-tumor effect with HT would
increase its wider acceptance as a viable adjuvant therapy. Thus, there is strong rationale
for investigating mitigating factors that may play a role in treatment outcome.

HT induces a number of biologic and physiologic effects on tumors. HT inhibits multi-
ple DNA damage repair mechanisms, which play a major role in heat radiosensitization.
The inhibition of DNA repair provides a rationale for combining HT with HSP90 (heat
shock protein-90) and/or PARP (poly (ADP-ribose) polymerase) inhibitors [9]. Heat shock
proteins, HSP70 and HSP27, bind to enzymes to facilitate base excision repair [10]. This
heat shock protein association may enhance DNA damage repair after HT. Substantiating
this hypothesis is the observation that enhancement of repair of heat induced double strand
breaks is linked to HSP70 and HSP27 association with heat labile DNA polymerase beta
in thermotolerant cells [11]. The thermotolerance-induced enhancement of DNA damage
repair could reduce the effectiveness of radiotherapy treatments administered when cells
are thermotolerant [12,13]. If so, such an effect could reduce the impact of reoxygenation
observed 24–48 h post HT, which is the main subject of this review. It is unknown whether
this mechanism of thermotolerance-induced radioresistance is clinically relevant. Further
research would be needed to answer this question.

Maximal thermal enhancement of radiotherapy in pre-clinical and theoretical models
occurs when the two modalities are given simultaneously or within a short time interval
between the two [14]. The effect of time interval on radiosensitization is the result of the
effects of HT on DNA damage repair [14]. Retrospective analysis of the impact of time
interval between HT and radiotherapy has been controversial for cervix cancer [15–18]. A
call for standardization of methods and results reporting has been recently published [19].
Standardization of reporting will contribute significantly toward understanding how to op-
timize thermoradiotherapy from the perspective of methods of delivery and documentation
of results.

Hyperthermia also induces a number of immunostimulatory effects in both the innate
and adaptive immune systems [20] that are likely important for its biological effectiveness
when combined with radiotherapy. HT is cytotoxic itself, with the extent of cytotoxicity
being dependent upon the time and temperature of heating [21]. Further, the cytotoxicity
of HT is not dependent upon oxygen availability, so it is complementary to radiation in
this respect, since hypoxia causes significant reduction in cytotoxicity of radiotherapy [22].

In this review, we will focus on the clinical observation that HT can reduce hypoxia
up to at least 1–2 days after HT. Further, the reoxygenation is associated with treatment
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outcome in patients with locally advanced breast cancer and soft tissue sarcomas in humans
and in companion dogs. These observations suggest that positive interactions between
HT and radiotherapy can occur outside the short time window suggested for maximal
interaction from pre-clinical studies.

Tumor hypoxia is well-established as a cause for radioresistance and treatment
failure [23–26]. Hypoxia is also known to negatively influence treatment response to
chemotherapy [27] and immunotherapy [20,28], as well as contributing to tumor aggres-
siveness [29–33]. A recent Special Issue in Cancers contained several original reports and
contemporary review papers on the subject of tumor hypoxia [34–48]. In this review, we
will consider how thermal dose affects tumor hypoxia and, in turn, whether changes in
hypoxia in response to thermoradiotherapy can influence treatment outcome.

Extensive pre-clinical studies have been conducted in tumor-bearing rodents with
cancer, and these studies revealed important trends in defining the relationship between
conditions of thermal exposure and changes in perfusion and hypoxia [49–51]. It has been
shown that heating rates in the range of 1 ◦C/min are: (1) more cytotoxic in vitro [52]
and (2) more damaging to tumor microvasculature than slower heating rates [53]. Further,
reduced perfusion and enhanced anti-tumor effect after HT alone has been shown to be
associated with faster heating rates [54]. It is unknown whether faster heating rates impact
reoxygenation 24–48 h post HT in either pre-clinical models or clinically. Heating rate
effects have not been studied in conjunction with radiotherapy. If faster heating rates cause
vascular damage and hypoxia, then they may result in radioresistance.

For the most part, pre-clinical studies were not designed to test whether changes in
perfusion and hypoxia in individual subjects were associated with individual treatment
outcome. Such information is required for perfusion or hypoxia measurements to be
clinically translatable. Therefore, we will review studies conducted primarily in humans
and companion dogs with cancer, where detailed thermometry and physiologic data were
acquired for each individual. In most cases, treatment outcome was also documented.

For the purposes of this review, we define 30–60 min of “mild heating” as temperatures
from 40 to 42 ◦C, because minimal direct cell killing occurs in this range. A number of other
effects occur in this temperature range, however, including increases in perfusion [22,55]
and vascular permeability [56], alterations in cell signaling [9,57–59], inhibition of DNA
damage repair [9], inhibition of the HPV viral oncoprotein, E6 [60] and immunologic
effects [20]. “Moderate heating” is defined as temperatures >42 and <44 ◦C. In this moderate
temperature range, direct thermal cytotoxicity occurs [61], in addition to many of the effects
described above in the mild heating range. “High heating” occurs at temperatures >44 ◦C
and <50 ◦C. We truncate the high temperature heating at 50 ◦C to distinguish it from
thermal ablation, which occurs at temperatures higher than 60 ◦C. We have adopted this
classification because temperatures >44 ◦C can increase tumor hypoxia in canine soft tissue
sarcomas, whereas below this threshold, hypoxia is either not affected or is reduced [62,63].
Others have used adjectival descriptors of mild (40–42 ◦C), moderate (42–45 ◦C) and
T > 45 ◦C as causing irreversible damage [64]. This classification is similar to what we
describe. We have chosen 30–60 min heating because that is the range over which HT is
most often administered clinically.

2. Hypoxia Is Caused by Imbalance between Oxygen Delivery and Oxygen
Consumption Rate

The pO2 of any location within a tissue is governed by the balance between oxygen
delivery and oxygen consumption. Oxygen delivery is influenced by the flow rate of
microvessels, oxygen content, vascular density and vessel orientation surrounding the
location [65]. An important question to ask is which of these factors has the greatest influ-
ence on development of hypoxia. Computer generated sensitivity studies were used to
address the question of whether increasing oxygen delivery or reducing oxygen consump-
tion rate would be more effective in reducing tumor hypoxia [66,67]. These simulations
were based on in vivo measurements of the parameters listed above. Reducing oxygen
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consumption rate was more efficient by factors of 10–30-fold, compared with increasing
blood flow rate or oxygen content of blood, respectively [66]. It has been shown in vitro
that elevation of glucose concentration reduces oxygen consumption rate as cells switch
to anaerobic metabolism. Induction of hyperglycemia with hyperoxic gas breathing was
synergistic in reducing tumor hypoxia in computer simulations [68] and in vivo [69]. Simi-
larly, the combination of HT and carbogen breathing was shown to significantly increase
tumor pO2 and enhance radiotherapeutic response [70,71]. HT can also affect oxygen
consumption rates, so it is important to consider such effects when evaluating how HT
affects tumor hypoxia.

In this review, we address questions about effects of HT on:

• hypoxia,
• perfusion,
• metabolism and oxygen consumption rate and
• necrosis.

Some pre-clinical data will be presented as background. However, the main focus will
be on what clinical evidence exists for HT affecting factors that influence tumor hypoxia
and whether such changes influence thermoradiotherapeutic treatment outcome.

3. Challenges to Relating Temperatures Achieved during HT with Physiologic Response
3.1. Difference in Temperature Distributions between Rodent and Human Tumors

In rodent tumors, water bath heating exposes the skin and normal tissue around the
tumor to the highest temperatures because they are immediately adjacent to the water in
the bath; intra-tumoral temperatures are somewhat lower and relatively uniform [72]. In
human tumors, there can be large variations in temperature (several degrees above and
below the median value) within tumors. The tumor margin and surrounding normal tissue
may not be heated appreciably, while the interior of the tumor is hotter [73]. The spatial
variation in temperature in human tumors is related to non-uniformities in power deposi-
tion from heating devices, with spatial variations in: (1) tissue properties and (2) peri- and
intra-tumoral perfusion [74–78]. The differences in the temperature distribution between
rodent and human tumors may contribute to differences in physiologic response to HT
(Figure 1).
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(Left Panel) Temperature distributions in rodent tumors heated with water baths tend to be relatively
uniform [profiles are dish-shaped], with highest temperatures at the margin of the tumor, while
intra-tumoral temperatures are slightly cooler and relatively uniform. Depicted data are taken from a
paper by O’Hara et al., where detailed intra-tumoral temperatures were documented using micro-
thermocouples [72]. Although not shown in color for clarity, the whole leg is at elevated temperature.
This is described numerically at the left side of the figure. (Right Panel) Temperature distributions in
human and canine sarcomas heated with phased radiofrequency devices have a peaked temperature
distribution in which the temperatures closer to the center are higher than those at the tumor edge.
Typically, some surrounding normal tissue is heated to mild temperatures, as depicted. Note also
that maximum intra-tumoral temperatures are higher than what is seen in rodent tumors. This is a
schematic representation of non-invasive thermometry obtained in human sarcomas [79–81].

3.2. Thermometry in Human Tumors Is Mainly Acquired from Implanted Thermal Probes

Since temperatures in human tumors are heterogeneous, thermometry is essential
to assess the therapeutic value of a treatment. The vast majority of clinical thermal data
to date has been derived from direct intra-tumoral measurements. Typically, one to two
catheters are placed into the tumor and temperatures are measured as thermometers
are pushed back and forth within the catheter [82]. The resultant data are depicted by
descriptors of the temperature distribution, such as T90 [10th percentile of distribution],
T50 [distribution median] or T10 [90th percentile] [82]. Descriptors of the temperature
distribution do not reveal anything about the spatial distribution of temperature, but rather
provide an overall summary for the tumor as a whole. Non-invasive thermometry can
provide spatially encoded thermal data, and this method has been implemented in some
patients [78,81,82]. In the future, combinations of non-invasive thermometry with imaging
of physiologic response may reveal whether intra-tumoral heterogeneity of physiologic
response in tumors is dictated by local temperature variation.

4. Effects of Hyperthermia on Tumor Metabolism

It has been reported previously that enzyme activity increases with temperature and
time of heating until the point where enzyme denaturation occurs [83]. These effects are
observed during heating and could influence oxygenation during HT. However, effects
occurring during HT may not be related to what happens 24–48 h later. There are two
documented effects in tumors after HT that could influence oxygen consumption rate:
(1) switch to anaerobic metabolism and (2) direct cytotoxicity by hyperthermia.

4.1. Switch to Anaerobic Metabolism after Hyperthermia Treatment

Kelleher utilized a near-IR heating device to heat DS-sarcomas in rats for 60 min [84].
This device yielded temperature distributions analogous to what is seen clinically, with T90,
T50 and T10 values of 42.6, 43.8 and 44.8 ◦C, respectively. Using a bioluminescence method
in snap frozen tissues, lactate and glucose levels were significantly increased, whereas ATP
concentrations were decreased after HT. The depletion in ATP concentration is consistent
with a reduction in oxidative phosphorylation, whereas the increase in lactate concentration
is consistent with a switch to anaerobic metabolism. This switch to anaerobic metabolism is
associated with reduction in oxygen consumption rate.

Others have used 31-P Magnetic resonance spectroscopy to monitor ATP concentra-
tions immediately after HT at various temperatures and times of heating [85,86]. They
showed significant temperature and heating time-dependent reductions in ATP/Pi
(Pi = inorganic phosphate) ratio at temperatures between 43 and 44 ◦C. In canine sar-
comas, depletion in ATP/Pi ratio at 24 h post HT was dependent upon CEM43T50 and
CEM43T90 during heating [87]. Further, reduction in ATP/PME [phosphomonoester] was
significantly correlated with probability of pathologic complete response rate (pCR rate)
in humans with soft tissue sarcomas [87]. Although the time intervals after HT when
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measurements were made in rodents and these spontaneous sarcomas are different, there
is remarkable similarity in the temperature dependence of ATP depletion.

We conducted a phase II study in human soft tissue sarcomas, where we hypoth-
esized that reaching a pre-determined thermal dose would lead to >75% incidence of
pCR rate [88]. We failed to prove the hypothesis, but in parallel studies conducted in
the same patient series, we found that pre-treatment metabolic factors, such as hypoxia,
phosphodiester/inorganic phosphate (PDE/Pi) and phosphomonoester/Pi (PME/Pi) ra-
tios, were associated with pCR rate [89]. We speculated that in this particular trial,
pre-treatment physiology interfered with our ability to show the hypothesized thermal
dose–response relationship.

Moon et al. examined potential underlying mechanisms for the apparent switch to
anaerobic metabolism after 42 ◦C HT [57]. HT increased hypoxia inducible factor-1α (HIF-
1α) for several hours after HT. HIF-1 is a heterodimer, consisting of HIF-1α and HIF-1β
subunits. When bound together, HIF-1 enters the nucleus and initiates transcription of many
genes, including PDK1 (3-phosphoinositide-dependent kinase 1), which controls the switch
to anaerobic metabolism. Normally, HIF-1α is efficiently degraded by prolyl hydroxylases
that initiate degradation of HIF-1α so that the heterodimer does not form [65]. HIF-1α is
stabilized during hypoxia because the prolyl hydroxylases require oxygen for their action.
However, in the case of HT, inactivation of HIF-1α degradation was associated with an
increase in oxidative stress. The switch to anaerobic metabolism would reduce oxygen
consumption rate, since anaerobic metabolism does not rely on oxygen to produce ATP.

Radiotherapy is also known to increase HIF-1 dependent transcription, but underlying
mechanisms for HIF-1 upregulation are different from HT and are radiation dose dependent.
For doses in the range of conventionally fractionated radiotherapy, HIF-1 dependent
transcription is upregulated in response to increased oxidative stress associated with
reoxygenation [90], followed by prolonged HIF-1 upregulation in response to massive
nitric oxide production by infiltrating macrophages [91]. Higher single radiotherapy doses,
in the range of 15Gy, decrease perfusion and increase hypoxia by causing microvascular
damage; HIF-1 dependent transcription is subsequently upregulated by hypoxia [92]. Mild
temperature heating immediately after high dose radiation reduces the radiation induced
upregulation of HIF-1α caused by vascular damage by radiotherapy [92]. These differing
effects of HT and radiotherapy dose on HIF-1 expression may be important in affecting
tumor metabolism and treatment response.

Another method for assessing metabolic response to HT is 18-FDG-PET. Glucose
uptake would be expected to increase if there is a switch to anaerobic metabolism, in the
absence of extensive tumor cell killing by treatment. Some studies have been conducted in
human patients prior to and after HT. However, these reports involved repeat scans taken
weeks into the treatment course or even after treatment was completed. These studies
showed that reductions in 18-FDG-PET uptake are associated with pathologic response in
patients with esophageal cancer [93], rectal cancer [94] and soft tissue sarcomas [95]. The
results are more likely dominated by extent of cell killing than by HT induced changes in
cellular glucose uptake.

4.2. Direct Cytotoxicity of HT

The cytotoxic effects of HT are logarithmically related to temperature and linearly to
the time of heating [96]. Sapareto and Dewey were the first to develop means to relate any
time–temperature history into an equivalent number of minutes of heating at 43 ◦C [61].
This formulation has proven useful in describing tissue damage across a range of tissue
types and temperature time histories as long as temperature is less than 50 ◦C [21,96]. The
acronym for cumulative equivalent number of minutes at 43 ◦C is referred to as CEM43.
An important question is whether there is enough direct cytotoxicity from HT to influence
oxygen consumption rates.

Rosner et al. [97] conducted a theoretical study asking how much cell killing would be
expected from a non-uniform temperature distribution typical of what is observed clinically.
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The temperature distributions were derived from a finite element heat transfer model of a
simulated subcutaneous tumor, where power was delivered from a microwave applicator.
Cytotoxicity was predicted based on a stochastic model of cell killing probability, based on
survival curve data from CHO cells. For 60 min HT, the simulations revealed that 30–50%
of cells would be directly killed by HT with a T90 of 41 ◦C. This occurs because of cell
killing temperatures higher than the T90. Simulated temperatures above the T90 ranged
up to 45.5 ◦C. Thermal killing of 30–50% of tumor cells would be sufficient to have an
important impact on oxygen consumption rate and tumor hypoxia [66].

Below, we provide additional clinical results, addressing the question of whether
increases in perfusion and/or direct cell killing by HT contributes to reoxygenation.

5. Effects of Hyperthermia on Tumor Perfusion and Hypoxia

Most of the published pre-clinical data have focused on effects of HT on perfusion and
hypoxia during or immediately after treatment. However, there is a second body of work
that has focused on effects that occur 24–48 h after treatment. Both will be discussed.

5.1. Physiologic Effects during or Immediately after Heating

The effects of HT on tumor perfusion and hypoxia have been studied extensively at the
pre-clinical level. Pre-clinical data demonstrate an increase in perfusion and oxygenation
during and shortly after heating at mild temperatures (39–42 ◦C) at heating times of
30–60 min [98,99]. At temperatures >43–46 ◦C for 30–60 min there is significant damage
to vasculature, leading to hypoxia, anoxia and necrosis [100]. Thus, at the pre-clinical
level, the physiologic response of tumors during or immediately after HT is bi-phasic. If
reoxygenation occurs only during the application of HT, then taking advantage of it with
radiotherapy would require simultaneous application of radiotherapy with HT.

5.2. Physiologic Effects Occurring after Heating

In his Robinson Award manuscript, Oleson hypothesized that the enhanced effec-
tiveness of HT + radiotherapy compared with radiotherapy alone had to be a result of
reoxygenation [101]. The effectiveness of radiotherapy fractions given 24 h after HT could
be influenced by HT induced reoxygenation. Part of his rationale was based on the obser-
vation that the prognostically important temperatures from clinical trials are at the lower
end of the temperature distribution, where little direct cell killing occurs. Subsequent to
Oleson’s paper, several papers were published, showing results that are consistent with
his hypothesis.

Shakil et al. [98] were the first to report on reoxygenation occurring 24 h after mild tem-
perature water bath HT of the R3230Ac rat mammary tumor to 40.5–43.5 ◦C for 30–60 min.
Perfusion increased by 10–33% at the end of 30 min HT. At 24 h post HT, perfusion was fur-
ther increased by two-fold over baseline. Immediately after HT, pO2 values increased two-
fold, compared with baseline. At 24 h post HT, pO2 remained elevated, although lower than
that seen immediately after HT. Similar effects were seen in other tumor models [99,102].

It has been speculated that reoxygenation rarely occurs hours to days after HT
in human subjects; if it does occur, it has little to do with enhancing cell killing by
radiotherapy [14]. Given the complexity of physiologic effects that occur in tumors in
response to HT, this challenge requires rigorous and critical thought. This question will be
addressed in the following discussion of clinical results.

5.3. Human Studies of Reoxygenation Post HT

Brizel et al. [103] reported that reoxygenation occurs at 24 h post heating in a portion
of 38 patients with soft tissue sarcomas treated with pre-operative thermoradiotherapy
(50 Gy in 2 Gy fractions, 5 fractions per week and 1–2 fractions of HT per week, given 1–2 h
post radiotherapy). Oxygenation (Eppendorf pO2 histography) did not change after the
first week of conventionally fractionated radiotherapy. However, median pO2 24–48 h
after the first HT (given during second week of radiotherapy) increased from 6.2 mmHg to
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12.4 mmHg, which was statistically significant. There was a significant correlation between
reoxygenation and percent necrosis in the resected tumors. The median T90 in these tumors
was 39.9 ◦C in tumors that had <90% necrosis, vs. 40.0 ◦C for tumors that achieved >90%
necrosis [pathologic complete response; pCR—this small difference was not significant].
T90 values were lower than temperatures required for direct cell killing by HT [96]. This
argues against the idea that pCR was a result of direct cell killing by HT, as hypothesized by
others [14]. Although the results are provocative, a rigorous examination between thermal
dose achieved and extent of reoxygenation and treatment outcome was not undertaken in
this series.

Vujaskovic reported on a series of women with locally advanced breast cancer who
received neoadjuvant chemotherapy consisting of liposomal doxorubicin [MyocetTM and
paclitaxel] combined with HT [104]. The rationale for this treatment was to take advantage
of effects of HT on vascular permeability and liposomal extravasation [105,106]. pO2
measurements were made, using Eppendorf pO2 histography, prior to and 24 h after the
second HT, which coincided with the second chemotherapy treatment course. Eleven of
eighteen tumors were hypoxic (median pO2 < 10 mmHg). In the hypoxic tumors, eight
out of eleven exhibited reoxygenation [median pO2 = 19.2 mmHg]. The response rate for
hypoxic tumors that reoxygenated was higher than a sub-group that did not reoxygenate.
There was no correlation between extent of reoxygenation and thermal dose in this group
of patients, but there was a trend indicating that chances of reoxygenation were greater if
median T50 remained between 39.5 and 41 ◦C [104]. This trend, showing a better chance for
response with relatively low T50 values, was consistent with a separate group of patients
with locally advanced breast cancer who were treated with pre-operative HT, radiotherapy
and taxol [107]. Tumors that achieved either a partial or complete response were well
oxygenated at baseline or reoxygenated by a median of 18 mmHg. Those tumors that had
no response to treatment showed a reduction of pO2, by a median of 9 mmHg. In this
clinical series, temperatures were not high enough to cause appreciable direct cell killing
by HT.

5.4. Canine Studies of Reoxygenation Post HT

Vujaskovic also reported on changes in tumor oxygenation in a series of 13 dogs with
soft tissue sarcomas treated with thermoradiotherapy [62]. Oxygen measurements were
made prior to and 24 h after the first HT. The Oxford Optronix™ fluorescence lifetime
probe was used to measure pO2 in multiple locations by placing the probe deep in the
tumor and then recording pO2 during using a pull-back. Reduction in hypoxic fraction
(HF) was observed for T50 values ranging from 39.5 to 44 ◦C. HF increased when T50
values were >44 ◦C. Consistent with the human studies, mild temperature HT improved
tumor oxygenation, whereas higher temperatures contributed to apparent vascular damage,
with an increase in tumor hypoxia. In this study, correlations between the oxygenation
measurements with treatment outcome were not made.

Thrall et al. [108] conducted a randomized thermal dose escalation clinical trial that
compared long term local tumor control in 122 dogs with soft tissue sarcomas that were
randomized into two different thermal dose groups in combination with fractionated
radiotherapy (2.25 Gy/fx, 25Fx). There was a 17-fold higher CEM43T90 in the high vs. the
low HT dose group (Figure 2A). The difference in thermal dose was achieved by generating
higher temperatures and longer heating times in the high thermal dose group (Figure 2B,C).
Duration of local tumor control was significantly longer in the high thermal dose group,
with a hazard ratio of 2.3 in multivariate analysis.
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Figure 2. Thermal dose characteristics of thermal dose escalation trial of Thrall et al. [108]
(A) Comparison of CEM43T10, T50 and T90 values. The trial was designed to deliver approximately a
20-fold difference in CEM43T90 between the low and high dose groups. (B) To achieve this difference
in CEM43T90, and CEM43T10, T50 throughout the tumors were higher. (C) Heating times were also
longer. N = 21 Low dose group; N = 18 High dose group. Data from the subjects for which physiologic
data were reported (Lora-Michaels et al. [109]).

Hypoxia was measured in subgroups of animals in this trial. These results have not
been published previously. The Oxford Optronix™ fluorescence lifetime probe was used
prior to and 24 h after the first HT to determine change in median pO2 and HF in 11 subjects
(% measurements < 10 mmHg). There were significant correlations (Pearson correlation)
between increased median pO2 (p = 0.0230) or reduced HF (p = 0.007) and duration of local
control (Table 1). This observation was corroborated in another subgroup of 16 animals that
were given pimonidazole prior to and 24 h after the first HT. Immunohistochemistry was
used to determine the hypoxic fraction, as described by Cline et al. [110,111]. Reduction
in the % pimonidazole positive area was inversely associated with increased time to local
failure. Caution has to be used, given the small number of patients in these analyses.
However, the similarity between the oxygen probe results and the pimonidazole data
suggest that reoxygenation after the first HT is likely predictive of time to local failure.
Additional studies would be required for validation.

Table 1. Physiological Predictors of Time to Local Failure: Thermal Dose Escalation Trial.

Variable Parameter
Estimate Hazard Ratio Score p-Value Wald p-Value

HF Post-Pre −0.0643 0.94 0.0070 0.0340

Median pO2
Post-Pre 0.0896 1.09 0.0230 0.0710

Pimo % area −6.549 0.00 0.038 0.0510

PDE/ATP 0.2246 1.25 0.0490 0.0640
HF = Hypoxic Fraction—fraction of measurements <10 mmHg; N = 11 for HF and Median pO2; N = 16 Pimo area;
N = 13 PDE/ATP; Pimo = pimonidazole; (PDE/ATP data previously published, Lora-Michaels et al. [109]).
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Thrall et al. reported on another trial of 37 dogs with soft tissue sarcomas that were
treated with two different HT dose fractionation schedules (5Fx (n = 21) vs. 20Fx (n = 16)),
in conjunction with fractionated radiotherapy (2.25 Gy/Fx, 25Fx) [63]. The goal of this
thermal dose fractionation trial was to achieve equivalent CEM43T90 for both fractionation
schedules. The working hypothesis was that the 20Fx group would achieve better anti-
tumor effect compared with the 5Fx group. In the final analysis, CEM43T90 was slightly
and significantly higher in the 5Fx HT arm (29.9 vs. 24.9 CEM43T90 for the 5 vs. 20 HT
fractions, respectively). To accomplish near equivalence in total CEM43T90 between the
treatment groups, the duration of heating for the 5Fx HT group was six-fold longer per
treatment. Although T50 and T10 values were higher for the 5Fx HT group than the 20Fx
HT group, the total CEM 43 T10 and T50 values were higher in the 20Fx HT group. This
was a product of the larger number of HT fractions in this group (Tables S1 and S2).
Multiple physiologic endpoints were measured in these subjects, pre and 24 h after the
first HT: pO2, contrast enhanced perfusion with MRI, apparent diffusion coefficient (ADC)
with MRI, and genomic analysis [112]. Contrary to the hypothesis, the 5Fx HT group
showed greater volume reduction than the 20Fx HT group (p = 0.0022). The physiologic
endpoints associated with treatment group were change in ADC after the treatment course
and change in perfusion at 24 h after the first HT. Additionally, there was a significant
correlation between HF change 24 h after the first HT and tumor volume change at the
end of therapy; as hypoxic fraction was reduced, tumor volume was reduced. The 5Fx
HT group showed a trend toward a reduction in ADC. In contrast, the 20Fx HT group
showed increased ADC values (Figure S1). Increases in ADC values at the end of therapy
were associated with changes in gene expression at 24 h post first HT, consistent with
induction of inflammation [112]. Thus, the increase in ADC with the 20Fx HT group may
be associated with increased edema as a result of inflammation. There was also a significant
difference in perfusion response after the first HT between the two arms. The 5Fx HT arm
exhibited increases in perfusion, whereas the 20Fx HT arm exhibited decreases in perfusion.

Further analyses of data from this trial, which have not been published previously,
suggest that the reoxygenation observed in these tumors is linked to the distribution of
thermal dose. The results of this analysis are shown in Tables 2 and 3.

1. Higher CEM43T10 was associated with an improvement in average pO2 (p = 0.0214)
and reduction in HF (% points < 10 mmHg; p = 0.0451), 24 h after the first HT.

2. There was a significant positive correlation between CEM43T90 and perfusion at 24 h
post first hyperthermia fraction.

3. Increases in average pO2 and perfusion at 24 h after the first HT were correlated with
tumor volume reduction at the end of treatment.

4. Higher Total CEM43T10 and Total CEM43T50 were associated with change in ADC
at the end of treatment (p = 0.007 and p = 0.0007, respectively), but the trends were
different for the 5Fx HT vs. 20Fx HT groups. Reduction in ADC is associated with
lower diffusion coefficient of water, which can be interpreted as a relative decrease in
water mobility. It has been reported that early onset of apoptosis or apoptosis mixed
with necrosis is associated with increased ADC [113,114]. However, in situations
where there is necrosis in the absence of apoptosis, chronic necrosis or fibrosis, ADC
tends to decrease [115,116]. The increase in ADC associated with relatively high
CEM43T10 and -T50 in the 20Fx HT group is consistent with the notion that higher
cumulative thermal doses cause cell killing and increased edema. Extensive cell
death could reduce oxygen consumption rate across a tumor, thereby contributing to
improved oxygenation.

5. Higher CEM43T10 and -T50 were significantly negatively correlated with greater
tumor volume reduction at the end of therapy.
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Table 2. CEM43Tx vs. change in volume, ADC, pO2, HF, iAUC: Thermal Dose Fractionation Trial.

Variable N
CEM43T10 CEM43T50 CEM43T90

Coefficient p-Value Coefficient p-Value Coefficient p-Value

Change ADC
Pre-post * 29 −0.53 0.0030 −0.56 0.0015 0.11 0.5665

iAUC change
24 h ˆ 17 0.07 0.7798 0.23 0.3599 0.5109 0.0311

Median pO2
change at 24 h ˆ 38 0.38 0.0214 0.27 0.1087 −0.07 0.9829

Change HF 24 h ˆ 38 −0.34 0.0451 −0.27 0.1074 −0.07 0.674

Volume change
Pre-Post * 38 −0.42 0.0084 −0.36 0.0258 0.2983 0.17

* Total CEM43Tx; ˆ CEM43Tx first HT; HF = % measurements < 10mmHg; iAUC = DCE-MRI perfusion parameter;
HF = hypoxic fraction.

Table 3. Physiological Predictors of Tumor Volume Change: Thermal Dose Fractionation Trial.

Variable N Coefficient p-Value

iAUC median change 24 h 17 −0.47 0.0472

Median pO2 change 24 h 38 −0.040 0.0146
iAUC = DCE-MRI perfusion parameter.

These results provide a direct link between characteristics of the temperature distri-
bution, potential mechanisms of reoxygenation and treatment response. We hypothesize
that the reduction in hypoxia is associated with a reduction in oxygen consumption rate
associated with the higher end of the thermal dose distribution (CEM43T10, -T50), combined
with an increase in perfusion associated with the lower end of the temperature distribution
(CEM43T90) (Figure 3).

There are some conundrums in the results, however. Contrary to the correlation
between T10 and ADC change at the end of treatment, there was no correlation between
T10 and ADC change at 24 h post treatment [117]. These results could be interpreted as
indicating that cell killing does not contribute to reoxygenation 24 h after the first HT. It is
possible that this lack of correlation of T10 with ADC change at 24 h post HT has to do with
the relatively small volume of tumor represented by the T10 (90% of measurements would
be <T10). If there was direct cytotoxicity after the first HT in the volume represented by
the T10, it may not have impacted the overall median ADC. Another option to consider is
that temperatures >T50 interfered with respiration, thereby reducing oxygen consumption
rate. As discussed earlier in this review, respiration is relatively thermosensitive and is
reduced in the temperature range of T10 and T50 (see Figure 2). A reduction in oxygen
consumption rate, even in a small sub-volume of the tumor, would be sufficient to impact
oxygen transport and reduce hypoxic fraction. Additional evidence for a reduction in
oxygen consumption rate as a contributor to reoxygenation comes from observations that
HIF-1 regulated genes and proteins were upregulated after HT [63,112] in these subjects.
Increases in HIF-1 would cause a switch to anerobic metabolism [57,118]. Finally, it was not
possible to follow these individuals to ascertain long term local tumor control or progression
free survival. Clearly, further research is required.
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Figure 3. Potential mechanisms for reoxygenation following HT. The boxes in this figure contain
putative mechanisms for reoxygenation, along with supportive data acquired from canine soft tissue
sarcomas and/or human patients with soft tissue sarcomas or locally advanced breast cancer. The
terms highlighted in red font are observations that support the proposed mechanisms. The box
highlighted in green lists treatment responses that are linked back to the physiologic response
observations. The superscripted letters next to the individual measurements refer back to the papers
in which the observations were reported. a—[63]; b—[62,63]; c—[87]; d—[62,63,104,107,119]. The
temperatures listed are linked to typical heating times of 60 min per HT fraction.

Viglianti et al. [120] examined tumor perfusion using DCE/MRI [dynamic contrast
enhanced MRI] prior to and 24 h post first HT in the canine soft tissue sarcomas treated
with thermoradiotherapy. Perfusion was measured prior to and 24 h after the first HT, [120].
Although perfusion increased in some subjects after HT, there was no association with
local tumor control. Vaupel suggested that integrated temperature–time combination could
be associated with biphasic vascular effects of HT [51]. Further work would be needed
to verify that physiologic effects are associated with this measure of thermal dose. The
integrated time–temperature approach has been reported to be associated with treatment
outcome to thermoradiotherapy, however [121,122].

Recently, Thomsen et al. [123] reported on changes in oxygenation of the chest wall
skin of normal subjects and patients with chest-wall recurrences of breast cancer. Water-
filtered infrared-A-irradiation was used to heat this superficial tumor site. Hyperspectral
imaging was used to ascertain hemoglobin saturation. Implanted fiber optic oxygen sensors
(Oxford Optronix™, fluorescence life time probe) were used to measure pO2 directly. In
normal volunteers, tissue oxygenation increased during HT to reach an elevated plateau
and slowly declined after power was turned off. Measurements of Hbsat followed a similar
pattern, with elevations persisting up to 15 min post heating [123]. Preliminary patient data
were also provided, suggesting a similar time course for change in oxygenation. These data
are provocative. We await follow up reports as to whether improvements in oxygenation
in these tumor bearing subjects are associated with treatment outcome.

Waterman et al. [124] measured perfusion in superficial human tumors during HT
using a thermal diffusion method based on monitoring the rate of decline in temperature
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during brief periods of turning off microwave applicator power. He also observed increases
in perfusion during heating [124]. These patients were treated with thermoradiotherapy,
but the authors did not report whether the changes in perfusion were associated with
tumor response.

Thrall et al. [119] reported on changes in tumor hypoxia in a series of seven dogs
over a five-week course of thermoradiotherapy. Hypoxia was measured using the Oxford
Optronix™ fluorescence lifetime probe 3–4× per week. In four out of five tumors that
were hypoxic at baseline, reduction in hypoxia observed after the first HT continued to be
observed throughout the treatment course. This included measurements that were made
during several day intervals when HT was not administered. In a fifth marginally hypoxic
tumor at baseline, pO2 values dropped to near zero at 24 h post first HT and remained that
way for the duration of the treatment course. The remaining three tumors were not hypoxic
to start with and the treatment course did not cause hypoxia. In this series of tumors, T90
values were far below those that would cause appreciable direct cell killing by HT.

6. A Look Backward and Future Directions

As indicated in the beginning of this review, there were concerns raised as to whether
reoxygenation occurs in 1–2 days after HT and, if so, whether it has any influence on
radiobiologically significant hypoxia [14]. We can say without reservation that reoxygena-
tion can occur up to 24 h and perhaps even longer after HT. We showed this was the
case in: (1) human soft tissue sarcomas [103], (2) four separate series involving canine
soft tissue sarcomas [62,63,109,119] and (3) in two clinical trials of women with locally
advanced breast cancer [104,107]. Concerns were raised as to whether clinical responses,
such as pathologic CR rate, were simply caused by HT induced necrosis as opposed to
reoxygenation having an effect on radiosensitivity [14]. Although we show clear evidence
that CEM43T10 and CEM43T50 are associated with necrosis induction, temperatures at the
lower end of the distribution are too low to cause direct cell killing by HT (Figure 2 and
Table S1). Similar results were reported previously in human sarcomas [73]. Thus, it seems
implausible to explain complete pathologic response or early tumor response by simple
necrotic cell killing, as has been suggested by others [14].

We have speculated that reoxygenation occurs as a result of direct HT cytotoxicity of
aerobic cells, which in turn reduces overall oxygen consumption rate across the tumor. One
cannot rule out that the main effect is simply the result of preferential HT killing of hypoxic
tumor cells and that oxygen consumption rate is not important here. However, we argue
that oxygen consumption does occur in relatively hypoxic tumor subregions. Hypoxic
regions are not totally hypoxic. They are composed of many microscopic foci of hypoxia that
also contain well-oxygenated cells near blood vessels [125]. Less hypoxic subregions contain
less of these hypoxic foci. Such patterns are readily discernable by looking at the distribution
of hypoxia marker drug retention in tumor sections stained immunohistochemically for
hypoxia marker drug–protein adducts [126,127]. Killing of aerobic cells lying within
relatively hypoxic subregions would contribute to reduced oxygen consumption across
a whole tumor. Killing of cells could be by direct coagulative necrosis in regions near
the T10 values, which are at or above 45 ◦C. On the other hand, moderate temperature
thermal killing (T50 values of 42–43 ◦C) could reduce oxidative phosphorylation [87,109]
and/or induce apoptosis in aerobic tumor cells, thereby contributing to reduced oxygen
consumption as well as reducing tissue pressure to enhance perfusion [128]. However, we
acknowledge that further work would be needed to resolve whether direct hypoxic tumor
cell killing alone or in combination with reduced oxygen consumption rate contributes to
reoxygenation. One method that could be used to resolve this question is 15O PET [129].

Importantly, reoxygenation does not occur in all subjects. In fact, hypoxia is exacer-
bated 24 h post HT in some subjects [104,107,119]. Mechanisms for this heterogeneous
response are not currently delineated. It is possible that the microvasculature in some
subjects is less mature and more thermally sensitive. Immature microvasculature is devoid
of pericyte coverage and lacks strong endothelial cell junction connections. Such microves-
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sels are sensitive to VEGF withdrawal [130] and are more thermally sensitive [131–133].
Selective destruction of such vessels by HT would lead to necrosis and hypoxia. Alterna-
tively, induction of hypoxia could occur as a result of vascular steal. Vascular steal has
been described as being responsible for reduced perfusion and increased tumor hypoxia
in response to some vasoactive drugs, for example. Upon drug treatment, vasodilation
of surrounding normal vasculature occurs [134,135]. Tumor vessels, on the other hand,
are often devoid of smooth muscle and cannot vasodilate. Vascular steal occurs because
of the shift in flow resistance between normal and tumor tissue, which thereby shunts
perfusion to the surrounding normal tissue [135]. Arterioles and venules in normal tissue
are more thermally resistant than tumor arterioles [53]. This relative difference in thermal
resistance to permanent stasis could increase flow in normal tissue at temperatures that
cause vascular stasis in tumors. Further work is needed to more fully explain why reoxy-
genation occurs in some subjects, while in others, hypoxia is exacerbated. In any case, the
heterogeneous response of tumors to HT in different subjects points to the need to measure
extent of hypoxia before and during HT treatment regimens in order to differentiate those
subjects who benefit from HT-induced reoxygenation vs. for which HT is contraindicated.
As described earlier, high rates of heating could also contribute to vascular damage and
persistent hypoxia [53,54].

It is likely that the characteristics of the temperature distribution and/or tumor location
have an important role in the physiologic response to HT in human subjects. Perfusion
was measured prior to and immediately after HT in a subject with cervix and rectal
cancer, using H2

15O-PET [136]. Increases in perfusion were not observed. There was an
increase in water partition coefficient, which the authors speculated could influence oxygen
transport. The temperatures achieved were lower than those seen in sarcomas, averaging
40.7 ± 0.6 ◦C vs. median temperatures of 41–42 ◦C in sarcomas [121].

It is also important to consider whether HT induced reoxygenation plays a role in
immune surveillance. Both HT and radiotherapy are known to enhance immune surveil-
lance by a range of mechanisms [20,137]. However, both hypoxia and lactic acidosis exert
a negative influence on the innate and adaptive immune systems [20,28]. Reoxygenation
induced by HT, therefore, could be playing an important role in the enhanced anti-tumor
effect of thermoradiotherapy. An increase in perfusion along with killing of hypoxic tu-
mor cells could reduce lactate levels (and increase pHe) as well, thereby contributing to
enhanced immunity. We have previously shown a direct positive correlation between
HT induced increases in perfusion at 24 h post HT and increases in pHe [120]. We did
not find a correlation of these changes with local tumor control after thermoradiotherapy
to soft tissue sarcomas in dogs, but increases in pHe 24 h post HT were associated with
prolonged metastasis free survival. Low baseline pHe was associated with shorter time
to metastasis, as well [109]. Perhaps these differences in tumor acidity at baseline or after
HT were associated with tumor immunity. Further work needs to be conducted to define
underlying mechanisms.

Although the results shown here support underlying mechanisms for reoxygenation
following HT, they are limited by lack of spatially registered data. Functional imaging holds
potential to uncover how spatially varying thermal doses affect tumor physiologic response.
Using MRI, it is possible to acquire temperature distributions, serial measurements of
perfusion distribution and ADC distribution in the same tumor. Oxygen sensitive MR
imaging methods and/or 18F-misonidazole PET imaging [138] could reveal information
about the spatial distribution of hypoxia. Using such data, it would then be possible to
estimate the efficiency of cell killing across a tumor.

A preliminary effort was conducted to ascertain the efficiency of cytotoxicity following
a thermoradiotherapy treatment in a human soft tissue sarcoma, where non-invasive
thermometry was used to ascertain the temperature distribution, and radiation treatment
planning revealed the spatial distribution of RT dose within the same tumor. Effects of the
varied temperature distribution on cell survival were estimated using extensive cytotoxicity
data of CHO cells by Loshek, who measured the time dependence of cell killing for 42 ◦C
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HT alone, RT alone and the combination [139]. All of the temperature data within the
heated volume of the example case were converted to equivalent minutes at 42 ◦C, using
the Sapareto and Dewey CEM formalism [61]. For further details about the methods for
determining cell survival, please see Text S1 for further information. The soft tissue sarcoma
in the calf of a human patient is depicted in Figure 4. Figure 4A shows the location of the
tumor, as imaged by ADC. Figure 4B shows the temperature distribution, measured by
proton resonance frequency shift MRI [81]. Figure 4C depicts the radiation dose distribution
from treatment planning. The predicted cell kill within each image pixel from a single dose
of radiation is in the range of 50% and is uniform within the irradiated volume because the
spatial distribution of radiation was set to be uniform by treatment planning (Figure 4E).
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Figure 4. Imaging and simulation of combined HT and radiation treatment of a sarcoma. Images show
a cross-section through a human patient’s calf. Simulations are based on results of Loshek et al. [139]
for dependence of survival fraction of Chinese hamster ovary cells on doses of combined radiation
and heating, together with results of Sapareto and Dewey [61] for the dependence of thermal dose on
temperature. The period of heating was 54 min. Details of the simulation are provided in Text S1.
(A) Diffusion weighted MRI image of thigh cross-section. Tumor region is outlined in red and
transferred to other images. (B) Temperature distribution in tissue during hyperthermia, obtained
by non-invasive MRI thermometry. (C)Radiation dose derived from treatment plan. (D) Predicted
cell kill from HT alone. All cell kill values are expressed in terms of −log10 (survival fraction).
(E) Predicted cell kill from radiation alone. (F) Predicted cell kill from combined HT and radiation.

The impact of the varied temperature distribution on cell killing (as depicted by
−log10 (survival)) shows highly efficient killing in the hottest tumor regions, along with
virtually no killing in the cooler regions of the tumor (Figure 4D). The influence of thermora-

127



Cancers 2022, 14, 1701

diosensitization on cell killing is seen in Figure 4F. Careful examination shows enhanced
killing efficiency around areas of cell killing by HT alone (Figure 4D). These data reveal
interesting insights into the influence of temperature variation on the distribution of cell
killing. First, the extent of cell killing is much greater for HT than for a 2 Gy dose of RT
alone within the hotter tumor regions. The greatest cell killing, on the order of 5 logs/pixel,
occurs in 10–15% of the tumor region. Killing in these hotter regions would be expected to
reduce oxygen consumption rate, thereby contributing to reoxygenation in the rest of the
tumor hours to days after HT. Second, although thermoradiosensitization is evident, it is
not as extensive as one might project, particularly in the cooler regions of the tumor. Even
this one example case suggests that more simulations of this type should be considered,
especially if information about hypoxia is added.

We have also conducted a series of simulations of tumor control probability [TCP]
based on the Loshek data referred to above [139]. We considered the impact of once
weekly HT induced radiosensitization (Text S2 and Figures S2 and S3) on cell survival
and TCP over a six- or seven-week course of conventionally fractionated radiotherapy.
Secondly, we considered the impact of a portion of hypoxic tumor cells moving to the
aerobic compartment 24 h post HT (Text S2 and Figure 5). These simulations are based on
observations that we made in canine sarcomas [119]. Even a 30% shift after each weekly
HT leads to a TCP nearing 100%. On the other hand, TCP drops quite significantly if a
tumor becomes more hypoxic after HT, as we have observed in some subjects. Lack of
reoxygenation is predicted to render the tumor described as incurable with the radiotherapy
doses described.
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Figure 5. Predicted tumor control probability [TCP] for conventionally fractionated
radiotherapy + HT, where HT is administered once weekly. The impact of HT induced reoxygenation
at 24 h post HT is depicted, as the proportion of hypoxic cells that reoxygenate vs. proportion of
aerobic cells that become more hypoxic after each HT. TCP reaches nearly 100% if even 30% of
hypoxic tumor cells reoxygenate 24 h after each HT, thereby affecting cytotoxicity of the radiotherapy
fraction given the day after HT. On the other hand, TCP drops quickly in a condition where aerobic
tumor cells become more hypoxic 24 h after HT. Although reoxygenation occurs more frequently
with HT, one must remain aware of the smaller population of tumors that become more hypoxic after
HT, as such effects are predicted to substantially reduce TCP. Details of these simulations are shown
in Text S2.

Despite clear evidence that reoxygenation can occur up to 24–48 h after HT in some
canine and human tumors, it is not definitively known whether reoxygenation occurring in
an individual’s tumor is associated with long-term treatment outcome. We report on two
small subset analyses in canine soft tissue sarcomas suggesting that reoxygenation after the
first HT can influence duration of local tumor control after thermoradiotherapy. However,
validation is required in larger patient series. Future studies should be directed toward
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answering whether changes in oxygenation after HT correlate with local tumor control
and progression free and overall survival. We also caution that the human sarcoma and
locally advanced breast cancer and canine sarcoma data reported in the review are based
on several small studies. Further clinical trials, with greater numbers of subjects, would
be needed for validation of the observation that reoxygenation after HT results in better
anti-tumor effect.

It is also important to note that many other factors, independent of reoxygenation or
thermal dose, per se, may influence treatment response to thermoradiotherapy. Examples
include: (1) technical variations in application of HT [19,78], (2) variations in sequence
and/or time interval between HT and radiotherapy [19], (3) rate of heating [54]; other
physiologic factors such as pH, perfusion and/or metabolism and patient specific factors
such as age [140,141], smoking history [142,143] and genomic variation [112,144]. Thus,
as we have attempted to tease out how hypoxia and reoxygenation influence treatment
outcome, it is important to keep in mind that many factors can play into the ultimate
outcome for a specific patient. Trials conducted in the future could benefit from data
acquisition of as many potential mitigators as possible.

7. Returning Back to Differences in Temperature Distributions between Rodent and
Human Tumors

Finally, we need to come back to our original premise that differences in temperature
distribution between rodent tumors vs. human and canine tumors are physiologically
important. We show that thermal doses at the higher end of the distribution in human and
canine sarcomas create ADC changes that are consistent with induction of necrosis and,
ironically, reoxygenation. In contrast, temperatures in the lower end of the distribution
are associated with increased perfusion. These physiologic changes are associated with
treatment response. Such heterogeneity in physiologic response within human and canine
tumors would not have been seen in rodent tumors, where water bath heating yields a fairly
uniform temperature distribution. This raises the question, then, of why reoxygenation has
been observed in some rodent tumors and not in others after uniform mild temperature
water bath heating? There are two potential explanations for this: (1) It has been shown
that mild temperature HT increases HIF-1α expression in some tumors [57]. HIF-1, in turn,
upregulates PDK-1, which controls the switch from aerobic to anaerobic metabolism. This
switch would reduce oxygen consumption rate, thereby contributing to reoxygenation.
(2) Mild temperature heating has been reported to induce apoptosis and/or senescence
in some tumor cell types in vitro and in vivo [145,146]. The induction of apoptosis and
senescence would reduce oxygen consumption rate. Apoptosis could also contribute to
improved perfusion as a result of reduced tissue pressure [128]. The preponderance of
apoptosis appears to be temperature dependent, with increases occurring with temperature
up to 43 ◦C for 30–40 min [147]; above this, necrosis becomes the primary cell death
mechanism [147]. It is likely that the aforementioned putative mechanisms of reoxygenation
occur in some tumor lines, but not all. Uncovering mechanisms for variation creates a clear
framework for future pre-clinical research, as mechanisms may very well be associated
with treatment responses in human tumors as well.

It is also important to consider potential reasons for variation in treatment response,
within specific tumor lines. Examination of individual variability in tumor response has
rarely been examined in pre-clinical models. One example is provided that involved HT.
Palmer et al. examined individual responses of the ovarian tumor model, SKOV-3, to
a thermosensitive liposome containing doxorubicin [148]. The tumors were heated to
42 ◦C for 60 min by water bath. Using optical spectroscopy, they measured hemoglobin
saturation [Hbsat], total hemoglobin and drug concentration in heated tumors. The primary
outcome variable was growth time [time to reach 3 times treatment volume]. Hbsat and drug
concentration were significantly related to growth time. Further, cluster analysis revealed
that tumors with both low Hbsat and low total Hb had relatively short growth times.
Total Hb is related to blood volume and perfusion rate. Although optical spectroscopy is
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not widely available, there are many other ways to non-invasively measure parameters
related to tumor hypoxia, perfusion and ADC in mice, using MRI or PET [24,149]. It is
recommended that pre-clinical study designs involving monitoring of individual treatment
responses be considered for future research. Additionally, it is advised to use heating
methods that yield peaked temperature distributions that mirror what is seen clinically.
For example, Kelleher used a near infrared method that achieved a peaked temperature
distribution in a rat tumor line [84]. Such studies could prove invaluable in setting the
stage for future human clinical trial designs.

8. Conclusions

In this review, we provide convincing evidence that HT causes prolonged reoxygena-
tion lasting at least 24–48 h in both human and canine cancers. Further, we show that
reoxygenation is likely caused by increased perfusion as well as a putative reduction in
oxygen consumption rate. Importantly, these effects are linked to characteristics of the
peaked temperature distribution that usually accompany HT treatment of solid cancers in
the clinic. The higher end of the temperature distribution is associated with evidence of
cell killing and/or reduced oxygen consumption rate, whereas temperatures at the lower
end of the distribution are associated with increases in perfusion. These effects appear to
be occurring simultaneously in tumors after HT.

We hypothesize that the relative lack of validation of such results in pre-clinical models
is due to the fact that rodent tumor heating is usually performed in water baths that do not
yield peaked temperature distributions seen in the clinic.

Finally, we end with a suggestion for future clinical studies that carefully examine
the impact of HT on cell killing and physiology by combining functional imaging with
estimates of cell survival based on in vitro cell survival curve data. Such studies are likely
to provide important insights into which features of HT+RT (direct cell killing by HT, direct
cell killing by RT, reoxygenation influence on RT cell killing and heat radiosensitization)
will have the greatest influence on local tumor control.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14071701/s1, Table S1: Temperatures obtained during
1st HT: Thermal dose fractionation trialˆ, Table S2: Key Thermal Characteristics: Thermal dose
fractionation trialˆ, Figure S1: Total CEM43T10 vs. Relative Change in ADC Mean Post/Pre; Text S1:
Supplemental Methods pertaining to Figure 4, Text S2: Supplemental Materials related to Figure 5;
Figure S2: Predicted clonogenic survival vs. day of treament, taking into account heat radiosensitiza-
tion; Figure S3: Predicted tumor control probability vs. Day of Treatment. This figure depicts the
theoretical tumor control probability vs. day of treatment for the two scenarios shown in Figure S2.
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Simple Summary: Hyperthermia (HT) is a cancer treatment which locally heats the tumor to supra-
physiological temperature, and it is an effective sensitizer for radiotherapy (RT) and chemotherapy.
HT is further capable of modulating the immune system. Thus, a better understanding of its effect
on the immune phenotype of tumor cells, and particularly when combined with RT, would help
to optimize combined anti-cancer treatments. Since in clinics, no standards about the sequence of
RT and HT exist, we analyzed whether this differently affects the cell death and immunological
phenotype of human breast cancer cells. We revealed that the sequence of HT and RT does not
strongly matter from the immunological point of view, however, when HT is combined with RT,
it changes the immunophenotype of breast cancer cells and also upregulates immune suppressive
immune checkpoint molecules. Thus, the additional application of immune checkpoint inhibitors
with RT and HT should be beneficial in clinics.

Abstract: Hyperthermia (HT) is an accepted treatment for recurrent breast cancer which locally heats
the tumor to 39–44 ◦C, and it is a very potent sensitizer for radiotherapy (RT) and chemotherapy.
However, currently little is known about how HT with a distinct temperature, and particularly,
how the sequence of HT and RT changes the immune phenotype of breast cancer cells. Therefore,
human MDA-MB-231 and MCF-7 breast cancer cells were treated with HT of different temperatures
(39, 41 and 44 ◦C), alone and in combination with RT (2 × 5 Gy) in different sequences, with either RT
or HT first, followed by the other. Tumor cell death forms and the expression of immune checkpoint
molecules (ICMs) were analyzed by multicolor flow cytometry. Human monocyte-derived dendritic
cells (moDCs) were differentiated and co-cultured with the treated cancer cells. In both cell lines,
RT was the main stressor for cell death induction, with apoptosis being the prominent cell death
form in MCF-7 cells and both apoptosis and necrosis in MDA-MB-231 cells. Here, the sequence of the
combined treatments, either RT or HT, did not have a significant impact on the final outcome. The
expression of all of the three examined immune suppressive ICMs, namely PD-L1, PD-L2 and HVEM,
was significantly increased on MCF-7 cells 120 h after the treatment of RT with HT of any temperature.
Of special interest for MDA-MB-231 cells is that only combinations of RT with HT of both 41 and
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44 ◦C induced a significantly increased expression of PD-L2 at all examined time points (24, 48, 72,
and 120 h). Generally, high dynamics of ICM expression can be observed after combined RT and
HT treatments. There was no significant difference between the different sequences of treatments
(either HT + RT or RT + HT) in case of the upregulation of ICMs. Furthermore, the co-culture of
moDCs with tumor cells of any treatment had no impact on the expression of activation markers. We
conclude that the sequence of HT and RT does not strongly affect the immune phenotype of breast
cancer cells. However, when HT is combined with RT, it results in an increased expression of distinct
immune suppressive ICMs that should be considered by including immune checkpoint inhibitors in
multimodal tumor treatments with RT and HT. Further, combined RT and HT affects the immune
system in the effector phase rather than in the priming phase.

Keywords: hyperthermia; radiotherapy; immune phenotype; hyperthermia treatment sequence;
breast cancer; immune checkpoint molecules; dendritic cell activation

1. Introduction

Breast cancer is the most commonly diagnosed cancer amongst women with 23%
of total cancer cases and 14% of cancer-related deaths, which makes it the leading cause
of cancer-related deaths in women [1]. About 30% of those who are diagnosed with
early-stage breast cancer develop distant metastasis later on [2]. Therefore, the goal of
anti-cancer therapy should be local tumor control as well as a focus on systemic effects to
detain the cancer cells and avoid metastasis. This can be achieved by combining standard
cancer therapies, namely radiotherapy (RT) and chemotherapy (CT), with further immune
modulators. Immune checkpoint inhibitors (ICIs) have shown some effectiveness in triple
negative breast cancers here [3].

In recent years it has become obvious that hyperthermia (HT) is also capable of
modulating the immune system [4]. HT is commonly used as an adjuvant therapy with
standard cancer treatments like RT and CT [5–9]. HT causes increased blood flow and
oxygenation of the tissue, and it affects the cellular repair of DNA damage caused by
irradiation, making it one of the most potent radiosensitizers [10,11]. Besides its radio- and
chemo-sensitizing properties, HT can create favorable conditions for anti-tumor immune
responses that can be further improved by immunotherapies [12]. It has further been shown
that HT selectively induces apoptosis in hypoxic cancer cells and increases the cytotoxicity
of immune cells against target cancer cells, making it less harmful to normal tissue [13].

One can conclude that HT has both direct effects on the tumor cells and systemic effects,
which are mainly immune-mediated. A key focus has been set on the activation of dendritic
cells (DCs) by HT- and/or RT-treated tumor cells. Danger-associated molecular patterns
(DAMPs), such as high mobility group box 1 protein (HMGB1) and heat shock proteins
(HSPs), activate immune cells when being released by the cancer cells after HT [14–18].
Tumor antigens that are bound to HSPs are taken up by antigen presenting cells (APCs) such
as DCs, which further cross-present them to CD8+ T-cells, ideally leading to their activation
and subsequent T cell-mediated eradication of tumor cells [18,19]. Furthermore, natural
killer cells are also activated by HSPs [20]. HT induces not only the release of HSPs but also
cytokines and chemokines, resulting in an improved trafficking of immune cells into the
tumor and an increased cytotoxicity of immune cells [18,21]. Together, these HT-induced
modulations have been preclinically shown to contribute to tumor regressions [15,22].

However, these beneficial local and systemic effects of HT highly depend on numer-
ous factors such as temperature level, timing, and time interval between treatments [23].
Although there are several publications that have suggested standardization of thermal
dosing and timing of the HT application [24,25], this is still lacking for HT. In some studies,
HT was performed once or twice a week, but the frequency of HT was not the same for
all patients, and the total number of the HT treatment session differed in each patient [23].
According to the quality assurance guidelines for HT [26,27], the general duration time
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of the HT treatment should be 30–60 min with a goal temperature of 40–44 ◦C, and the
interval between HT and RT usually ranges from some minutes to 4 h [28]. However,
most of these suggestions have until now not been evaluated for the immune effects of HT
and, particularly, the influence of the sequence of HT and RT application on the immune
phenotype of tumor cells is still unknown.

The combination of HT and RT has been studied in clinical trials for different cancer
entities and showed positive results compared to RT alone [29–33]. Even though there are
several preclinical studies and some clinical trials [34] that evaluated immune alterations af-
ter HT and RT, the optimal sequence of HT and RT and its effects on the immunophenotype
of the cancer cells need more investigation. When HT is applied before RT, it is believed
that HT sensitizes tumor cells for RT, and when HT is applied after RT, it exacerbates
irradiation-induced damage to the tumor [13,19].

Reirradiation and hyperthermia for recurrent breast cancer in previously irradiated
areas is performed with dose concepts such as 8 × 4 Gy or 10 × 3 Gy [35]. Clinical
studies with thermography-controlled, water-filtered infrared-A achieving good results
have focused on 5 × 4 Gy as the RT schedule, in combination with HT [36]. Furthermore,
extreme hypofractionated RT protocols are currently evaluated for breast cancer [37]. For
translational biological research, the optimal RT dose has not been established by now [38].
We decided to use 2 × 5 Gy, as this is a well-accepted hypofractionation RT schedule
in preclinical studies which was shown to be particularly effective when combined with
HT [39].

Some preclinical studies suggest that applying HT after irradiation achieves better
results [40,41]. However, the effect of the treatment sequences varies depending on the read-
out system and the tumor entity [11,42]. Thus, whether HT should be applied before or after
RT is still controversial [13,42]. Furthermore, the impact of distinct temperatures clinically
used in HT on the immunological effects in these settings needs further investigation.

Thus, the aim of this work was to evaluate whether the sequence of HT with 39, 41
or 44 ◦C and hypo-fractionated RT affects the immunophenotype of breast cancer cells
differently, and whether this plays a role in the initiation of an immune response, namely
in the activation of DCs. Therefore, two human breast cancer cell lines were treated in
different sequences of HT with different temperatures and RT. Afterwards, tumor cell death
and the expression of prominent ICMs on the cancer cells was analyzed. Finally, co-culture
experiments with human monocyte-derived DCs (moDCs) were performed. Our findings
indicate for the first time that when HT is combined with RT, it modulates the expression
of several immune checkpoint molecules, but the sequence of application has only a minor
influence on it. Further, the combination of HT with RT of the examined breast cancer cells
rather modulates the immune system in the effector phase, and not in the priming phase,
as the co-incubation of the treated tumor cells with moDCs did not significantly alter the
activation state of these central APCs.

2. Materials and Methods
2.1. Ex Vivo Heating System for Hyperthermia Treatment of Tumor Cells

The heat treatment of the tumor cells was performed in a self-designed heating cham-
ber under sterile conditions. The heating chamber was designed and built in collaboration
with the Keylab Glass Technology (fabrication in the workshop of the Faculty of Engi-
neering) of the University of Bayreuth. The heating chamber consists of the temperature
control unit type TS125 (H-Tronic GmbH, Hirschau, Germany), a heating wire type HST
2.0 m 50 W (Horst GmbH, Lorsch, Germany), a junction box for the resistance heating wire
(Horst GmbH, Lorsch, Germany) and a temperature sensor (H-Tronic GmbH, Hirschau,
Germany). During the 60 min heating session, the temperature was constantly set to dis-
tinct temperatures (39 ◦C, 41 ◦C, and 44 ◦C) and automatically controlled, with no more
than ±0.1 ◦C deviation from the target temperature. In the electric heating chamber, the
temperature inside the system was measured and monitored by a surface temperature
gauge. We checked the temperature accuracy in our cell culture flasks using dummy flasks

139



Cancers 2022, 14, 2050

by positioning several temperature sensors on the contact surface to the heating chamber
as well as into the cell culture medium. It was shown that the measured temperatures were
very homogeneous and had very small deviations (±0.2 ◦C) from the specified temperature
in the heating chamber. A graphical illustration of the electrical heating chamber is shown
in Figure 1.
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Figure 1. Graphical illustration of the heating device. The heating device was mostly made of
stainless steel. The device consists of a temperature control unit, heating wire, temperature sensor,
and the connection box for the heating wire. The heating chamber is automatically self-controlled
and the target temperature was set to 39 ◦C, 41 ◦C, or 44 ◦C. The temperature deviation was not more
than ±0.1 ◦C.

2.2. Cell Lines and Cell Culture

The two human breast cancer cell lines MCF-7 (Merck KGaA, Darmstadt, Germany)
and MDA-MB-231 (Merck KGaA, Darmstadt, Germany) were cultivated at 37 ◦C in 5% CO2
and 90% humidity under sterile conditions. Both cell lines were grown in Dulbecco’s mod-
ified Eagle’s serum (DMEM, PAN-Biotech GmbH, Aidenbach, Germany) supplemented
with 10% fetal bovine serum (FBS, Biochrome AG, Berlin, Germany) and 1% Penicillin-
Streptomycin (PenStrep, Gibco, Carlsbad, CA, USA). The cell lines were tested to be free
of mycoplasma.

2.3. Treatments and Sampling

As shown in Figure 2, on the day before treatment, cells of the respective cell lines
were seeded in 25 cm2 cell culture flasks. The confluency of the cells did not exceed 90%.
On the treatment day (day 0), each flask was handled as follows: hyperthermia treatment
for 60 min was conducted using an electrical heating chamber with three different clinically
relevant temperatures (39 ◦C, 41 ◦C, and 44 ◦C). Irradiation of the cells was performed
with hypofractionation of 2 times 5 Gy (120 kV, 21.5 mA for 0.7 min) using an X-ray
chamber (Isovolt Titan series, GE Technologies, Hürth, Germany). The interval between
the irradiation and hyperthermia treatment was within 1–2 h. This treatment schedule
was adopted from the clinical hyperthermia guidelines that indicate that the time interval
between the radiation therapy and hyperthermia treatments should be close to each other,
and that the time interval is mostly around 1 h and less than 4 h [43].
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Figure 2. Treatment set-up. On the day before the start of the treatment, the cells of the respective
cell line (either MDA-MB-231 or MCF-7) were seeded (displayed with the cell culture flasks). In
hyperthermia-only treatment (HT), or HT followed by radiotherapy (HT + RT), HT treatment was
performed on day 0 in the heating chamber system for 60 min with three different respective tem-
peratures (39 ◦C, 41 ◦C, and 44 ◦C). After the HT treatment, irradiation was performed at the latest
within 2 h for HT + RT. For RT + HT, the respective treatments were performed in the same manner
but in reverse order. RT was performed in clinically relevant doses of 2 × 5 Gy. Irradiation in the
respective RT + HT arms was always performed 2 h after the initial treatment at the latest. Sampling
in all arms was performed on day 1 (24 h), d2 (48 h), d3 (72 h) and d5 (120 h) after the last irradiation.

2.4. Detection of Tumor Cell Death Forms by Annexin V/PI Staining

The cell death forms of tumor cells after irradiation and hyperthermia treatment
were analyzed by multicolor flow cytometry, using Annexin V/propidium-iodide (PI)
staining [39]: 100,000 cells/well resuspended in Ringer’s solution (B. Braun, Melsungen,
Germany) were stained with 1 µg/mL of PI (Sigma Aldrich, Munich, Germany) and
0.5 µg/mL FITC-labeled AnnexinV (Geneart, Life Technologies, Regensburg, Germany),
incubated for 30 min, at 4 ◦C, in the dark. The cells were analyzed on a Cytoflex S flow
cytometer (Beckman Coulter, Krefeld, Germany). The gating strategy for the detection of
cell death forms using Annexin V/PI staining is illustrated in Figure 3.

2.5. Detection of Immune Checkpoint Molecules by Multicolor Flow Cytometry

After the treatments at respective time points, the tumor cells were harvested and
1 × 105 tumor cells per well of a 96-well plate were incubated for 30 min at 4 ◦C, with
no light exposure, with 100 µL of the staining solution (Table 1) in a FACS buffer (PBS,
Dulbecco’s Phosphate Buffered Saline (Sigma-Aldrich, Munich, Germany), 2% FBS and
2 mM EDTA (Carl Roth, Karlsruhe, Germany)). For an autofluorescence control, only
Zombie NIR was put into the FACS buffer. The mean fluorescence intensity (∆MFI) was
calculated by subtracting the fluorescence intensity of autofluorescence control samples
from fully stained samples. The samples were measured on a Cytoflex S flow cytometer
(Beckman Coulter, Krefeld, Germany) and analyzed using Kaluza 2.0 (Beckman Coulter,
Brea, CA, USA).
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Figure 3. Gating strategy for the detection of cell death forms by AnnexinV/PI staining. Exemplarily
shown are data of MCF-7 breast cancer cells. The cells were first gated on singlets (a,d) by FSC-A vs.
FSC-H gating, followed by the exclusion of debris in the FSC/SSC plot (b,e). Viable cells were defined
as Annexin negative/PI negative, apoptotic cells as Annexin positive/PI negative and necrotic cells as
Annexin positive/PI positive (c,f). Data of cultured control samples (a–c) and of 2 × 5 Gy irradiated
cells (d–f) are shown exemplarily.

Table 1. List of antibodies and dyes for the immune checkpoint molecule analysis on the surface of
tumor cells via multicolor flow cytometry.

Marker Fluorochrome Manufacturer

PD-L1 (CD274) BV 605 Biolegend
PD-L2 (CD273) APC Biolegend
ICOS-L (CD275) BV 421 BD Horizon
HVEM (CD270) APC Biolegend

TNFRSF9 (CD137-L) BV 421 Biolegend
OX40-L (CD252) PE Biolegend

Live/Dead Zombie NIR Biolegend

2.6. Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs), Monocyte Enrichment and
Differentiation into Immature Dendritic Cells (imm. moDCs)

Peripheral blood mononuclear cells (PBMC) were isolated from leukoreduction system
chambers (LRSC) of healthy, anonymous donors having undergone a strict health check by
the Transfusion Medicine and Hemostaseology Department of the Universitätsklinikum
Erlangen, Germany. The permission to use these LRSCs was given by the ethics committee
of the Friedrich-Alexander-Universität Erlangen-Nürnberg (ethical approval no. 180_13 B
and 48_19 B), according to the rules of the Declaration of Helsinki in its current form.

Mononuclear cells were separated by using density gradient solution Lymphoflot
(Bio-Rad Medical Diagnostics GmbH, Dreieich, Germany) and centrifugation in Sepmate
PBMC isolation tubes (SepmateTM, Stemcell Technologies Inc., Vancouver, BC, Canada).
Afterwards, the cell suspension was washed several times at 4 ◦C (2 times with PBS and
2 times with RPMI-1640 medium) and in-between, the centrifugation was performed from
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high force to low force; this way, cells that are larger and lighter than mononuclear cells
would be eliminated by centrifugation. For imm. moDC differentiation, an optimized
protocol was used according to Lühr and colleagues [44]: 30 × 106 monocytes were seeded
in IgG (Human IgG, Sigma Aldrich, Taufkirchen, Germany)-precoated cell culture dishes
with 10 mL of moDC medium (RPMI-1640 (Merck, Darmstadt, Germany)) supplemented
with 1% Pen/Strep (Gibco, Carlsbad, CA, USA), 1% L-Glutamine (Gibco, Carlsbad, CA,
USA), 1% Hepes buffer 1M (Biochrom GmbH, Berlin, Germany) and 1% heat-inactivated
human serum (Gibco, Carlsbad, CA, USA). After 1 h of incubation, cells that did not attach
at the bottom of the plates were rinsed away. Therefore, mainly monocytes which are able
to bind to the plate-bound IgG via FcγRs remained, and 10 mL of fresh, pre-warmed moDC
medium was added. For the differentiation of monocytes into moDCs, on day 1, old culture
medium was removed and 10 mL of fresh moDC medium was added to each cell culture
dish containing the following cytokines: 800 U/mL of GM-CSF (MACS Miltenyi Biotec,
Bergisch Gladbach, Germany) and 500 U/mL of IL-4 (ImmunoTools, Friesoythe, Germany).
On day 3, 4 mL of moDC medium containing the same concentration of cytokines was
added. On day 5, 4 mL of moDC medium with half of the previously used concentration of
GM-CSF (400 U/mL) and IL-4 (250 U/mL) was added.

2.7. Co-Culture of moDCs with Treated and Untreated MCF-7 Cancer Cells and Detection of DC
Activation Markers on the Surface of moDCs

On day 6, the obtained moDCs were harvested from the cell culture dish mechanically
by using a serological pipette. After counting the harvested cells, 1 × 105 moDCs were
seeded in 6-well plates. For the co-culture, 2 × 105 of differently treated MCF-7 cancer cells
were added to the moDCs with 2 mL of moDC medium and 2 mL supernatant of the treated
cancer cells. As a positive control, 2 mL of moDC medium with a maturation cocktail
containing 13.16 ng/mL of IL-1β (ImmunoTools, Friesoythe, Germany), 1000 U/mL of
IL-6 (ImmunoTools, Friesoythe, Germany), 10 ng/mL of TNF-α (ImmunoTools, Friesoythe,
Germany) and 1 µg/mL of PGE-2 (Pfizer, Berlin, Germany) were added to the moDCs to
generate mature moDCs.

After 24 h and 48 h of co-incubation with untreated and treated MCF-7 cancer cells, the
expression of co-stimulatory molecules and activation markers was analyzed on moDCs
by using multicolor flow cytometry (Figure 4). Therefore, moDCs in suspension were
harvested mechanically using a serological pipette. Then, each condition of moDCs was
divided into 2 duplicates, one stained with staining solution (Table 2), while the other du-
plicate served as an autofluorescence control with only Zombie Yellow in the FACS Buffer.

The cells were gated according to Figure 4. The mean fluorescence intensity (∆MFI)
was calculated by subtracting the fluorescence intensity of autofluorescence control samples
from the fully stained samples. The samples were measured on a Cytoflex S flow cytometer
(Beckman Coulter, Krefeld, Germany) and analyzed using Kaluza 2.0 (Beckman Coultier,
Brea, CA, USA).

2.8. Statistical Analysis

For statistical analysis, the software Prism 7 (Graph Pad, San Diego, CA, USA) was
used. Separate Kruskal–Wallis tests with Dunn’s correction for multiple testing were used
to compare the treatments within one HT temperature to the untreated control. Further, the
combinatorial treatments were compared to RT only with a Kruskal–Wallis test with Dunn’s
correction for multiple testing. To compare the sequence of the combined treatments of one
HT temperature (RT + HT vs. HT + RT), a Mann–Whitney U test was used. Results were
considered statistically significant for * p < 0.1, ** p < 0.01, *** p < 0.001.
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Figure 4. Generation of human monocyte-derived DCs (moDCs) from PBMCs and the detection
of DC activation markers after co-incubation with treated cancer cells. (a) PBMCs were isolated
from buffy coat and seeded into an IgG pre-coated cell culture dish. On day 6 after differentiation,
moDCs were co-cultured with differently treated MCF-7 breast cancer cells. After 24 h and 48 h of co-
incubation, the activation markers of the moDCs were analysed using multicolor flow cytometry. The
gating strategies for flow cytometry are shown (b–h). (b) After pre-gating on the singlets, the viable
cells were detected (c,d). Then, gating on CD11c positive cells identified moDCs (e). Dot plots of
CD83 (f), CD70 (g) and CD80 (h) expression on the cell surface of moDCs are exemplarily presented.

Table 2. List of antibodies and dyes used to analyze the expression of various activation markers on
the surface of moDCs via multicolor flow cytometry.

Marker Fluorochrome Manufacturer

CD70 FITC Biolegend
CD83 PE-Cy7 eBioscience
CD80 APC Miltenyi Biotec (MACS)

Live/Dead Zombie Yellow Biolegend
CD11c V450 Biolegend

3. Results
3.1. Radiotherapy in Combination with Hyperthermia Significantly Induces Apoptosis in MCF-7
Cells Andboth Apoptosis and Necrosis in MDA-MB-231 Breast Cancer Cells

In order to elucidate the effect of HT on the immune phenotype of human breast
cancer cells, three different clinically relevant HT temperatures were used (39 ◦C, 41 ◦C,
44 ◦C). MCF-7 and MDA-MB-231 cells were treated with either HT or RT alone, and in a
combinational setting in different sequences with either HT followed by RT (HT + RT), or
RT followed by HT (RT + HT).
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3.1.1. Radiotherapy in Combination with Hyperthermia Regardless of the Treatment
Sequence Significantly Induces Apoptosis in MCF-7 Breast Cancer Cells

Necrosis and apoptosis of MCF-7 cells were determined 24 h, 48 h, 72 h, and 120 h
after the respective treatment (Figure 5).

As shown in Figure 5, in MCF-7 cells at an early time point (24 h) after the treatment, a
slight increase of necrotic cells was observed, particularly after combinations of RT with HT.
However, at later time points, the cancer cell death is dominantly in the form of apoptosis.
The key inductor of apoptosis was RT alone (Figure 5e–h). In contrast, neither necrosis nor
apoptosis was induced in MCF-7 breast cancer cells by HT as a single treatment, even with
up to 44 ◦C.

As observed for RT alone, a combination of HT and RT induced significantly more
apoptosis regardless of the treatment sequence (Figure 5e–h). HT of 44 ◦C significantly
induced apoptotic cancer cell death at all time points when it was combined with radiation
therapy (Figure 5e–h). In contrast, 39 ◦C HT with RT resulted in a slight decrease of
apoptosis compared to RT alone.

In any case, the sequences of the combined treatments, either RT or HT first, were
not significantly different from each other in the induction of cancer cell death, with the
exception of a tendency for less apoptosis when HT of 41 ◦C was given before RT, as
compared to afterwards.

3.1.2. Radiotherapy in Combination with Hyperthermia Regardless of the Treatment
Sequence Significantly Induce Apoptosis and Necrosis in MDA-MB-231 Breast Cancer Cells

MDA-MB-231 cells were treated with the respective treatments similar to MCF-7 cells,
and afterwards cell death forms were analyzed (Figure 6).

In contrast to MCF-7 breast cancer cells, RT alone could significantly induce apoptosis
and necrosis of MDA-MB-231 cells (Figure 6a–d,f–h), but again, HT alone did not induce
significantly increased apoptosis or necrosis at all of the examined timepoints.

Again, the percentages of apoptotic cells were slightly lower when HT of 39 ◦C was
combined with RT, compared to 41 ◦C and 44 ◦C. The highest induction of necrosis was
observed when RT was combined with HT of 44 ◦C (Figure 6d).

Again, the sequences of the combined treatments, either RT or HT first, were similar
in the induction of breast cancer cell death.

3.2. Hyperthermia in Combination with Radiotherapy Affects the Expression of Immune
Checkpoint Molecules on Breast Cancer Cells

Next, we investigated the impact of HT, RT, and HT in combination with RT on
the expression of immune inhibitory ICMs (PD-L1, PD-L2, HVEM) and on one immune
stimulatory ICM (OX40-L) on MCF-7 and MDA-MB-231 breast cancer cells.

3.2.1. Hyperthermia in Combination with Radiotherapy Upregulates the Expression of
Several Inhibitory Immune Checkpoint Molecules on MCF-7 Breast Cancer Cells

Regarding RT alone, the well-known inhibitory ICM PD-L1 was significantly upreg-
ulated up to 72 h after treatment. (Figure 7a–c). However, PD-L2 and HVEM were also
increased following RT (Figure 7e–l).

When adding HT to RT, the time point 120 h is particularly of interest here: all of
the three immune suppressive ICMs examined, namely PD-L1, PD-L2 and HVEM, were
significantly increased when RT was combined with HT of any temperature. At this time,
some of the observed increased expressions of ICMs were significantly enhanced even
when compared to RT-only treatment (Figure 7d,h,l).

Generally, a high dynamic of ICM expression can be observed after combined RT and
HT treatments. There was no significant difference between the different sequences of
treatments (either HT + RT or RT + HT) in case of the upregulation of inhibitory ICMs.
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Figure 5. Radiotherapy alone and in combination with hyperthermia regardless of the treatment
sequence induces apoptosis in MCF-7 breast cancer cells. The percentage of necrotic MCF-7 cells
are shown in graphs (a) 24 h, (b) 48 h, (c) 72 h and (d) 120 h after the treatment. The percentage of
apoptotic MCF-7 cells is shown in graphs (e) 24 h, (f) 48 h, (g) 72 h and (h) 120 h after the treatment.
MCF-7 cells were irradiated 2 times with 5 Gy (RT) or treated with HT of different temperatures
(39 ◦C, 41 ◦C, 44 ◦C) and combinations of both, either HT followed by RT (HT (39 ◦C, 41 ◦C, 44 ◦C)
+ RT) or vice versa (RT + HT (39 ◦C, 41 ◦C, 44 ◦C)). The time interval between HT and RT was less
than 2 h. The cell death forms were analyzed by AnxV/PI staining using multicolor flow cytometry.
Mean ± SD are presented from at least five independent experiments. Statistical significance is
calculated by using a Kruskal–Wallis test with Dunn’s correction to compare the percentage of
necrotic and apoptotic cells of each group of a respective temperature to the untreated control, and a
Mann–Whitney U test to compare the different sequences of HT and RT. * (p < 0.1), ** (p < 0.01) for
Kruskal–Wallis test with Dunn’s correction.
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Figure 6. Radiotherapy alone and in combination with hyperthermia regardless of the treatment
sequence significantly induces apoptosis and necrosis in MDA-MB-231 breast cancer cells. The
percentage of necrotic MDA-MB-231 cells are shown in graphs (a) 24 h, (b) 48 h, (c) 72 h and (d) 120 h
after the treatment. The percentage of apoptotic MDA-MB-231 cells is shown in graphs (e) 24 h, (f) 48 h,
(g) 72 h and (h) 120 h after the treatment. MDA-MB-231 breast cancer cells were irradiated 2 times
with 5 Gy (RT) or treated with HT of different temperatures (39 ◦C, 41 ◦C, 44 ◦C) and combinations of
both, either HT followed by RT (HT (39 ◦C, 41 ◦C, 44 ◦C) + RT) or vice versa (RT + HT (39 ◦C, 41 ◦C,
44 ◦C)). Mean ± SD are presented from at least five independent experiments. Statistical significance
was calculated by using a Kruskal–Wallis test with Dunn’s correction to compare the percentage of
necrotic and apoptotic cells of each group of a respective temperature to the untreated control, and
a Mann–Whitney U test to compare the different sequences of HT and RT. * (p < 0.1), ** (p < 0.01),
*** (p < 0.001) for Kruskal–Wallis test with Dunn’s correction.

3.2.2. Hyperthermia in Combination with Radiotherapy Upregulates the Expression of
Several Inhibitory Immune Checkpoint Molecules on MDA-MB-231 Breast Cancer Cells

In contrast to MCF-7 cells, RT alone did not significantly increase the expression
of PD-L1 on MDA-MB-231 cells. However, the combination of RT with HT at 44 ◦C in
particular significantly increased PD-L1 expression at earlier time points after treatment
(Figure 8a,b). This increase was even significantly higher when compared to RT alone when
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RT was given before HT. As for PD-L1, the expression of PD-L2 and HVEM was also not
significantly increased by RT only.
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Figure 7. Hyperthermia in combination with radiotherapy affects the expression of inhibitory
immune checkpoint molecules (PD-L1, PD-L2, and HVEM) on MCF-7 breast cancer cells. MCF-7 cells
were irradiated 2 times with 5 Gy (RT) or treated with HT of different temperatures (39 ◦C, 41 ◦C,
44 ◦C) and combination of both, either HT followed by RT (HT (39 ◦C, 41 ◦C, 44 ◦C) + RT) or vice
versa (RT + HT (39 ◦C, 41 ◦C, 44 ◦C)). The time interval between HT and RT was less than 2 h. The
expression of ICMs ((a–d): PD-L1, (e–h): PD-L2 and (i–l): HVEM) were analyzed by multicolor flow
cytometry. The mean fluorescence intensity (∆MFI) was calculated by subtracting the fluorescence
intensity of unstained samples from stained samples. Mean ± SD are presented from at least five
independent experiments. Statistical significance is calculated by using Kruskal–Wallis tests with
Dunn’s correction by comparing the ∆MFI of cells after the treatment to untreated control of the
corresponding timepoint, and Mann–Whitney U tests to compare the ∆MFI of different sequences of
HT and RT. * (p < 0.1), ** (p < 0.01). Further, RT alone was compared with combinational treatments
(HT + RT and RT + HT); # (p < 0.1).

Of special interest for MDA-MB-231 cells is that only the combinations of RT with HT
of both 41 and 44 ◦C induced a significant increased expression of PD-L2 at all examined
time points (Figure 8e–h), while the expression of HVEM was only slightly altered at earlier
time points, but again with combinations of RT with HT of 41 or 44 ◦C (Figure 8i,j). At later
time points, its expression was even slightly decreased after RT or a combination of RT
with HT of 39 or 41 ◦C (Figure 8l).

Generally, as for MCF-7 cells, a high dynamicity of ICM expression can be observed
after combined RT and HT treatments. There was again no significant difference between
the tested sequences of treatments (either HT + RT or RT + HT) in case of the upregulation
of inhibitory ICMs.
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Figure 8. Hyperthermia in combination with radiotherapy affects the expression of inhibitory immune
checkpoint molecules (PD-L1, PD-L2, and HVEM) on MDA-MB-231 breast cancer cells. MDA-MB-231
cells were irradiated 2 times with 5 Gy (RT) or treated with HT of different temperatures (39 ◦C, 41 ◦C,
44 ◦C) and a combination of both, either HT followed by RT (HT (39 ◦C, 41 ◦C, 44 ◦C) +RT) or vice
versa (RT + HT (39 ◦C, 41 ◦C, 44 ◦C)). The time interval between HT and RT was less than 2 h. The
expression of ICMs ((a–d): PD-L1, (e–h): PD-L2 and (i–l): HVEM) was analyzed by multicolor flow
cytometry. The mean fluorescence intensity (∆MFI) was calculated by subtracting the fluorescence
intensity of unstained samples from stained samples. Mean ± SD are presented from at least five
independent experiments. Statistical significance is calculated by using Kruskal–Wallis tests with
Dunn’s correction by comparing the ∆MFI of cells after the treatment to untreated control of the
corresponding timepoint, and Mann–Whitney U tests to compare the ∆MFI of different sequences of
HT and RT. * (p < 0.1), ** (p < 0.01). RT alone was compared with combinational treatments (HT + RT
and RT + HT); # (p < 0.1).

3.2.3. Hyperthermia in Combination with Radiotherapy Only Slightly Affects the
Expression of Stimulatory Immune Checkpoint Molecules on MCF-7 and MDA-MB-231
Breast Cancer Cells

The expression of the immune stimulatory ICMs ICOS-L, CD27-L, CD137-L (not
shown) and of OX40-L (Figure 9) was determined on MCF-7 and MDA-MB-231 breast
cancer cells.

In both cell lines, HT alone at any temperature did not significantly affect the expres-
sion of OX40-L, and RT increased it only slightly.

The combination of HT with RT led to a significantly increased expression of this
immune-stimulatory ICM particularly at 120 h after the treatment (Figure 9d,h). There
was no significant difference observed with regard to different combinational treatment
sequences (whether RT or HT came first).
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different timepoints after the treatment. (a–d) MCF-7 and (e–h) MDA-MB-231 cells were irradiated 
2 times with 5 Gy (RT) or treated with HT of different temperatures (39 °C, 41 °C, 44 °C) and com-
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Figure 9. Expression of the immune stimulatory ICM OX40-L on MCF-7 and MDA-MB-231 cells at
different timepoints after the treatment. (a–d) MCF-7 and (e–h) MDA-MB-231 cells were irradiated
2 times with 5 Gy (RT) or treated with HT of different temperatures (39 ◦C, 41 ◦C, 44 ◦C) and
combinations of both, either HT followed by RT (HT (39 ◦C, 41 ◦C, 44 ◦C) + RT) or vice versa
(RT + HT (39 ◦C, 41 ◦C, 44 ◦C)). The time interval between HT and RT was less than 2 h. The
expression of OX40-L was analyzed by multicolor flow cytometry (a,e) 24 h, (b,f) 48 h, (c,g) 72 h,
or (d,h) 120 h later. The mean fluorescence intensity (∆MFI) was calculated by subtracting the
fluorescence intensity of unstained samples from stained samples. Mean ± SD are presented from at
least five independent experiments. Statistical significance is calculated by using Kruskal–Wallis tests
with Dunn’s correction by comparing the ∆MFI of cells after the treatment to untreated control of the
corresponding timepoint, and Mann–Whitney U tests to compare the ∆MFI of different sequences of
HT and RT. * (p < 0.1).

3.3. The Impact of HT- and RT-Treated Breast Cancer Cells on the Activation State of moDCs

To get first hints whether the immune phenotype characterized by ICM expression of
treated breast cancer cells affects the activation state of moDCs, MCF-7 breast cancer cells
treated with different sequence of HT and RT were co-cultured with immature moDCs. For
this, HT of 44 ◦C was chosen, alone and in combination with RT, as the most prominent
alterations were observed here (Figure 7). The DC activation markers, CD80, CD83 and
CD70, were analyzed using multicolor flow cytometry (Figure 10).

As expected, the incubation of immature moDCs with a maturation cocktail induced
upregulation of all of the DC activation markers analyzed after 24 h (Figure 10a–c) and
48 h (Figure 10d–f), respectively. Only immature moDCs which were incubated with tumor
cells treated with HT of 44 ◦C significantly upregulated CD70 at 24 h (Figure 10b). Other-
wise, moDCs co-incubated with treated breast cancer cells did not show any significant
upregulation of their activation markers. Only the expression of CD80 (Figure 10c,f) tended
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to be higher, when DCs co-cultured with tumor cells are compared to the DCs without
the maturation cocktail. However, this was irrespective of the treatment of the breast
cancer cells.
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Figure 10. Expression of activation markers on moDCs after contact with hyperthermia- and radio-
therapy treated MCF-7 breast cancer cells. Displayed is the expression of DC activation markers
after 24 h (a)—CD83, (b)—CD70, (c)—CD80, and 48 h (d)—CD83, (e)—CD70, (f)—CD80 after co-
incubation of immature moDCs with untreated MCF-7 tumor cells or with differently treated MCF-7
tumor cells. The tumor cells were treated with 2 × 5 Gy RT, HT of 44 ◦C, and first HT of 44 ◦C and
then RT or RT followed by HT of 44 ◦C. As a positive control, immature moDCs were activated
with the standard maturation cocktail (MC), and as negative control, immature moDCs were kept in
moDC medium without the maturation cocktail (w/o MC). The expression of DC activation markers
was analyzed by multicolor flow cytometry. The mean fluorescence intensity (∆MFI) was calculated
by subtracting the fluorescence intensity of unstained samples from stained samples. Mean ± SD are
presented from at least four independent experiments. Statistical significance is calculated by using
Kruskal–Wallis tests with Dunn’s correction by comparing the ∆MFI of the treatments to untreated
controls at the corresponding timepoint, and Mann–Whitney U tests to compare the ∆MFI of different
sequence of HT and RT. * (p < 0.1).The arm without maturation cocktail was compared to the arm
with maturation cocktail with a Mann–Whitney U test # (p < 0.1), ## (p < 0.01).
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4. Discussion
4.1. In Human Breast Cancer Cells, Radiotherapy Rather Than Moderate Hyperthermia Is the Key
Trigger for Cell Death Induction

RT has been used as a standard anticancer therapy for decades and its effect on the
immune system has been studied extensively in recent years. It has become obvious
that besides its local killing effects on cancer cells, ionizing radiation also has a strong
impact on the immune system [45]. Furthermore, it has been recognized that HT can
modulate the immune system and thereby affect the anti-tumor immune response, mostly
in combination with RT [46]. This may result in both local and systemic anti-tumor immune
responses, also in breast cancer [47]. Combinations of RT with HT [8,48,49], with or without
immunotherapy such as ICIs [50,51], are promising multimodal treatments for breast cancer,
which however need further optimization. It is still not clear which treatment sequence
would have a better effect. Thus, in our preclinical approach, we investigated whether it
is better to use HT first and then RT, or RT followed by HT, regarding breast cancer cell
death induction, immune checkpoint molecule expression and the activation of DCs after
co-incubation with the treated tumor cells.

Immunogenic cancer cell death (ICD) is one of the key triggers that has been reported
by several studies to induce anti-tumor immune responses [52]. Indeed, ICD can be induced
by a combination of RT with, e.g., graphene-induced HT [53], but also with conventional
heat application, as shown, e.g., for colorectal cancer cells [17]. ICD mainly triggers
the activation of DCs via the release of danger signals and consecutive cytotoxic T cell
priming [54]. However, knowledge about HT-induced immune alterations independently of
ICD is scarce, and theoretical evaluations even suggest that HT rather boosts the RT-induced
cell killing, but does not fundamentally change the anti-tumor immune response [55].

Our in vitro examinations indicate that RT is the key trigger for cell death induction
in breast cancer cells, with apoptosis being prominent in MCF-7 cells and both apoptosis
and necrosis in MDA-MB-231 cells. The co-culture experiment with immature moDCs
further showed that HT in combination with RT did not induce enough ICD to mature
moDCs with the examined breast cancer cells. We therefore conclude that, besides ICD
with danger signal release, the immune phenotype of the tumor cell surface plays an
additional role in triggering RT-plus-HT-induced anti-tumor immune responses, mainly
in the effector phase [56]. Furthermore, with regard to inducing breast cancer cell death,
there was no significant difference between HT and RT combinational sequences, i.e.,
whether to apply HT first or RT first. This finding confirms the analyses by Mei et al. [57]
who report no significant difference in the case of cell death induction regarding whether
HT is used before or after RT. One has to stress that in these analyses, the focus was set
on the temperature effects of HT alone and in combination with RT. However, different
heating methods can have different outcomes, as we have recently shown that microwave
heating more effectively induced cell death compared to conventional warm bath heating
systems [39]. In the current study, we intentionally focused on conventional heating to
set the focus on HT-induced immune alterations on the tumor cell surface, rather than
on sole ICD induction. However, in addition to performing similar analyses in the future
with microwave-based heating for further elucidating synergistic effects of RT plus HT
treatments, preclinical in vivo models will have to be used for ICM expression and tumor
cell death analyses with a setting closely resembling the clinical situation. This has already
been performed for the analyses of the immunogenicity of B16 melanoma tumors following
combined RT and HT treatment [19].

4.2. The Combination of Hyperthermia and Radiotherapy Affects Particularly the Expression of
Immune Suppressive Immune Checkpoint Molecules of Breast Cancer Cells, but Independently of
the Treatment Sequence

Identifying ICM expression profiles of cancer cells is crucial, because ICMs are re-
sponsible for tumor evasion from the immune system and strongly regulate the effector
phase of the immune response. A high expression of immune inhibitory ICMs is linked
to worse clinical outcomes, and ICIs are becoming more and more promising approaches
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in anti-cancer treatment, either alone or in combination with other treatments like RT and
HT [58,59].

It has already become obvious that RT enhances the expression of PD-L1 [60,61],
either alone or in combination with other treatments [61,62]. How RT and its combination
with HT affect the expression of other ICMs, specifically, which sequence of HT and RT
treatment alters the ICMs, is not clear yet. We revealed that the expression of ICMs follows
a high dynamic which is strongly time-dependent: in MCF-7 breast cancer cells, not earlier
than 72 h after treatment and most pronouncedly after 120 h, three immunosuppressive
ICMs, namely PD-L1, PD-L2 and HVEM, were upregulated in their expression following
combined RT plus HT treatments, independently of the temperature. This calls for an
inhibition of the PD-1 receptor which binds both PD-L1 and PD-L2, rather than sole
PD-L1 inhibition, in breast cancer immunotherapies. Further, the inhibition of HVEM
should be considered too, as it has already been shown that breast cancer patients have
a worse prognosis when low amounts of tumor-infiltrating lymphocytes are present and
HVEM is expressed by the tumor cells [63]. Future preclinical in vivo experiments will
have to elucidate the best combination of RT, HT and immune checkpoint inhibition.
Recent preclinical data of the combination regimens of hyperthermia and ICIs have already
demonstrated their combined efficacy [51]. Our in vitro data suggest that the sequence
of RT and HT has a minor role in this, as HT in combination with RT, regardless of the
sequence, induced the upregulation of inhibitory ICMs, unlike HT alone. It would be
of additional interest to examine the effects on immune checkpoints in normal epithelial
cells and whether these effects will impact the cytotoxic effects of ICIs in normal breast
epithelial cells.

Besides the factor “time after treatment”, the characteristics of suppressive ICMs are
important. In MDA-MB-231 cells, PD-L2 was upregulated at all examined times when HT
of 41 ◦C or 44 ◦C was combined with RT. This calls again for targeting the PD-1 receptor in
multimodal RT- and HT-based tumor therapies, rather than only PD-L1, as, additionally,
the utility of PD-L1 as a predictive biomarker in most of the breast cancer subtypes remains
elusive [64].

It has to be further considered that the upregulation of PD-L1 differed in MDA-MB-231
and MCF-7 cells in a time-dependent manner. MCF-7 cells showed an increased expression
of PD-L1 at later timepoints (72–120 h), while on the surface of MDA-MB-231 cells, it
occurred earlier (24–48 h) after treatments with RT plus HT. This should be also considered
for the design of multimodal breast cancer therapies. For lung cancer, it has already
been proven in preclinical and clinical studies that the timing of ICI affects the clinical
outcome [65,66]. Once again, instead of focusing on one ICM, several other ICMs also
should be monitored at different timepoints. Similarly to the findings of Hader et al. [39],
we also detected that combinations of RT with HT induced higher expressions of immune-
suppressive ICMs compared to HT or RT alone. Li et al. stressed that HT can create a tumor
microenvironment with high PD-L1 expression and lymphocyte infiltration, making the
tumor more likely to respond to anti-PD1 therapy [51].

Not only inhibitory ICMs were changed, but also the immune-stimulatory ICM OX40-
L was significantly upregulated particularly at 120 h after the treatment with RT plus HT.
This might offer an opportunity to strengthen the immunostimulatory properties of HT
at distinct time points during therapy with OX40-L-agonistic antibodies. The latter has
already been used preclinically in combination with other anti-cancer treatments and has
shown promising results [67]. However, besides OX40-L, the other immune-activating
ICMs (ICOS-L, CD27-L, CD137-L) examined were not strongly affected by RT and HT (not
shown). This is in contrast to other tumor entities, such as, e.g., head and neck cancer,
where ICOS-L is upregulated on HPV-positive cancer cells after RT [68].

We conclude that in the area of multimodal tumor therapies, the temporal expression
of several ICMs should be monitored closely, and personalized therapy approaches will
become more and more important. Here, HT will find a new place as an immunomodulator
and as a combination partner with RT and ICIs. Even though cell death induction tends to be
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higher when HT of 44 ◦C is combined with RT, the expression of ICMs is modulated by even
lower temperatures, such as 41 ◦C and 39 ◦C. This highlights that the immunomodulating
effects of HT are manifold, and besides focusing on the level of temperature with regard to
tumor cell death induction [69], the immunomodulating phenotype of tumor cells has to
be considered in a timely manner after treatment. Nevertheless, precise monitoring of the
temperature in the tumor during the treatment will not only improve the efficacy of the
local treatment, but also gives a chance to predict the changes in immune phenotype of the
cancer cells. Besides monitoring of local immune alterations inside and around the treated
tumor, systemic effects should be complementarily considered in the future to increase
knowledge about immune modulations induced by RT alone and in combination with HT
and ICIs [70,71].

Even though the sequence of application might affect several cellular processes [28,72],
it does not significantly impact on the immune phenotype of the surface of breast cancer
cells. In addition to the sequence, different time intervals between RT and HT should
be analyzed in the future in vitro and particularly in vivo, also taking into account the
oxygenation status of the tissues [73]. In clinics, still no consensus regarding the sequence
of application of RT with HT has been reached, and at least from the immunological points
of view that were analyzed in this work, it does not matter very much. However, immune
factors have to be included in considerations of thermometric parameters to guide HT in
the future and to finally validate them in prospective clinical trials [74].

4.3. The Co-Incubation of RT- and HT-Treated Breast Cancer Cells Does Not Affect the Activation
State of Dendritic Cells

An immune response consists of a priming and an effector phase. In the priming
phase, antigens are taken up by DCs, which have to additionally be stimulated by adjuvants
such as danger signals. The latter can be released by stressed tumor cells and mostly in
connection with ICD [54]. However, anti-tumor immune responses are not only triggered
by the initial priming of T cells against the tumor, but also by restoring anti-tumor immunity
in the effector phase. Both modes of action have already been proven to be involved in
RT-induced anti-tumor immune responses [75].

Our data now show for the first time that the combination of RT and HT in breast cancer
treatment affects the expression of several ICMs in a time-dependent manner. However,
there was no significant difference between the different treatments and sequences in
regard to the upregulation of activation markers on moDCs. Matsumoto et al. observed
that treatment of tumor cells with HT and consecutive co-incubation with murine bone
marrow DCs also did not induce activation of these APCs. In order to improve this, they
suggest to additionally expose the DCs themselves to mild HT [76]. Thus, future research
should analyze this with in vivo systems, but taking both the priming and effector phases
of the anti-tumor immune response into consideration [77].

5. Conclusions

The Combination of HT of 39 ◦C, 41 ◦C and 44 ◦C with hypofractionated RT particu-
larly affects the surface immune phenotype of human breast cancer cells. Mainly, immune
suppressive ICMs are upregulated following combined treatments, in dependence of the
tumor cells, the time after treatment and the nature of the ICM. Besides PD-L1, further
suppressive ICMs such as PD-L2 and HVEM should be considered for clinicians when
treating breast cancer patients in multimodal settings including RT and HT.

One has to stress that the sequence of the application of RT and HT has no signifi-
cant impact on the breast cancer cell immune phenotype, and from the immunological
point of view, it does not matter very much how this is currently handled in distinct clin-
ics/institutes. For the first time it was shown here, at least preclinically, that rather the
immune effector than the immune priming phase is modulated by combination treatments
of RT with HT. Besides the induction of ICD, the modulation of the cancer cell’s surface
immune phenotype has to be considered for the design of innovative prospective clinical
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trials for breast cancer, including HT. In multimodal treatment settings it might be beneficial
to add distinct ICIs in the combinational therapy of HT and RT.
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Simple Summary: As per the Global Cancer Observatory, in 2020, 59% of all cancers globally have
been reported from the low-middle-income group countries (LMICs). Cancers of the breast, cervix
and head and neck constitute around one-third of the cancers in the LMICs. Most of them are in
advanced stages and thus deemed inoperable. Chemoradiotherapy is usually advocated for treatment
of these cases with limited success. Moderate hyperthermia at 40–44 ◦C is a multifaceted therapeutic
modality. It is a potent radiosensitizer, chemosensitizer and enforces immunomodulation akin to
“in situ tumour vaccination”. The safety and benefit of addition of hyperthermia to radiotherapy
and/or chemotherapy in these sites have been well documented in various phase III randomized
clinical trials and meta-analysis. Thus, including hyperthermia in the therapeutic armamentarium of
clinical care, especially in the LMICs could be a potential game-changer and provide a cost-effective
addendum to the existing therapeutic options, especially for these tumour sites.

Abstract: Loco-regional hyperthermia at 40–44 ◦C is a multifaceted therapeutic modality with the dis-
tinct triple advantage of being a potent radiosensitizer, a chemosensitizer and an immunomodulator.
Risk difference estimates from pairwise meta-analysis have shown that the local tumour control could
be improved by 22.3% (p < 0.001), 22.1% (p < 0.001) and 25.5% (p < 0.001) in recurrent breast cancers,
locally advanced cervix cancer (LACC) and locally advanced head and neck cancers, respectively
by adding hyperthermia to radiotherapy over radiotherapy alone. Furthermore, thermochemora-
diotherapy in LACC have shown to reduce the local failure rates by 10.1% (p = 0.03) and decrease
deaths by 5.6% (95% CI: 0.6–11.8%) over chemoradiotherapy alone. As around one-third of the cancer
cases in low-middle-income group countries belong to breast, cervix and head and neck regions,
hyperthermia could be a potential game-changer and expected to augment the clinical outcomes
of these patients in conjunction with radiotherapy and/or chemotherapy. Further, hyperthermia
could also be a cost-effective therapeutic modality as the capital costs for setting up a hyperthermia
facility is relatively low. Thus, the positive outcomes evident from various phase III randomized trials
and meta-analysis with thermoradiotherapy or thermochemoradiotherapy justifies the integration
of hyperthermia in the therapeutic armamentarium of clinical management of cancer, especially in
low-middle-income group countries.
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1. Introduction
1.1. Cancer Status in Low-Middle-Income Group Countries

According to the Global Cancer Observatory of the World Health Organization (WHO),
the total cancer incidence estimated in 2020 was 19.3 M and is expected to rise to 24.1 M
in 2030 [1]. In 2020, 11.4 M (59%) of these cases were reported in the low-middle-income
countries (LMICs) where the cancer burden is projected to escalate to 14.6 M (+28.2%)
and 17.9 M (+56.8%) by 2030 and 2040, respectively. Of the 11.4 M cancer cases in LMICs,
presently, cancers of breast, cervix and head and neck regions combined constitutes around
3 M (26.2%) of cases. Furthermore, the cancers in these sites in LMICs constitute 61.1%,
88.1% and 71.8% of the global cancers, respectively (Table 1). In view of the advanced
stages of their presentation, most of these cases are inoperable. Thus, radiotherapy (RT)
and/or chemotherapy (CT) forms the mainstay of their treatment, resulting in a %mor-
tality/incidence at 36%, 58.7% and 38.2% in cancers of the breast, cervix and head and
neck, respectively in LMICs (Figure 1, Table 1). Certainly, there is a need to explore other
cost-effective options to improve these treatment outcomes in LMICs [2].

Table 1. Estimated number of cancer cases and deaths as per the Global Cancer Observatory in ages
(0–85+ years) pertaining to breast, cervix and head and neck region globally and in low-middle-
income countries (LMICs) in 2020 [1]. Countries classified in various income groups based on the
World Bank classification.

Cancer Sites
Cancer Incidence Cancer Mortality % Mortal-

ity/Incidence in
LMICsAll Countries LMICs Only Proportion in

LMICs (%) All Countries LMICs Only Proportion in
LMICs (%)

All sites 19,292,789 11,441,886 59.3 9,958,133 7,063,070 70.9 61.7

Breast 2,261,419 1,381,539 61.1 684,996 497,496 72.6 36.0

Cervix 604,127 532,239 88.1 341,831 312,373 91.4 58.7

Head and neck # 1,518,133 1,090,262 71.8 510,771 416,206 81.5 38.2

# includes cancers of lip, oral cavity, nasopharynx, oropharynx, hypopharynx, larynx, salivary glands and thyroid;
Data as on 12 September 2021 [1].

1.2. Hyperthermia as a “Potential Game-Changer”

Loco-regional hyperthermia (HT) or thermotherapy, at 40–44 ◦C, has been shown to be
a potent radiosensitizer, a chemosensitizer and an immunomodulator with no significantly
added side effects [3–5]. HT sensitizes the hypoxic tumour cells and inhibits the repair of
RT- and/or CT-induced DNA damage. In addition, cells in radioresistant “S” phase are
heat sensitive [3]. Furthermore, thermoradiobiologically, HT has been shown to impart
high LET properties to low LET proton or photon beams [6]. The addition of HT to
photons creates a radiobiological advantage in tumours akin to fast beam neutrons. The
physiological vasodilation at temperatures of 39–45 ◦C allows rapid heat dissipation from
normal tissues, thereby sparing the normal tissues from HT-induced morbidity. On the
contrary, the chaotic and relatively rigid tumour vasculature results in heat retention
leading to higher intratumoural temperatures. Consequently, the high LET attributes
of HT with photon radiations are mostly limited to the confines of the heated tumour,
while the normothermic normal tissues get irradiated with low LET photons. HT thereby
augments photon therapy by conferring therapeutic advantages of high LET radiations
to the tumours akin to neutrons, while the ‘heat-sink’ effect spares the normal tissues
from thermal radiosensitization. Thus, photon thermoradiotherapy imparts radiobiological
advantages selectively to tumours analogous to neutrons without exaggerating normal
tissue morbidities.
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Figure 1. Age-standardized rates of (ASR) for incidence and mortality for (a,b) breast cancer
(c,d) cervical cancer and (e,f) head and neck cancers, respectively in low-middle-income group
countries. Based on data from Global Cancer Observatory [1].

Accordingly, HT could be an effective therapeutic modality in conjunction with RT
and/or CT. Moderate HT, as defined by the Kadota Forum in 2008, is elevation of the
tumour temperature between 39 ◦C and 45 ◦C [7]. The biological and physiological mecha-
nisms involved in HT at 38–45 ◦C has been very aptly summarized by van Rhoon [8]. The
thermodynamic changes are initiated at around 38 ◦C and results in a gradual increase in
tumour blood flow and subsequent oxygenation while the thermoradiobiological mecha-
nisms lead to direct cell kill, thermal sensitization and inhibition of DNA repair between
39 ◦C and 45 ◦C. Thus, at the usual clinically achievable temperature of 40–42 ◦C, HT could
lead to appreciable radiosensitization, chemosensitization and immunomodulation along
with RT ± CT.

Incorporating HT along with the standard therapeutic modalities, namely RT and/or
CT, could thus be expected to augment therapeutic outcomes through the multifaceted
actions of HT [3,4]. In LMICs, most patients present in relatively locally advanced stages,
thereby limiting the role of primary surgical option. Thus, RT and/or CT forms the main-
stay of management of these locally advanced tumours—namely of head and neck, cervix
and breast. The treatment needs to be tolerable as patients usually have compromised nu-
tritional status, especially in LMICs. In addition, due to limited health insurance coverage,
most patients may have to bear the cost of their treatment through out-of-pocket resources.
All these factors, enforces one to consider cost-effective strategies that are also tolerable
with low acute and late morbidities. HT, a safe modality, with limited toxicities, and a
known potentiator of RT and CT could thus be a possible therapeutic addendum in clinical
settings in LMICs. The present report summarizes the available clinical evidence to justify
the inclusion of HT in the management of these common cancers in LMICs along with
RT ± CT. As evident, HT could indeed emerge as a potential game-changer by improving
the therapeutic outcome in the common cancers prevalent in LMICs.
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2. Locally Advanced Breast Cancers: Scope for Improvement with Hyperthermia

Locally advanced breast cancers (LABC) are a fairly common problem in LMICs. Most
patients present in an advanced stage where primary surgical intervention is usually not
feasible. Thus, patients are usually subjected to neoadjuvant chemotherapy (NACT) to
enable tumour downstaging followed by mastectomy. Most CT drugs exhibit thermal
synergism by (a) increasing the cellular uptake of drugs, (b) increased oxygen radical pro-
duction, (c) increasing DNA damage, and (d) inhibiting chemotherapeutic-induced DNA
damage [9–11]. HT inflicts oxidative damage and/or strand cross links, as well as single or
double strand DNA breaks, along with CT agents, namely adriamycin, cyclophosphamide,
5-flurouracil and taxanes commonly used as NACT agents for LABC. Further, HT also
interferes with the various DNA repair process involving excision repair, non-homologous
end joining and/or homologous recombination [9,11].

Clinical Outcomes with Hyperthermia in Locally Advanced Breast Cancers

In a recently reported randomized clinical trial in stages IIB-IIIA breast cancers, pa-
tients treated with NACT (adriamycin, cyclophosphamide, 5-flurouracil) with loco-regional
HT using 27.1 MHz, experienced a significant reduction in both primary tumour (+15.9%,
p = 0.034) and axillary lymph nodes (+14.1%, p = 0.011) compared to those treated with
NACT alone [12]. Further, a higher proportion of patients underwent breast conservative
surgery (+13.6%) with NACT + HT following appreciable tumour regression. A signif-
icantly improved overall survival at 10-year was also evident in patients treated with
NACT + HT (p = 0.009).

In a phase I/II study, Vujaskovic et al. [13], evaluated the safety and efficacy of a
NACT with paclitaxel, liposomal doxorubicin and HT in LABC. A combined response
rate of 72% was reported at the end of NACT with four of the 43 patients achieving a
complete response (CR). A 4-year disease-free and overall survival rate of 63% and 75%
were attained, respectively.

HT has been reported to increase the systolic blood flow in breast tumours by about
3.5 times compared to pre-HT blood flow [12].

Thus, NACT + HT could be a viable option for LABC and the consequence of its
effects on the key outcomes need to be examined systematically in future studies. These
should also incorporate a detailed histopathological evaluation to explore HT-induced
immunomodulation.

3. Recurrent Breast Cancers and Other Cancers: Scope for Improvement
with Hyperthermia

Locoregional recurrence in breast cancers has been reported in one-third of the patients
with 80% of these recurrences evident within the first 5 years of primary treatment [14].
Although surgery is the preferred initial option, its role is restricted mostly to operable
lesions. The efficacy of CT is yet to be established as evident from a Cochrane review [15].
In an open label randomized study, the efficacy of chemotherapy was limited only to
resected oestrogen receptor negative local recurrences [16]. RT alone has been tried in
several studies. However, in patients with previously irradiated chest wall, reirradiation
(ReRT) with high ReRT doses could lead to a higher risk of radiation-induced normal tissue
morbidity depending on the organs at risk, previous dose of irradiation, total RT dose,
dose/fraction and the time interval between the first and proposed ReRT.

Clinical Outcomes with Hyperthermia in Recurrent Breast Cancers

HT, being a potent radiosensitizer, has been used in various clinical studies along with
RT as thermoradiotherapy (HTRT) [14]. These include both phase II single arm and phase
III randomized control studies. Variable RT doses (24–60 Gy), dose/fraction (1.8–4 Gy/fr)
have been explored. HT has been delivered with either microwaves or radiofrequencies
(8–2450 MHz) as one to two weekly sessions (total number of sessions, mean: 6.3 ± 2.7)
with variable sequences of HT and RT (both before and after RT), based on the institutional
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protocols and availability of HT equipment. An average temperature of 42.5 ◦C was
attained with HT of 30–90 min duration.

Oldenberg et al. [17] recently reported the efficacy of ReRT with HT in 196 patients of
unresectable locoregional recurrent breast cancer en cuirasse who had received a prior RT
of 50 Gy. ReRT was delivered as 8 fractions of 4 Gy each or 12 fractions of 3 Gy each along
with locoregional HT once or twice a week. An overall clinical response of 72% with a CR
of 30% was reported.

A meta-analysis evaluated the efficacy of HTRT over RT alone in recurrent breast
cancers [14]. This included 34 studies of which eight were 2-arm comparative trials
(n = 627 patients) while 26 pertained to single arm studies (n = 1483 patients). In the
2-arm studies, a CR of 60.2% vs. 38.1% was evident with HTRT vs. RT alone (odds ratio:
2.64, p < 0.001). The risk difference in favour of HTRT was 0.22 (p < 0.001) (Figure 2). In
the 26 single arm studies, 63.4% attained CR with HTRT. Further, even in 779 patients who
had been previously irradiated, a 66.6% CR was documented with a mean ReRT dose of
36.7 Gy (SD: ±7.7 Gy). Mean acute and late grade III/IV toxicities were reported as 14.4%
and 5.2%, respectively.
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Figure 2. Forest plots depicting the risk difference for complete response with radiotherapy (RT)
with hyperthermia (HT) versus RT alone in recurrent breast cancers, locally advanced cervical cancer
(stages IIB-IVA) and locally advanced head and neck cancers (stages III/IV). Data extracted from
Datta et al. [14,18,19] and replotted. Addition of hyperthermia to radiotherapy favours the outcome
compared to radiotherapy alone in all sites with a risk difference of 23% (p < 0.001). (Q test: test for
heterogeneity; df: degree of freedom and ns: not significant). For citations of the studies listed, please
refer to [14,18,19].

Thus, based on the randomized studies and meta-analysis, HT along with RT appears
to be an effective and safe palliative modality in recurrent breast cancers. One could expect
a CR with HTRT in nearly two-third of the patients. This is around 22% higher than that
with RT alone.

In line with the evidence of role of HT along with RT in recurrent breast cancers,
this could be also extended to recurrent tumours of head and neck, cervix and other sites,
especially those which have been preirradiated. As seen in recurrent breast tumours, a
moderate dose of RT along with a few fractions of HT could be systematically investigated
for recurrent tumours in other sites.
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4. Locally Advanced Cervical Cancer: Scope for Improvement with Hyperthermia

Of all the cervical cancer reported globally in 2020, LMICs account for 88.1% of all
cases and 91.4% of all mortalities [1] (Figure 1, Table 1). Thus, the %mortality/incidence
in LMICs is estimated at 58.7%. This could be attributed to presentation in most patients
in LMICs as locally advanced cervical cancer (LACC). Following the National Cancer
Institute guidelines in 1992 [20], chemoradiotherapy (CTRT) using cisplatin as single or
in combination is the most common therapeutic intervention in LACC. In a meta-analysis
from 14 randomized clinical trials which included 2445 patients, CTRT has been shown
to improve the CR (+10.2%, p = 0.027), locoregional control (+8.4%, p < 0.001) and overall
survival (+7.5%, p < 0.001) over RT alone [21]. Thus, even though CTRT has shown to
improve outcomes over RT alone, it appears that there could still be scope to explore for a
possible improvement.

Clinical Outcomes with Hyperthermia in Locally Advanced Cervical Cancer

HT has also been used along with RT in several randomized clinical trials in LACC. The
outcomes as evident on meta-analysis between HTRT vs. RT, shows a distinct improvement
with HTRT in terms of CR at the end of treatment and loco-regional control of 22% (p < 0.001)
and 23% (p < 0.001), respectively (Figure 3) [18]. A non-significant survival advantage
of 8.4% with HTRT was also noted without any significant escalation of acute or late
morbidities with HT added to RT. Even when HT was used with CTRT, the risk difference
from three randomized clinical trials (total patients = 738) for local control and overall
survival showed an advantage with HTCTRT over CTRT by 10.1% (p = 0.03) and 5.6% (p:
ns), respectively [22,23] (Figure 3).
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listed, please refer to [22,23].
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Network meta-analysis, which provides the highest level of clinical evidence, was
reported in LACC, in which all the 13 different therapeutic approaches were evaluated from
49 clinical trials totalling 9894 patients [24]. The surface under cumulative ranking curve
(SUCRA) estimates provide an objective assessment and ranking of the locoregional control,
overall survival, acute and late morbidity. The SUCRA values ranked all the 13 different
strategies used in randomized clinical trial settings. Incidentally, the top two approaches
evident on SUCRA values were HTRT and HTCTRT in LACC (Figure 4).
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Thus, based on the highest levels of clinical evidence obtained through both conven-
tional pairwise and network meta-analysis, HT with either RT or CTRT appears to provide
a superior therapeutic benefit even when compared to the standard practice of CTRT in
LACC. Moreover, HT has been shown to be safe with no significant additional acute or late
morbidity to RT or CTRT. It would therefore be pertinent to incorporate HT in the routine
clinical management of LACC along with RT or CTRT. This may help to mitigate the high
%mortality/incidence seen in cervical cancer in LMICs.

5. Locally Advanced Head and Neck Cancers: Scope of Improvement
with Hyperthermia

In 2020, 71.8% and 81.5% of all global incidence and mortalities in head and neck
cancers were reported in the LMICs [1]. The %mortality/incidence in LMICs for these
cancers are estimated at 38.2% (Figure 1, Table 1). As in the cervix, most patients present
as locally advanced head and neck cancers (LAHNC), CTRT has been the mainstay of
their treatment. CTRT has been shown to improve outcomes in successive reports of the
Meta-analysis of Chemotherapy in Head and Neck (MACH-NC) collaborative group. In
their latest update of 107 randomized trials with 19,085 patients published in 2021, a 6.5%
absolute benefit at 5 years was demonstrated (hazard ratio: 0.83; 95% CI: 0.79–0.86) [25].
However, this benefit reduced with increasing patient age and poor performance status.
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Clinical Outcomes with Hyperthermia in Locally Advanced Head and Neck Cancer

In LMICs, patients with LAHNC are often in poor performance status due to inade-
quate nutritional intake. This could have a bearing on the outcomes with CTRT. HT has
been used with RT and outcomes compared with RT alone. In a meta-analysis of six clinical
trials comprising 451 cases of LAHNC, HTRT improved the overall CR by 25.5% over RT
alone (p < 0.0001) [19] (Figure 2). Acute and late morbidities appear similar.

The positive outcomes of HTCTRT in LACC, which also share a similar histology with
LAHNC, should encourage patients to be recruited for phase III randomized trial with
HTCTRT vs. CTRT alone. However, one of limitations could be lack of a proper HT unit
for head and neck region that would allow adequate heating and monitoring of HT during
individual treatment session. A dedicated HT delivery system working at 433 MHz–the
HYPERCollar (Sensius, Rotterdam, The Netherlands) fills in the long-standing gap for a
site-specific HT for LAHNC [26–32]. The system initially had 12 antennas, which was later
upgraded to 20 antennas. Presently, an MR-compatible version of this applicator is being
used within a 1.5 T MR system. This would allow online monitoring of the temperature
using non-invasive thermometry with the proton resonance frequency shift method [33,34].
In addition, model-based and other new MR-thermometry temperature reconstruction
methods are emerging which are quite promising [35–37]. The unit is currently being
validated in clinics for HT delivery in head and neck regions [38].

Thus, LAHNC provides yet another common site in which HT, along with RT or
CTRT, could be expected to improve therapeutic outcomes without any significant added
toxicities. It is therefore highly desirable that HT should be evaluated systematically in
LAHNC. As LMICs harbour more than two-thirds of global head and neck cancers, these
patients need to be included in single/multicentric clinical trials for evaluating HTCTRT
vs. CTRT alone.

6. Setting Up a Hyperthermia Treatment Facility in Low-Middle-Income Countries
6.1. Choice of Hyperthermia Unit for LMICs

Local HT treatments could be delivered by a host of methods—external HT (radiative
or capacitive), local invasive (intraluminal and interstitial), regional perfusion or water-
filtered infra-red [7,39]. Clinical HT is usually delivered using radiofrequency (radiative or
capacitive), microwaves (434–915 MHz), ultrasound or infrared (>300 GHz) devices. A de-
tailed technical description of each of these methods is beyond the scope of this manuscript.
Readers may like to refer to the European Society for Hyperthermia Oncology (ESHO)
guidelines that also gives a detailed descriptions of these devices for use in clinics [40–43].
However, due to different heating patterns in depth, the choice of equipment, especially in
a resource constraint situation, should preferably be based on the type of common tumours
prevalent in the geographical area to be catered by the institution. Even the instrument
design and the choice of frequencies of the radiative or capitative systems would need to
be selected based on the tumour site and its depth that would be commonly treated by
a centre [44]. In addition, the availability of trained personnel for HT treatment delivery,
thermometry systems for online temperature monitoring, and the resources allocated, need
to be considered before planning to set up such a facility. Presently, HT is not available in
most LMICs, and therefore, all these factors would have to be carefully weighed before one
launches into such a programme.

Radiofrequency capacitive systems operating at 27.1 MHz are cheap and are commonly
used in most of the physiotherapy centres in LMICs as a short-wave diathermy. These
units are based on plane-wave matching, in which the antenna’s plane-parallel plates are
tuned as per the standard antenna-tuning method [45]. The target tissue placed between
the condenser plates act as a capacitor to store electrical charge, resulting in local heating of
the tissue. Heat is induced by the resulting currents and is directed toward the smallest
electrode [44,46]. Capacitive heating creates high power densities around the bolus edges,
but one needs to be careful due to its preferential heating in the subcutaneous fat layer.
This may be of special relevance to obese patients with considerable subcutaneous fat.
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Thus, these units need a circulatory water bolus to have adequate skin cooling. The
operation of the unit is relatively simple and technical staff can be easily trained on these
units compared to the other state-of-the-art commercially available HT units that are
based on radiative/microwave technologies, some of which could also be compatible with
MRI thermometry. However, fibreoptic single or multi-sensor radiofrequency immune
thermometry probes or thermocouples are required for continuous temperature monitoring.
Additional components for thermal simulation and treatment planning supported by
quality assurance needs to be introduced for a better temperature assessment in the heated
volumes. It should be reasonably feasible to treat the common tumour sites in LMICs–
LAHNC, LABC and LACC using 27.1 MHz, after incorporating a circulatory water bolus
for surface skin cooling and thermometry for temperature monitoring. However, the
27.1 MHz capacitive heating device would not allow non-invasive thermometry as feasible
with some of the MR-compatible versions of HT delivery currently available commercially
(HYPERCollar from Sensius and BSD-2000 3D/MR from Pyrexar Medical, Salt Lake City,
UT, USA).

Capacitive heating using 27.1 MHz radiofrequency has been used clinically for HT in
some clinical studies [12,47] with satisfactory outcomes. As discussed earlier, the recently
reported randomized phase III trial NACT + HT vs. HT in stages IIA-IIIB was conducted
using 27.1 MHz in 200 patients [12]. This had resulted in a significant favourable out-
come for patients treated with NACT + HT in terms of the objective response rate, the
proportion of women eligible for breast-conserving and reconstructive surgery and the
10-year overall survival rates compared with NACT alone. The objective response at the
primary site was reported to be higher by 15.9% with HT + NACT compared to NACT
alone (p = 0.034). Correspondingly in the lymph nodes, the response was higher by 14.1%
(p = 0.011). Computer-assisted planning helped to select a personalized distribution of the
magnetic, electric and thermal fields generated by the unit.

6.2. Cost Computations and Its Implications for a Hyperthermia Setup in LMICs

HT units cost a fraction of the RT units and is a one-time investment with minimal
recurring costs. These usually have a working life of 10 years. Unlike RT, the daily patient
throughput is lower as each treatment may take around 90 min. In an 8 h working day,
four to five patients can be treated/day/unit, that is, 20–25 patients/week, as HT is usually
delivered once or twice a week. Thus, 170–325 patients/year could be treated with HT, if
delivered once a week for 4–6 weeks. This may go down to 85–162 patients, if twice a week
HT treatment scheduled is adopted by a department [3].

Thus, a centre may need to compute the break-even point (BEP) and % return on
investment (%ROI) following capital investment to set up a HT facility. Assuming, the
capital cost to set up a HT unit is “C” USD, number of patients treated with HT per year as
“N” and user cost as “U” USD, the BEP would be

BEP =
C

NU
(in years). (1)

Assuming that the HT unit has a working life of 10 years, the income generated in the
post-BEP period would be estimated as,

Income generated in the post − BEP period =

(
10 − C

NU

)
× NU. (2)

Thus,

% ROI =
Income generated in the post − BEP period − Cost of investment

Cost of investment
× 100 =

10NU − 2C
C

× 100. (3)

Using the above expressions, any department in any country can work out the optimal
BEP and %ROI based on the planned capital investment, number of patients estimated to
be treated per year and the user cost. The investment for HT unit could vary and depend on
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the availability of resources–both financial and human. The corresponding returns would
hinge on the patient load, treatment charges, working schedule and departmental policy of
weekly or biweekly HT treatments. Cost computations and the %returns on investment
(%ROI) need to be computed by individual countries, taking into consideration the above
factors, as this may vary from country to country. A cost of EUR 6800 was computed for a
series of five treatments in the Dutch Deep Hyperthermia Trial, of which half of the amount
was for personnel and one-third for equipment [7]. This is likely to be much lower in LMICs
and hence higher returns could be expected. HT could contribute to just a minimal fraction
of the cost to the primary treatment in comparison to most standard CT regimes and also
immunotherapies, which are being increasingly advocated in many tumour sites. This
would not only help to bring down the treatment cost, but also make it more affordable,
tolerable and by virtue of improving the therapeutic outcomes, could also improve the
quality of life with least morbidity.

7. Conclusions

Apart from being a cost-effective option, HT provides several tangible and nontangible
gains and should be explored in LMICs. The tangible gains would comprise cost of
treatment, cost efficacy, response rates, survival, etc. while the nontangible would be more
subjective and include wellbeing of the patients, reporting back to work early, supporting
their families, etc. It is perhaps time to integrate HT in the therapeutic management of
cancers, especially the locally advanced and recurrent tumours as seen in LMICs. Though
the efficacy of HT has been discussed in three specific sites of LAHNC, LACC, LABC
and recurrent breast cancers which are common in LMICs, the benefit of HT with RT
± CT has been documented in various sites, namely superficial tumours, melanoma,
choroidal melanoma, brain tumours, malignant germ cell tumours, soft tissue sarcoma,
bone metastases, oesophagus, lung, pancreas, urinary bladder, prostate, rectum, anus and
others [3,4,48–50]. Clinical evidence indicates a steady benefit of integrating HT with the
standard treatments in most sites.

Thus, based on the above thermoradiobiological rationale and clinical evidence, HT
could certainly prove to be a “potential game-changer” when integrated in the therapeutic
strategies for various malignancies, especially those with locally advanced tumours as
prevalent in LMICs. HT is a cost-effective and a unique multifaceted treatment modality and
deserves to be incorporated in the present-day clinical oncology practice and management.
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Simple Summary: Hyperthermia (HT) is a promising therapeutic option for multiple cancer entities
as it has the potential to increase the cytotoxicity of radiotherapy (RT) and chemotherapy (CT).
Thermometric parameters of HT are considered to have potential as predictive factors of treatment
response. So far, only limited data about the prognostic and predictive role of thermometric pa-
rameters are available. In this review, we investigate the existing clinical evidence regarding the
correlation of thermometric parameters and cancer response in clinical studies in which patients
were treated with HT in combination with RT and/or CT. Some studies show that thermometric
parameters correlate with treatment response, indicating their potential significance for treatment
guidance. Thus, the establishment of specific thermometric parameters might pave the way towards
a better standardization of HT treatment protocols.

Abstract: Hyperthermia (HT) is a cancer treatment modality which targets malignant tissues by
heating to 40–43 ◦C. In addition to its direct antitumor effects, HT potently sensitizes the tumor to
radiotherapy (RT) and chemotherapy (CT), thereby enabling complete eradication of some tumor
entities as shown in randomized clinical trials. Despite the proven efficacy of HT in combination
with classic cancer treatments, there are limited international standards for the delivery of HT in the
clinical setting. Consequently, there is a large variability in reported data on thermometric parameters,
including the temperature obtained from multiple reference points, heating duration, thermal dose,
time interval, and sequence between HT and other treatment modalities. Evidence from some clinical
trials indicates that thermal dose, which correlates with heating time and temperature achieved, could
be used as a predictive marker for treatment efficacy in future studies. Similarly, other thermometric
parameters when chosen optimally are associated with increased antitumor efficacy. This review
summarizes the existing clinical evidence for the prognostic and predictive role of the most important
thermometric parameters to guide the combined treatment of RT and CT with HT. In conclusion, we
call for the standardization of thermometric parameters and stress the importance for their validation
in future prospective clinical studies.
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1. Introduction

Hyperthermia (HT) is a clinical treatment for cancer which extraneously and intrinsi-
cally heats malignant cells to a temperature of 40–43 ◦C for a suitable period of time [1,2].
Heat delivered to tumor tissues can act as a cytotoxic or sensitizing agent to enhance their
remission or at least regression by utilizing several biological mechanisms and pleiotropic
effects when combined with other conventional cancer treatment techniques, such as
radiotherapy (RT) and/or chemotherapy (CT).

The biological effects of HT, which all favor its use in combination with RT and CT,
include direct cytotoxicity, radiosensitization, chemosensitization, and immune modula-
tion. HT-induced cell lethality is predominantly a result of conformational changes and the
destabilization of macromolecule structures including the disruptions in cell metabolism,
inhibition of DNA repair, and triggering of cellular apoptotic pathways [3–6]. The direct
HT-induced cell lethality is known to be intrinsically tumor-selective for hypoxic cells [7].
During heating, enhanced blood perfusion in tumor tissues influences the radiosensitizing
and chemosensitizing effects of HT by increasing the tumor oxygenation level and local
concentration of CT drugs respectively [4,8,9]. Radiosensitization and chemosensitization
effects, as well as the inhibition of DNA synthesis and repair, on the molecular level depend
on the aggregation of proteins produced by HT-induced denaturation [10]. Moreover, pro-
tein unfolding and the intracellular accumulation of proteins trigger molecular chaperones
including the heat shock proteins (HSPs) [11]. The release of HSPs and other “immune
activating signals” underly the inflammatory and immunogenic responses to HT in com-
bination with RT and/or CT and can promote anti-tumor immunity [12–14]. Exploiting
molecular and physiological mechanisms evoked by HT can improve the efficacy of RT and
CT. Therefore, HT in cancer treatment is used mainly within the framework of multimodal
treatment strategies [3,8].

Multiple preclinical studies have been designed to unravel the relationship between
biological mechanisms induced by HT and thermometric parameters as predictors of tumor
response [15–20]. The parameters investigated in these studies include the temperature
achieved during HT [6,15], heating duration, thermal dose [21], time interval between
HT and the other treatment modality [15,22,23], the number of HT sessions [24], and
the sequence of treatment modality [15,25,26]. All of these parameters were shown to
influence the extent to which HT enhances the effect of RT or CT using cellular assays and
in vivo models. In addition to thermometric parameters, the treatment parameters of RT
and CT, such as total radiation dose, number of RT fractions, type of chemotherapeutic
drug and the number of CT cycles, prescribed for a specific clinical indication, also play a
significant role in attaining a therapeutic window with synergistic effects when combined
with HT [25,27,28].

The effectiveness of HT combined with RT and/or CT has been investigated in many
clinical studies with different tumor types. Unfortunately, to date, there is no consensus on
HT delivery when combined with these cancer treatment modalities, resulting in substantial
heterogeneity of the HT treatment protocols applied. Any comparison of these studies
in terms of outcome should be made with caution in view of this heterogeneity in HT
protocols. A good understanding of thermometric parameters and their interpretation
is mandatory in this regard. However, there is inconclusive clinical evidence about the
relationship of thermometric parameters with both tumor and normal tissue responses to
HT in combination with RT and/or CT. The reason for this is that thermometric parameters
are inconsistently reported or analyzed in prospective clinical studies and the retrospective
analyses are conflicting. For instance, minimum tumor temperature was identified as a
prognostic factor in a few studies [29–31]. However, another study showed that different
metrics such as temperature achieved in 90% (T90), 50% (T50), and 10% (T10) in the target
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volume were more strongly correlated with cancer response than minimum achieved
temperature [32]. Furthermore, a short time interval between HT and RT was shown
to significantly predict treatment outcome in retrospective analyses of cervical cancer
patients [22]. However, conflicting results have been also reported [33] which may be
attributed to differences in time interval and tumor temperature achieved, and in patient
population [34]. Thermal dose has been successfully tested in several clinical trials as a
predictor of tumor response to combined RT and HT treatment [35–42]. These did not result
in established thresholds for thermal dose for treating different cancer sites, even though
European Society for Hyperthermic Oncology (ESHO) guidelines recommend superficial
HT maintains T50 ≥ 41 ◦C and T90 ≥ 40 ◦C [43]. The concept of a relationship between
thermometric parameters with treatment outcome is highly attractive because it could
improve the understanding of tumor-specific mechanisms of interaction between HT and
RT and/or CT. Defining thermometric parameters is therefore important for a meaningful
clinical evaluation of HT treatment outcomes when combined with RT and/or CT.

A limited amount of clinical information is available about the effect of thermometric
parameters on treatment response. Increasing awareness of the importance of such pa-
rameters on the efficacy of HT combined with other cancer treatments is important, and
thus these parameters should be evaluated and reported routinely. Achieving the defined
thermometric parameters during HT treatment would further increase the effectiveness
of biological mechanisms when combined with RT and/or CT. Future prospective clinical
studies should include description of all relevant thermometric parameters to pave the
way towards the proper analysis and standardization of thermometric parameters for each
clinical indication treated with HT in combination with RT and/or CT.

This work summarizes the evidence underlying thermometric parameters as predic-
tors of treatment outcomes as reported in clinical studies using HT in combination with
RT and/or CT for treating different cancer types and emphasizes the need for reference
thermometric parameters to improve HT efficacy. For completeness, the findings pertain-
ing to thermometric parameters from preclinical studies are also discussed, to provide
comprehensive information about their significance and underlying mechanisms.

2. Materials and Methods
2.1. Data Sources and Search Strategies

The literature search included databases of clinicaltrials.gov and pubmed.ncbi.nlm.
nih.gov from March to September 2021 and randomized prospective and retrospective
clinical studies with specific criteria were identified. The search terms were hyperthermia,
cancer treatment, randomized clinical studies, prospective clinical studies, and retrospective
clinical studies. Those terms were used mainly to search for the title and abstract. We
also found articles which were recommended, suggested, or sent to us on the internet.
Additionally, we handsearched the reference lists of the most relevant clinical studies and
review articles.

2.2. Inclusion and Exclusion Criteria of Clinical Studies

This non-systematic review included randomized, prospective, and retrospective
clinical studies that recruited patients with cancer who were treated with HT and RT and/or
CT. The data from randomized trials are only from the patient group which received HT in
combination with either RT and/or CT. Data from the non-HT arm were not extracted.

The main inclusion criteria was the use of either electromagnetic, radiative, or capaci-
tive HT systems, independent of cancer type. Another criterion was more than 10 patients
recruited in prospective and retrospective studies. Retrospective studies were only included
if analysis of thermometric parameters for HT in combination with RT had been performed.

Clinical studies which used the thermal ablation technique, interstitial-based/modulated
electro HT techniques, interstitial RT techniques, high intensity focused ultrasound (HIFU)
HT, whole body HT, and studies in pediatric patients were not included in this review. Pilot
and feasibility studies were also excluded.
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2.3. Data Extraction and List of Variables Included

The data extracted from the clinical studies contained the following information:

• First author of the study
• Study design: prospective or retrospective
• RT treatment data: total dose, number of fractionations
• CT treatment data: drug and concentration prescribed, number of cycles
• Thermometric parameters
• Reported clinical endpoints
• Reported relationship between thermometric parameters and clinical endpoint

2.4. A Summary of HT Techniques

The clinical studies included in this review administered HT using externally applied
power with electromagnetic–based techniques, such as radiofrequency, microwave, or
infrared. These techniques differ with regard to their application to treat superficial or
deep-seated tumors, as summarized elsewhere [44].

For superficial tumors, the electromagnetic radiative and capacitive systems are the
those used in the clinical trials included in this review. The superficial HT techniques and
their application are explained in detail elsewhere [43]. The radiative and capacitive systems
differ in the way they are applied in the clinic. A study showed that for superficial cancers,
the radiative HT system performs better than capacitive systems in terms of temperature
distribution [45]. The commercially available radiative superficial systems are the BSD-500
device (Pyrexar Medical, Salt Lake, UT, USA), the ALBA ON4000 (Alba Hyperthermia,
Rome, Italy) and contact flexible microwave applicators (SRPC Istok, Fryazino, Moscow
region, Russia). Thermotron RF8 (Yamamoto Vinita Co, Osaka, Japan), Oncotherm (On-
cotherm Kft., Budapest, Hungary) and Celsius TCS (Celsius42 GmbH, Cologne, Germany)
are examples of commercial capacitive systems used for superficial tumors.

Different HT techniques with unique specifications, characteristics, and limitations
are used to treat deep-seated tumors [46]. The ESHO guidelines provide information as
to how and when a specific particular HT device should be used to treat deep-seated
tumors [46,47]. The radiative HT systems for deep-seated tumors used in clinical trials
are the BSD-2000 device (Pyrexar Medical, Salt Lake, UT, USA), the ALBA 4D (Alba
Hyperthermia, Rome, Italy), and the Synergo RITE (Medical Enterprises Europe B.V.,
Amstelveen, The Netherlands), and capacitive systems are Oncotherm (Oncotherm Kft.,
Budapest, Hungary), Celsius TCS (Celsius 42 GmbH, Cologne, Germany), and Thermotron
RF8 (Yamamoto Vinita Co, Osaka, Japan). Another simulation study showed a difference
in heating patterns between radiative and capacitive HT for deep-seated tumors [48].
The radiative technique yields more favorable simulated temperature distributions for
deep-seated tumors than the capacitive technique.

2.5. Definition of Thermometric Parameters

In this work, the thermometric parameters were extracted from the selected perspective
and retrospective clinical studies. The definitions of these parameters are listed in Table 1.

174



Cancers 2022, 14, 625

Table 1. Definition of thermometric parameters.

Thermometric
Parameters Definitions

Heating Temperature
Tmin Minimum temperature achieved in target volume (◦C).
Tmax Maximum temperature achieved in target volume (◦C).
Tavg Average temperature achieved in target volume (◦C).
T10 Temperature achieved in 10% of the target volume (◦C).
T20 Temperature achieved in 20% of the target volume (◦C).
T50 Temperature achieved in 50% of the target volume (◦C).
T80 Temperature achieved in 80% of the target volume (◦C).
T90 Temperature achieved in 90% of the target volume (◦C).

Heating duration

tpre
Warm-up period is the time required to achieve the desired

treatment temperature and therapeutic time (min).

ttreat
Treatment period is the time during which a constant

temperature in the tumor (≥41 ◦C) is maintained (min).

Thermal Dose

CEM43◦CT90
Cumulative equivalent minutes at 43 ◦C when the measured

temperature is T90 (min).

CEM43◦CT50
Cumulative equivalent minutes at 43 ◦C when the measured

temperature is T50 (min).

CEM43◦CT10
Cumulative equivalent minutes at 43 ◦C when the measured

temperature is T10 (min).

TRISE T50 values above 37 ◦C multiplied by the duration of all
heating sessions normalized to a duration of 450 min (◦C) [36].

AUC Actual time-temperature plots by computing the area under
the curve (AUC) for T > 37 ◦C and T ≥ 39 ◦C (◦C-min) [49].

HT sessions
Nweek Number of HT sessions per week.
Ntotal Total number of HT sessions during the treatment course.

Time interval
tint The time interval between HT and RT and/or CT.

Sequencing The scheduling order of HT with RT and/or CT.

Temperature measurements in the target volume or surrounding tissue are crucial
for assessing treatment quality and are represented by temperature metrics. During a
HT session, the temperature is usually monitored and recorded using high resistance
thermistor probes, fiber optic temperature probes or thermocouples by invasively placing
the probes in the target volume or in the vicinity of the target volume [43,46,50]. The ESHO
guidelines recommend that after the definition of the tumor volume as a planning target
volume, a target point should be defined where the probe is positioned intraluminally
or intratumorally [46]. In addition, the guidelines strongly suggest keeping a record of
thermometry measurement points within or close to the tumor sites [43]. After completion
of the HT session, recorded temperature data during ttreat are evaluated by computing
temperature metrics. For instance, Tmax is calculated as the maximum temperature value
recorded in the target volume (Table 1). T10, another maximum temperature metric, is
computed as the temperature value received by 10% of the target volume [32]. Similarly,
the other temperature metrics listed in Table 1 are computed. In current practice, the
thermometric parameters and thermal dose are computed by software integrated in the HT
systems or using thermal analysis tools such as RHyThM [51].

To illustrate how temperature, tpre and ttreat terms are measured in clinical practice,
Figure 1 shows the temperature and heating duration parameters of a patient treated with
HT in the radiation oncology center at Cantonal Hospital Aarau (KSA) using BSD-500
system (BSD Medical Corporation, Salt Lake City, UT, USA).
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Figure 1. Recorded treatment data of a single HT session for a breast cancer patient. Temperature
in ◦C and heating duration in minutes are measured non-invasively using four sensors located in
close proximity to the tumor tissue. tpre and ttreat of 33 and 60 min respectively according to the KSA
clinical protocol are indicated.

The temperature metrics and thermal doses can be also computed by using the data
from Figure 1. A decade ago, a new thermal dose entitled “TRISE” was proposed by
Franckena et al. [36]. However, this parameter has not yet been evaluated in experimental
studies. Another newly proposed thermal dose parameter is the area under the curve
(AUC) [49]. In contrast to CEM43◦C and TRISE, AUC is computed without any prior
assumptions by summating AUC for the entire treatment session, including tpre and ttreat.
Similarly to TRISE, AUC has not yet been investigated in preclinical studies. Another
parameter related to HT used in this review is thermal enhancement ratio (TER), defined as
‘the ratio between RT dose required to achieve a specific endpoint and RT dose to achieve
the same endpoint in combination with HT’ [52].

3. Evidence for Predictive Values of Thermometric Parameters in Preclinical Studies
3.1. Heating Temperature

The responsiveness of a tumor to HT is determined by different heat-induced mecha-
nisms at the cellular level. The oxygenation rate is affected by temperature, as a higher rate
was reported at 41–41.5 ◦C in comparison to higher temperature (at 43 ◦C) in rodent tumors,
human tumor xenografts, canine, and human tumors [53]. Heating at 40 ◦C potentiated
the cytotoxicity of CT drugs in human maxillary carcinoma cells [28], and the cytotoxicity
was further increased on heating to 43.5–44 ◦C [54]. In contrast, another preclinical study
showed no such dependency at 41–43.5 ◦C [55]. An in vitro study showed that apopto-
sis in human keratinocytes occurred at temperatures of 39 ◦C and above [56]. However,
the majority of studies show synergistic actions of HT with RT and CT at temperatures
above 41 ◦C [5,57], leading to the inhibition of DNA repair and chromosomal aberrations,
induction of DNA breaks by RT and CT, and protein damage as an underlying molecular
event of heat treatment [5,58,59]. To benefit from additive and synergistic effects of HT
when combined with RT and/or CT, uniform temperature in the target volume should be
delivered during the whole treatment course.

The temperature metrics are used to present the heating temperature achieved during
treatment, not only in the target volume, which encompasses the tumor, but also for
adjacent healthy tissue. T90, T80, T50, T20, and T10 are considered to be less sensitive than
Tmin, Tavg and Tmax, due to the number and arbitrary positioning of sensors in the tissue.
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Such temperature metrics can be used to understand the response to heat of various cancer
types for a specific duration and, at the same time, the heat-induced effects on surrounding
normal tissues. However, except for Tmin and Tmax, most descriptive metrics of temperature
have no specific reference values yet (Table 2).

Table 2. Reference temperature metrics.

Temperature Metrics Reference Value (◦C)

Tmin 39
Tmax 44
Tavg Undefined
T10 Undefined
T20 Undefined
T50 ≥41 *
T80 Undefined
T90 ≥40 *

* According to ESHO guidelines for superficial HT [43].

T50 and T90 reference values are defined according to ESHO guidelines for treatment
with superficial HT, but not for the deep HT technique. No reference values for temperature
metrics are based on experimental data (Table 2), even though temperature distributions
can be better controlled in preclinical than in clinical studies. In an in vivo study, no
temperature variations were observed in tumors as they were recorded intratumorally [15].
Temperature at a reference value with minor variations (±0.05 ◦C) was reported in a vitro
study [60]. In contrast, the temperature data recorded in patients are limited for various
reasons. For example, thermistor probes inserted in deep-seated tumors in patients have
the potential to cause complications or sometimes are impractical to insert intraluminally
or intratumorally [61]. The value of the lowest temperature achieved during HT treatment
is shown to have a prognostic role in describing the biological effects of HT. According to
an in vivo study, T90 was a predictive parameter of reoxygenation and radiosensitization
effects [62]. An in vitro experiment which investigated the difference in thermal sensitivity
between hypoxic and oxic cells demonstrated that direct cytotoxicity induced by HT is
more selective to the hypoxic cells [7]. Thus, temperatures required to achieve comparable
thermal enhancement effect of HT vary depending on tissue type and characteristics.

3.2. Heating Duration

Temperature fluctuations, such as a decrease by 0.5 ◦C, have been shown to have a
strong effect on the extent of cell kill, which was compensated by doubling the heating
duration [6,63]. Therapeutic ratio, defined as the ratio of thermosensitive liposomal doxoru-
bicin delivered to the heated tumor increased from 1.9-fold with 10 min heating to 4.4-fold
with 40 min heating [64]. In an in vivo study, TER for mouse mammary adenocarcinoma
(C3H) increased with respect to heating exposure longer than 30 min at 41.5 ◦C [15]. A
study used mouse leukemia, human cervical carcinoma (HeLa), and Chinese hamster ovary
(CHO) cells to demonstrate that the time required to kill 90% of the cells at 43 ◦C varied
according to type [65]. The survival data from different tissues were analyzed using the
Arrhenius equation to understand the effect of ttreat for different cell types [66]. These
analyses showed that the reference ttreat value is set at 60 min when heating constantly at
reference temperature (Table 3).

Table 3. Reference heating duration parameters for HT.

Heating Duration Parameters Reference Value (min)

tpre undefined
ttreat 60 1

1 According to the Arrhenius plot [66].
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Heating for longer than 60 min is restricted by thermotolerance, which was observed af-
ter 20 min while heating at 43.5 ◦C [67]. In addition, the surviving fraction of asynchronous
CHO cells heated to 41.5 ◦C was decreased with increasing ttreat, until the thermotolerance
effect appeared [21]. Thermotolerance is activated by different forms of stress including
heat exposure for a specific time [68], which depends on the temperature and the amount
of HT damage induced [69]. In an experimental study, the effect of thermotolerance was
observed using the human tumor cell line (HTB-66) and CHO cells after 4 h of heating at
42.5 ◦C and 3 h of heating at either 42.5 or 43 ◦C [70]. The degree of thermotolerance is
determined by cell type, heating temperature, and time of heating including the interval
between successive heat treatments [71].

3.3. Thermal Dose

The relationship between temperature and ttreat was demonstrated experimentally
in two preclinical studies, which showed that the same thermal enhancement of ionizing
radiation in cells lines was achieved by heating for 7–11 min at 45 ◦C or for 120 min at
42 ◦C [26,72]. It was also shown that different survival rates were obtained when heating
asynchronous CHO cells to different temperatures for varying ttreat [66]. These preclinical
data showed that heating temperature and ttreat influence thermal damage. The relationship
of temperature and ttreat to the biological effects induced by HT is described using the
Arrhenius equation, which models the relationship of the inactivation rate in a biological
system [21]. This led to the discovery that the relationship between temperature and ttreat
depends on the activation energy required to induce a particular HT-induced biological
event, such as protein denaturation [59,66]. The thermal dose concept, CEM43◦C, was
established to account for the biological effects induced by HT in terms of both temperature
and ttreat [21]. More specifically, CEM43◦C calculates the equivalent time of a HT treatment
session by correlating temperature, ttreat and inactivation rate of a biological effect induced
by heat based on the Arrhenius equation. The reference temperature of 43 ◦C was shown
as a breakpoint in the Arrhenius plot with a steeper slope between 41.5 and 43 ◦C in
comparison to 43–57 ◦C [66]. The threshold values of CEM43◦C for tissue damage differ
for specific tissues as identified in in vivo studies and are reviewed elsewhere [70,73,74]. In
addition, these data underline that CEM43◦C is an important parameter that has biological
validity to assess the thermal damage in tissues. CEM43◦CT90 is one of the most frequently
used thermal dose descriptors at T90, not only in clinical, but also in experimental settings.
In an in vivo study, Thrall et al. [75] showed a relationship between CEM43◦CT90 and local
control in canine sarcomas, but not with CEM43◦CT50 and CEM43◦CT10. Another in vivo
study using breast (MDA-MB-231) and pancreatic cancer (BxPC-3) xenografts showed that
at relatively low values of CEM43◦CT90, tumor volumes could be reduced by exposure
to heat alone [76]. However, none of the preclinical studies proposed reference values for
clinical validation, as shown in Table 4.

Table 4. Reference thermal dose parameters for HT.

Thermal Dose Parameters Reference Value

CEM43◦CT10 Undefined (min)
CEM43◦CT50 Undefined (min)
CEM43◦CT90 Undefined (min)

TRISE Undefined (◦C)
AUC Undefined (◦C-min)

Although there is no reference threshold value for the CEM43◦C, its efficacy to predict
tumor response and local control has been experimentally proven [75,77]. CEM43◦C is
considered as a thermal dose parameter with few weaknesses which have been discussed
elsewhere [78].
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3.4. Number of HT Sessions

Thermotolerance is an undesirable side effect of HT which renders tumor cells in-
sensitive to heat treatment for 48 to 72 h [79]. Thermotolerance consists of an induction
phase, a development phase, and a decay phase. Each of these components may have its
own temperature dependence as well as dependence on other factors, such as pH and
presence of nutrients [80]. Thermotolerance plays an important role on how HT sessions
are scheduled during the treatment course. An in vivo study using C3H mouse mammary
carcinoma confirmed that preheating for 30 min at 43.5 ◦C induced thermotolerance for
the next heating session [81]. Twice weekly heating to 43 ◦C for 60 min in combination
with RT at 3 Gray (Gy) per fraction for 4 weeks was shown to result in a steady state
decline in oxygenation level suggesting vascular thermotolerance [82]. In comparison, Nah
et al. reported that heating at 42.5 ◦C for 60 min could render the tumor blood vessels
resistant to the next heating session after an interval of 72 h [83]. It has also been shown that
when HT was delivered daily with RT 5 days a week, no significant thermal enhancement
could be detected in comparison to one single HT session, even when heat was delivered
simultaneously or sequentially [84]. With the agreement of these findings, Nweek is defined
as 1 or 2 sessions separated by at least 72 h (Table 5).

Table 5. Reference HT treatment session parameters. N: positive constant value.

Heating Session Parameter Reference Value (N)

Ntotal Defined 1

Nweek 1–2 2

1 Depending on RT and CT schedules; 2 Depending on cancer site.

In summary, HT should be delivered once or twice weekly, taking into account the
type of cancer, RT fractionation and CT drug scheduling. Due to logistical reasons, the Ntotal
usually depends on, the treatment plan for different cancer sites, number of RT fractions or
number of CT cycles (Table 5).

3.5. Time Interval Parameter between HT and RT and/or CT

The tint between HT and RT and/or CT treatment is another parameter that affects sen-
sitization due to time-dependent biological effects and its contribution to thermotolerance.

Recently, an in vitro study of human papillomavirus (HPV)-positive (HPV16+, HPV18+)
and HPV-negative cell lines that were treated with HT either 0, 2 and 4 h before and after RT
showed that the shortest tint resulted in lower cell survival fractions and decreased DNA
damage repair [85]. The influence of tint has been investigated in an in vivo study, which
reported that TER is greatest when heat and radiation are delivered simultaneously [15].
Unfortunately, simultaneous delivery is currently technically impossible in clinical routine
and therefore heat and radiation are usually delivered sequentially. A very short tint of ap-
proximately five min is considered as an almost simultaneous application [86]. Dewey et al.
concluded that HT should be applied simultaneously or within 5–10 min either side of
radiation to benefit maximally from the radiosensitizating effect of heat [6]. TER is decreased
faster for the normal cells than for cancerous cells when tint ≤ 4 h between HT and RT [15].
Thus, it can be argued that a slightly longer tint could ensure the sparing of normal tissue
from radiosensitization before or after RT. A tint longer than 4 h, no sensitization effects
induced by HT were observed [15,85]. The wide range of acceptable tint values reported in
experimental studies is from 0 (when CT is delivered during HT) to 4 h (Table 6).

Table 6. Reference tint parameter for HT in combination with RT or CT.

Time Interval Parameter Reference Value (min)

tint 0–240
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In contrast to RT, CT can be given simultaneously or immediately after or before
HT [87]. A preclinical study, in which cisplatin and heat were used to treat C3H xenografts,
showed that a higher additive effect can be obtained when cisplatin was given 15 min
before HT in comparison with an interval longer than 4 h [55].

Furthermore, HT has been shown to sensitize the effects of gemcitabine at 43 ◦C when
the drug was given 24 h after heating [88], whereas another study showed an optimal
effect when the drug was given 24–48 h before heating [89]. The type of CT agent and its
interaction with heat are factors which determine the tint between HT and CT (Table 6).

3.6. Sequencing of HT in Combination with and RT and/or CT

An additional predictive parameter for the effectiveness of radiosensitization and
chemosensitization is the sequencing of heat prior to or after the application of RT or CT.
Usually, HT and RT are delivered sequentially but there is no consensus as to the optimal
sequence. An in vivo study by Overgaard investigated the impact of sequence and interval
between the two modalities on local tumor control and normal tissue damage in a murine
breast cancer model and found that the sequence did not have any significant effect on
the thermal enhancement in tumor tissues [15]. However, an experimental study using
Chinese hamster ovary (HA-1) and mouse mammary sarcoma (EMT-6) cell lines showed
that sequencing of radiation and heat altered radiosensitivity for these two cancer cell
types [90]. HT before RT showed more thermal enhancement in synchronous HA-1 cell
lines and the opposite sequence increased the thermal enhancement in EMT-6 cell lines.
Other experimental studies reported no impact of the sequence of RT and HT in V79 cells
on thermal enhancement [26,72]. In line with these results, an experimental study with
HPV cell lines showed no difference in radiosensitization or cell death when heat was
delivered prior or after radiation [85]. Due to conflicting results with regard to the treatment
sequencing of HT and RT, additional preclinical mechanistic studies on different cell types
are required.

An in vivo study where heat was combined with cisplatin CT showed that simultane-
ous application of both treatments resulted in prolonged tumor growth delay in comparison
with administration of cisplatin after HT [55]. Another study found that simultaneous
exposure of human colorectal cancer (HCT116) cells to HT and doxorubicin was more
effective than sequential administration because of higher intercellular drug concentrations
at 42 ◦C [91]. In conclusion, better insight into the interaction of various CT drugs with HT
and RT is required to define the optimal sequencing of specific drugs and RT dose.

4. Evidence for the Predictive Values of Thermometric Parameters in Clinical Studies
Combining HT with RT

Numerous prospective and retrospective clinical studies have been conducted to assess
the efficacy of HT in combination with RT for treating superficial and deep-seated tumors.
The design of most clinical studies was based on the translation of experimental findings
aiming to reproduce benefit of HT when combined with RT.

Tables 7 and 8 show the results of the most important clinical studies. The prospective
clinical studies in Table 7 reported improved clinical results, apart from the study by
Mitsumori et al. which did not show a significant difference in the primary clinical endpoint
of local tumor control between two treatment arms [92]. The underlying reason could have
been differences in RT dose prescriptions and missing patient treatment data. Although the
study showed a significant difference in progression free survival, this was judged to be
not a substantial benefit. The authors stressed the need for internationally standardized
treatment protocols for the combination of HT and RT.

In reality, temperature and thermal dose are usually reported as post-treatment data
recordings (Tables 2 and 4) to account for temperature homogeneity or sensitivity. Even
though temperature cannot always be measured invasively, depending on the location of
the tumor, a strong correlation was reported between intratumoral and intraluminal tem-
peratures, suggesting that intraluminal temperature measurements are a good surrogate for
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pelvic tumor measurements [50,93]. In addition, retrospective studies showed that a higher
intra-esophageal temperature (>41 ◦C) predicts longer overall survival, improved local con-
trol and metastasis-free rate [94,95]. The difficulty of performing invasive measurements
was illustrated by a randomized phase III study by Chi et al. [96] in which only 3 out of
29 patients with bone metastases had directly measured intratumoral temperature. In the
study by Nishimura et al. [97], the HT session was defined as effective if an intratumoral
temperature exceeded 42 ◦C for more than 20 min. However, according to the Arrhenius
relationship, this is not considered long enough to induce a significant biological effect [21].

Another obstacle during HT is the non-standardized methodology for describing the
temporal and spatial variance of temperature fields. Several groups have investigated
the correlation between various temperature metrics. The study by Oleson et al. showed
that Tmin, tumor volume, radiation dose, and heating technique play significant roles in
predicting treatment response for patients treated with RT in combination with HT [29]. In
contrast, Leopold et al. reported that the more robust parameters T90, T50, and T10 are better
temperature descriptors and predictors of histopathologic outcome than Tmin and Tmax [32].
The median Tmin, Tmin during the first heat treatment and tumor volume were reported
to be factors predictive for the duration of cancer response (Table 7) [98], even though it
is considered that skin surface temperature is not representative for superficial tumors
and cannot be associated with clinical outcomes [42]. For deep-seated tumors, Tilly et al.
reported that Tmax was a predictive treatment parameter for prostate-specific antigen (PSA)
control [99]. The relationship of high (Tavg ≥ 41.5 ◦C) and low (Tavg < 41.5 ◦C) tumor
temperature with clinical response has been analyzed in a study by Masunaga et al. [100].
They showed that heating the tumor to temperatures of Tavg ≥ 41.5 ◦C for a duration of
15–40 min achieved better tumor down-staging and better tumor degeneration rates [100].
This finding supports the concept that direct cytotoxic effects of HT are enhanced at
temperatures higher than 41 ◦C, as suggested in preclinical studies [5,57]. A higher response
rate was also reported when tumors were heated with Tavg > 42 ◦C for 3–5 HT sessions [97].
In contrast, a study showed no difference in clinical outcome when patients were treated
with mean Tmin = 40.2 ◦C, Tmax = 44.8 ◦C or Tavg = 42.5 ◦C for Ntotal of 2 or 6 [24]. Other
studies also reported no impact of Ntotal and Nweek on clinical outcome [40,101]. The
contradictory results derived from clinical studies with regard to the predictive power
of temperature descriptors and Ntotal are why we did not list reference values for these
descriptors in Table 5.

The predictive role of thermal dose has been investigated in both prospective and
retrospective clinical studies (Tables 7 and 8). However, there is still no conclusion about
the values for thermal dose that should be obtained during HT treatment for maximal
enhancement effect. In prospective studies (Table 7), the correlation between thermal dose
and treatment outcome is rarely reported. Retrospective studies reported that thermal dose,
CEM43◦C, is an adequate predictor of treatment response and its best prognostic descriptor
is CEM43◦CT90 [32,33,36–38,102].
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In a phase III study of the International Collaborative Hyperthermia Group, led by
Vernon et al. [113], thermal dose was associated with complete response (CR) in patients
treated for superficial recurrences of breast cancer [39]. Another randomized study showed
that the best tumor control probability was dependent on thermal dose [106]. Further,
retrospective analyses indicate that thermal dose is a significant predictor of different
clinical endpoints (Table 8) [33,36]. A few studies did not find such significant relationships
between clinical endpoints and thermal dose [103,109,110]. For example, in the prospective
study of Maguire et al., a total CEM43◦CT90 with a threshold above 10 min did not show
a significant effect on CR [110]. However, the association of CEM43◦CT90 with CR was
later reported for patients treated with superficial malignant cancers [35]. Similar to the
study by Maguire et al., the minimum effective thermal dose was set as 10 CEM43◦CT90.
In addition, a test HT session was performed to verify if the tumor was heatable, and a
thermal dose of higher than 0.5 CEM43◦CT90 could be achieved [35,110]. The objective of
the study by Hurwitz et al. was to achieve a CEM 43 ◦CT90 of 10 min, yet the resulting
mean of thermal dose for all 37 patients was only 8.4 min [112]. The cumulative minutes
T90 > 40.5 ◦C, defined as ‘the time in minutes with T90 > 40.5 ◦C for the whole Ntotal’, with
a mean of 179 ± 92 min, together with T90 and Tmax were reported to correlate with toxicity
and prostate specific antigen clinical endpoints [99]. Similarly, Leopold et al. showed that
cumulative minutes of T90 > 40 ◦C is a predictor of treatment endpoints [40]. In retrospective
studies, TRISE thermal dose concepts [36] were shown to have a predictive role in treatment
response. These retrospective analyses showed that TRISE had a significant effect on local
control for a cohort of patients with cervical cancer [33].

The effect of the tint parameter has been only analyzed with respect to treatment
endpoints in retrospective studies. The study by van Leeuwen et al. reported that a tint
less than 79.2 min between RT and reaching 41 ◦C during HT was associated with a lower
risk of in-field recurrences (IFR) and a better overall survival (OS) in comparison to a
longer tint [22]. In contrast, another retrospective study showed that neither a shorter tint of
30–74 min nor a longer tint of 75–220 min between RT and the start of HT were significant
predictors of local control (LC), disease free survival (DFS), disease specific survival (DSS)
or OS [33]. Thus, the optimal tint between HT and RT to achieve a maximal effect on the
tumor remains unknown.

Apart from heat-related parameters, the total dose of ionizing radiation and its frac-
tionation in combination with HT has an impact on clinical treatment response [118,119].
Valdagni et al. [103] reported that increasing the total dose of RT appeared to improve clini-
cal response as 71% (5/7) and 90% (9/10) CR rates were observed for patients with nodal
metastases of head and neck cancers who received total doses of 64–66 Gy or 66.1–70 Gy,
respectively. In addition, it was reported that previously irradiated tumors, which are
typically more resistant to ionizing radiation, achieved higher CR rates when treated with
combined RT and HT in comparison with RT alone [35].

Furthermore, RT technique has been reported to have a beneficial effect on combined
RT and HT treatment outcomes [29]. For example, technological advance such as MRI-
guided brachytherapy were shown to improve the treatment outcome when RT is combined
with HT [36].

The weak, and in part contradictory, evidence from clinical studies clearly shows
that further analyses of thermometric parameters are required to define reference values
for clinical use. The reported values for thermometric parameters from prospective and
retrospective clinical studies (Tables 7 and 8) can be translated into standard references
after being tested and validated in prospective clinical trials.
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5. Evidence for Predictive Values of Thermometric Parameters in Clinical Studies
Combining HT and CT

The added value of combining CT with HT has been established, not only in in vitro
and in vivo studies, but also in clinical studies. Randomized clinical studies, which demon-
strate that the combination of CT and HT results in improved clinical outcome in compari-
son with single modality treatment [122–125], confirm the preclinical findings [126]. The
positive prospective and retrospective clinical studies are summarized in Tables 9 and 10
respectively, with a focus on thermometric parameters.

The effectiveness of CT drugs has been enhanced by HT in a variety of clinical sit-
uations, such as localized, irradiated, recurrent, and advanced cancers, but only few
indications are really promising. Long term outcome data, e.g., regarding the combina-
tion of CT with HT for bladder cancer, underline the clinical efficacy of this treatment
strategy [125]. Chemosensitization by HT is induced by specifics biological interactions
between CT drugs and heat. The increased blood flow and the increased fluidity of the
cytoplasmic membrane of the cells induced by HT increase the concentration of CT drugs
within malignant tissues. Interestingly, Zagar et al. performed a joint analysis of two
different clinical trials and reported no significant correlation between drug concentra-
tion and combined treatment effect of CT and HT [127]. However, only a few CT drugs
with specific properties (Tables 9 and 10) are good candidates to use with HT. Alkylating
agents, nitrosureas, platinum drugs, and some antibiotic classes show synergism with
HT, whereas only additive effects are reported with pyrimidine antagonists and vinca
alkaloids [59]. For example, heat increases the cytotoxicity of cisplatin, as shown by in vitro
and in vivo studies [28,55]. Cisplatin concentration increases linearly with temperatures
above 38 ◦C when applied simultaneously [28,128]. Synergy between HT and CT could
be obtained at temperatures below 43.5 ◦C in a preclinical study [55]. Similarly, enhanced
toxicity has been demonstrated for bleomycin [126,129], liposomal doxorubicin [130], and
mitomycin-C [131]. Based on the summary of preclinical data, van Rhoon et al. suggested
a CEM43◦C of 1–15 min from heating to 40–42 ◦C for 30–60 min for any free CT drug,
including thermos-sensitive liposomal drugs [132].

Lower temperatures might increase the therapeutic window by differential chemosen-
sitization of cancer and normal tissues. In the prospective study of Rietbroek et al. [133]
in patients with recurrent cervical cancer treated with weekly cisplatin and HT, three tem-
perature descriptors, T20, T50, and T90, including the time in minutes in which 50% of the
measured tumor sites were above 41 ◦C, indicated a significant difference in these param-
eters between patients who did and who did not exhibit a CR after treatment. However,
there was neither a difference in Tmax between responders and non-responders in a cohort
of patients with recurrent soft tissue sarcomas treated with CT and HT [134], nor in a cohort
of patients with recurrent cervical cancer [135].

In a prospective study of patients treated with CT and HT for recurrent ovarian cancer,
no significant relationship of T90 and T50 and CEM43◦CT90 and CEM43◦CT50 with clinical
outcome was found [136]. Similarly, the independency of T90 and CEM43◦CT90 was also
demonstrated in a retrospective study in soft tissue sarcoma [137]. Although a relationship
of thermal dose with treatment response has been reported by Vujaskovic et al. [138],
the parameters CEM43◦CT50 and CEM43◦CT90 were not statistically different between
patients who did or did not respond to the treatment. The low mean value of T90 =39.7
(33.5–39.8) ◦C reported in this study might be the reason for the non-significant relationship
of thermal dose with the clinical endpoint in addition to other factors such as hypoxia
and vascularization level of the tumor. The first randomized phase III study that assessed
the safety and efficacy of CT in combination with HT also recorded a low (≤40 ◦C) mean
value of T90 = 39.2 ◦C (38.5–39.8 ◦C). However, the thermometric data were not analyzed or
reported in correlation with treatment response [123]. Further investigations are required
to understand which temperature is needed to achieve a maximum therapeutic effect,
according to the type of CT drug and its concentration.
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Based on preclinical studies, the delivery of simultaneous CT and HT is recommended
to achieve the greatest chemosensitization effect by HT [55,142]. However, in contrast to
experimental results [20,55], most of the prospective studies listed in Table 9 were designed
to deliver heat sequentially, and in most studies the CT drugs were administered prior to
HT. Despite the fact that a considerable supra-additive or synergistic effect can be achieved
by the simultaneous delivery of CT and RT, the sequential application of CT and HT may
protect normal tissues from chemosensitization. The cell killing of hypoxic and oxygenated
tumor cells can still be obtained with sequential delivery of CT drugs and HT [54]. In clinical
studies, the tint between modalities is usually kept under an hour [122,127,133,136,138]. Of
note, the study of Ishikawa et al. showed a different scheduling of gemcitabine and HT for
the treatment of locally advanced or metastatic pancreatic cancer [139]. Patients enrolled
in this clinical study were treated with HT prior to CT with a tint of 0–24 h. This unique
flexible relationship of gemcitabine cytotoxicity with the tint and sequence was revealed in
an in vitro study [143]. The specific properties of CT drugs are main factors in determining
the most efficient treatment sequence between CT and HT for each class of drugs.

That treatment protocols might require individualized standards for HT thermometric
parameters as has recently been illustrated by an interim analysis of cisplatin and etoposide
given concurrently with HT for treatment of patients with esophageal carcinoma. This
analysis showed a relationship between tumor location and temperature reporting, i.e.,
higher temperatures were achieved in distal tumors [144]. Similar treatment site-dependent
analysis of thermometric parameters should be performed in future trials. Although the
biology underlying the interaction between CT drugs and heat in cancer and normal tissues
is largely unknown, thermometric parameters have been shown to predict outcome when
HT is combined with CT. Therefore, as discussed above, no definitive conclusions can
be drawn regarding the optimal thermometric parameters for an enhanced effect of HT
with CT.

6. Evidence for Predictive Values of Thermometric Parameters in Clinical Studies
Using RT and CT in Combination with HT

Clinical malignancies, in particular advanced and inoperable tumors, can be treated
using triplet therapy consisting of CT, RT and HT as a maximal treatment approach. The
number of prospective and retrospective clinical studies investigating this approach is
limited, the most important of which are listed in Tables 11 and 12, respectively. These
studies have already reported the feasibility of this trimodal approach for cervical cancer,
rectal cancer, and pancreatic cancer.

The optimal combination of CT, RT, and HT in a single framework is complex, be-cause
so many biological processes underly the interactions between the three modalities. In
addition, clinical factors often influence the optimal combination of RT and CT. A template
with fundamental specifications for designing a clinical study with the trimodal treatment
is proposed by Herman et al. [145].

Even though there is no consensus as to the optimal scheduling of trimodal treatment,
clinical studies to date integrate HT in combination with daily RT and CT drugs based on
the concept that CT should interact with both RT and HT. Scheduling CT weekly is most
feasible in terms of maintaining an optimal tint between HT sessions, drug administration,
and RT fraction [145].

The reason why cisplatin is most frequently used in trimodality regimens is less
based on a specific interaction with heat, but rather on extensive evidence from phase
III randomized trials showing that cisplatin potently improves the antitumor efficacy of
radiotherapy, albeit at the cost of increased toxicity. Drug concentration has been shown to
affect treatment response [146], as proven experimentally [147]. A phase I-II study reported
that a higher cisplatin dose (50 mg/m2) in comparison with a lower dose (20–40 mg/m2)
combined with RT and HT was positively correlated with CR [146]. Interestingly, overall
survival between patients treated with two different CT regimes in combination with RT
and HT did not differ [148]. However, the study was limited by the small size of the patient
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cohort. With reference to Table 11, clinical studies using trimodality treatment usually
used conventional fractionation schemes with 1.8–2.0 Gy per fractions, leaving it largely
unknown whether other schedules such as hypofractionation (>10 Gy per week or large
single fractions) might be biologically more favorable. The total dose varied according to
cancer type. In the case of cervical cancer, brachytherapy at high dose rate (HDR) or low
dose rate (LDR) was applied to deliver the boost dose [149,150]. Furthermore, high or low
total RT dose was reported to have an influence on CR rate when combined with 5-FU,
leucovorin and HT [151]. In contrast to CT and RT treatment parameters, HT treatment
parameters were frequently not reported. Thermometric parameters, such as temperature
and thermal dose including tint, are reported but not set as fixed treatment requirements as
there are no accepted reference values.

Disregarding the Arrhenius relationship of heating temperature and ttreat,
Amichetti et al. [152] reported a short ttreat of 30 min with mean temperature range values of
Tmax = 43.2 ◦C (41.5–44.5 ◦C) and Tmin = 40.1 ◦C (37–42 ◦C). This might explain why this study
did not result in a higher CR rate in comparison to the previous study by Valdagni et al. [103].
A correlation of achieved temperature with treatment response such as disease-free interval to
local relapse (DFILR) was reported in the study by Kouloulias et al. [153]. This study showed
that the DFILR rate was greater in patients who achieved heating temperature T90 > 44 ◦C for
longer than 16 min during HT treatment. No significant correlation of DFILR with mean val-
ues of temperature descriptor Tmin was confirmed. Referring to the last row in Tables 7–12, the
clinical endpoints among studies differ, which adds another level of complexity to generalizing
the thermometric parameter correlations reported in studies.

Thermal dose was reported less frequently than temperature measurements, hence
there is a lack of information about its predictive role for treatment response. In one study,
thermal dose was directly and proportionally associated with CR, as patients who exhibited
CR after treatment with a measured CEM43◦CT90 of 4.6 min in comparison with patients
with a PR and a CEM43◦CT90 of only 2.0 min [146]. Recently, a prospective phase II study
investigating neoadjuvant triplet therapy in patients with rectal cancer showed that patients
achieving good local tumor regression had received a high thermal dose [154]. However,
no threshold, only the mean of CEM 43 ◦C, was reported. The retrospective analysis of
thermometric parameters of the prospective study by Harima et al. [149] showed that
>1 min CEM43◦CT90 is the threshold value which significantly correlates with treatment
response (CR and disease-free survival rates). It also confirmed that CEM43◦CT90 below
1 min are insufficient to achieve enhancement of RT and CT [155]. Unfortunately, no further
analyses of the relationship between HT treatment parameters with clinical outcomes in
studies using triplet therapy were reported.

Furthermore, the optimal interval between heat, radiation and anticancer drugs is
still unclear. With reference to preclinical and clinical outcomes, tint affects the thermal
enhancement effect of HT on both ionizing radiation and CT drugs. A particular interaction
between HT and CT in terms of tint was reported according to properties of the CT drugs.
A short tint between sequential HT and doxorubicin resulted in more rapid treatment
response [153]. However, it is not clear whether the CT drug interacts primarily with RT
only when administered on the same day or also during an extended time period. In the
first scenario, CT and HT could typically be administered within a range of 1–6 h prior to
RT to optimally exploit the biological interaction.
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Moreover, the Ntotal was shown to be a prognostic factor for OS for bladder cancer
patients treated with combined CT, RT, and HT followed by surgery [161]. In contrast,
Gani et al. [164] reported that the number of HT sessions was not predictive for OS, DFS, LC,
or distant metastasis-free survival. Neither did the sequencing of CT, HT, and RT in clinical
reports follow a specific pattern. Preclinical studies are required to better understand the
interaction of CT, RT, and heat and how they should be combined in future clinical trials.

7. Future Prospects

The main limitations of HT as a cancer treatment in current clinical practice are
the need for better standardization of treatment protocols, up-to-date quality assurance
guidelines that are widely applicable and dedicated planning systems to generate patient
treatment plans. The wide variation of thermometric parameters derived from clinical
studies indicate that HT treatment is currently delivered according to individual clinical
center guidelines. Consequently, the comparison of clinical study outcomes is substantially
hampered by the large degree of variation in treatment parameters. Regarding the data
summarized in Tables 6–11, apart from thermal dose and temperature measured during
treatment, other thermometric parameters reported often include only ttreat, tint, or Nweek.

Monitoring and measuring temperature is one of the main challenges in routine clinical
practice and has hindered the clinical expansion of HT. The future of HT in combination
with RT and CT requires novel technical developments for the delivery and measurement
of homogenous heating of the malignant tissues. Not all studies (Tables 7–12) recorded
temperatures in the region of the tumor. The process of inserting temperature probes to
monitor and record the HT is considered invasive and uncomfortable, and sometimes
the tumor site is inaccessible for the temperature probe. For example, Milani et al. [162]
reported that even though the tumors were not deep-seated, intratumoral temperature
measurements were only feasible in one of 24 patients, so no representative thermal doses
could be reported. One of the non-invasive approaches currently under clinical evaluation
is magnetic resonance thermometry (MRT) that provides 3-D temperature measurements.
Hybrid MR/HT devices are currently installed in five European clinical centers.

Temperature measurements in anthropomorphic phantoms with MRT are accurate
in comparison with thermistor probes [167], but clinical measurements are currently in-
accurate in most pelvic and abdominal tumors [168]. The physiological changes in tissue
microenvironment, patient movements, magnetic field drift over time, limited sensitivity
in fatty tissues, and respiratory motion, including cardiac activity in regions of the pelvis
and abdomen, hamper the accurate temperature measurement by MRT [168]. The tem-
perature images from MRT systems contain image distortion, artifacts, and noise, leading
to inaccurate temperature measurement, low temporal resolution, and low imaging to
signal-to-noise ratio (SNR) [169]. The sources and solutions of image artifacts as a result
of additional frequencies were described by Gellermann et al. [170]. Proton-resonance
frequency shift (PRFS), apparent diffusion coefficient (ADC), longitudinal relaxation time
(T1), transversal relaxation time (T2), and equilibrium magnetization (M0) are the imag-
ing techniques used to exploit temperature-dependent parameters [170–173]. The PRFS
technique is the most frequently used MRT method, even though it was shown that when
there is a poor magnetic field homogeneity, ADC or T1 techniques are preferable [174].
However, the accuracy of temperature measurements was in the range of ±0.4 to ±0.5 ◦C
between PRFS method and thermistor probe using a heterogeneous phantom [175]. A
stronger correlation between MRT and thermistor probes was found in patients with soft
tissue sarcomas of lower extremities and pelvis [176] in comparison with recurrent rectal
carcinoma [177]. The successful implementation of MRT in clinical centers, as automated
temperature feedback during the HT session, might have a considerable impact on clinical
outcomes to deliver the desired heating and conform the heat distribution to spare healthy
surrounding tissues. This could substantially help to standardize data collection and
the analysis of thermometric parameters. Another experimental approach to monitoring
treatment temperature during HT sessions is electrical impedance tomography (EIT) as
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recently reported in a simulation study by Poni et al. [178]. EIT captures the electrical
conductivity of tissues depends on temperature elevation. For example, the multifrequency
EIT technique detects the changes in conductivity due to perfusion increase induced by
the change in temperature [179]. The accuracy of EIT for temperature measurements was
reported to range from 1.5 ◦C to 5 ◦C [180]. The potential of EIT to monitor temperature
in the cardiac thermal ablation field is being investigated [181]. This technique also holds
promise for HT treatment. Both MRT and EIT may allow for improvement of the spatial
homogeneity of heat to the cancer tissues.

The technological advances and standardization of international treatment protocols
for different cancer types will improve the effectiveness and synergy of HT in combination
with RT and/or CT. In line with this, there is a need for clinically accepted processes for
the recording and reporting of thermometric data. This will allow for the inclusion of
specific thermometric parameters in future clinical studies combining HT with RT and/or
CT. For any future prospective study, it should be mandatory that thermometric parameters
are recorded and some recommendations are available in the current guidelines [43,46].
The integration of thermometric parameters is one of the objectives of the HYPERBOOST
(“Hyperthermia boosting the effect of Radiotherapy”) international consortium within
the European Horizon 2020 Program MSCA-ITN. The HYPERBOOST network aims to
create a novel treatment planning system, including the standardization of thermometric
parameters derived from retrospective and prospective clinical trials.

8. Conclusions

In this review, we provide an extensive overview of thermometric parameters reported
in prospective and retrospective clinical studies which applied HT in combination with
RT and/or CT and their correlation with clinical outcome. It is recognized that there is a
wide variety in the practice of HT between clinical centers, and we aimed to elucidate the
use and reporting of thermometric parameters in different clinical settings. It emerged that
the sequencing of HT and RT varies more than the sequencing of HT and CT. Only a few
standards seem to exist with regard to the sequence of HT with RT and CT in a triplet for
specific CT drug, RT fractionation and thermal dose. According to the evaluated studies,
tint is a critical parameter in clinical routine, but no clinical reference values have been
established. Of note, a constant ttreat of 60 min throughout the HT treatment course was
described in most clinical studies. The most important parameter seems to be temperature
itself, which correlates with thermal dose. Revealing the relationship between thermal
dose and treatment response for different cancer entities in future clinical studies will
lead to the improved application of heat to promote the synergistic actions of HT with RT
and CT. We suggest that it become mandatory for new clinical study protocols to include
the extensive recording and analysis of thermometric parameters for their validation
and overall standardization of HT. This would allow for the definition of thermometric
parameters, in particular of thresholds for temperature descriptors and thermal dose.
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Simple Summary: Moderate hyperthermia is a potent radiosensitizer and its efficacy has been
proven in randomized clinical trials for specific tumor entities. In spite of this, hyperthermia still lacks
general acceptance in the oncological community and implementation of hyperthermia in clinical
practice is still low. Reimbursement is one key factor regarding the availability of hyperthermia for
deep-seated tumors, with high variability in reimbursement between countries. We report the current
reimbursement status and related pattern of care for the use of deep hyperthermia in Switzerland
over a time period of 4.5 years. This analysis will provide the basis for the national standardization
of deep hyperthermia treatment schedules and quality assurance guidelines, as well as for the
expansion of deep hyperthermia indications in the future. This comprehensive insight into deep
hyperthermia reimbursement and practice in Switzerland might also be of interest for other national
hyperthermia societies.

Abstract: Background: Moderate hyperthermia is a potent and evidence-based radiosensitizer.
Several indications are reimbursed for the combination of deep hyperthermia with radiotherapy
(dHT+RT). We evaluated the current practice of dHT+RT in Switzerland. Methods: All indications
presented to the national hyperthermia tumor board for dHT between January 2017 and June 2021
were evaluated and treatment schedules were analyzed using descriptive statistics. Results: Of
183 patients presented at the hyperthermia tumor board, 71.6% were accepted and 54.1% (99/183)
finally received dHT. The most commonly reimbursed dHT indications were “local recurrence and
compression” (20%), rectal (14.7%) and bladder (13.7%) cancer, respectively. For 25.3% of patients, an
individual request for insurance cover was necessary. 47.4% of patients were treated with curative
intent; 36.8% were in-house patients and 63.2% were referred from other hospitals. Conclusions:
Approximately two thirds of patients were referred for dHT+RT from external hospitals, indicating a
general demand for dHT in Switzerland. The patterns of care were diverse with respect to treatment
indication. To the best of our knowledge, this study shows for the first time the pattern of care in a
national cohort treated with dHT+RT. This insight will serve as the basis for a national strategy to
evaluate and expand the evidence for dHT.

Keywords: moderate hyperthermia; deep hyperthermia; radiative hyperthermia; radiotherapy;
patterns of care; reimbursement
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1. Introduction

Moderate-temperature (39–45 degree Celsius) regional hyperthermia (HT) is concur-
rently applied with radiotherapy (RT) or chemotherapy [1]. Adding HT to RT improves
treatment outcomes such as local tumor control or overall survival in specific tumor entities
with a negligible toxicity profile [2,3]. HT can be applied with superficial HT devices for
superficial tumors (less than 4 cm depth below the skin) or with deep HT (dHT) devices for
tumors located at depth (more than 4 cm from the skin). Several techniques and devices
for the clinical application of dHT exist [1,4,5]. Although its effect has been proven in
several tumor entities with positive phase III randomized trials and meta-analyses [3],
there is no widespread use in Europe. Reasons are multifactorial and have been previously
summarized by Van der Zee et al. [1] and Overgaard et al. [6], but are still ”hot”. Briefly, not
only proving that the tumor region was adequately heated but also to heat and sustain a
uniform temperature in the tumor region are challenging as the body attempts to maintain
temperature homeostasis. Some earlier trials with dHT reported questionable results with
worse outcomes with dHT, most probably caused by insufficient heating, missing quality
assurance and an imbalance in the patient groups ([7] and discussion in [8]). This confusion
resulted in a persistent loss of credibility in the oncological community [6,8,9].

Another reason for the lack of widespread availability is that HT, and especially
dHT, is relatively labor-intensive and needs trained staff [1,10]. Furthermore, the use
of dHT as a radiosensitizer competes with concurrent chemotherapy. The advantages of
chemotherapy include easy administration, a lesser requirement of technical experience and
comprehensive availability. The prime example of this is cervical cancer ([11], discussion
in [12]). A financial obstacle is the uncertain cost reimbursement of HT treatment in most
countries, limiting HT practice to university centers [8,9] and withholding it from the
broader target population. Therefore, despite good but aged evidence, only a few dHT
indications were incorporated into international oncology treatment guidelines.

HT has a long tradition in Switzerland, starting in 1980 with the first clinical ap-
plication of superficial HT with RT at the Center for Radiation-Oncology Kantonsspital
Aarau. In 1988, the first dHT treatment in combination with RT (dHT+RT) was performed
there. Superficial HT was later rolled out to a second hospital in Switzerland and clinical
applications, mainly for recurrent breast cancer, were maintained at this site. Thus, prior
to 2017, there were only two centers applying HT based on ESHO guidelines [13–16] in
Switzerland (Kantonsspital Aarau and Lindenhofspital Bern), with only the Kantonsspital
Aarau applying dHT. During this time, for every HT treatment, an individual request
to the patients’ health insurance for reimbursement was required. The national Swiss
Hyperthermia Network (SHN) was founded to synchronize and coordinate HT research
activities at the national level, guarantee treatment quality and improve the evidence base
for HT. In 2016, the SHN submitted a proposal for the reimbursement of HT+RT for selected
evidence-based indications to the Swiss Federal Office of Public Health for superficial HT
and dHT. Subsequently, four indications for superficial HT and five indications for dHT
were temporarily approved for reimbursement for a period of two years as from 2017
(Table 1). It was stipulated that every patient receiving HT had to be presented to and have
the indication confirmed by the national SHN tumor board, which was constituted by HT
experts to guarantee the high quality of treatment decisions [17–20]. For patients who were
likely to benefit from dHT+RT without a listed reimbursed indication, a specific request for
insurance cover was necessary.
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Table 1. Indications for deep hyperthermia (dHT) with granted reimbursement in Switzerland [18–20]
are stated with specifications and underlying evidence.

Deep HT Indication Specification Reimbursement Status per
Time Period Evidence

2017
2018

2019
2020

2021
2022

Cervical cancer
- Prior irradiation
- Contraindication for ChT [12,21–23]

Bladder cancer

- Function preservation
- Prior irradiation
- Contraindication for ChT

[24–29]

Rectal cancer

- Function preservation
- Local recurrence in pre-irradiated area
- Contraindication for ChT

[27,30–32]

Soft tissue sarcoma
- Function preservation
- Contraindication for ChT [33–35]

Pancreatic cancer
- Locally advanced, initially

inoperable tumor [36–38]

Local tumor
recurrence with

compression

- Patients with local tumor recurrence and
symptoms due to tumor compression
(palliative situation)

- Tumor depth > 5 cm
[2]

Painful bone
metastasis

- Located in the pelvis or vertebral bodies
- Tumor depth > 5 cm [39]

Prerequisites are (i) combination with radiotherapy (RT), (ii) the indication has to be presented and confirmed
at the Swiss Hyperthermia Network (SHN) tumor board, (iii) the combined dHT + RT has to be performed at
an institution affiliated with the SHN. The reimbursement status is indicated per time period and coded with
underlying colors. Green = time-unrestricted reimbursement; yellow = reimbursed indications limited for two
further years; red = indications no longer reimbursed; grey = initially not reimbursed indications (request for
insurance cover was required). Abbreviations: ChT: chemotherapy, HT: hyperthermia.

At the end of the 2 years, the SHN submitted an update of the current evidence for
dHT to the Swiss Federal Office of Public Health. After reevaluation, dHT indications were
expanded in 2019 with the indications of “local tumor recurrence and compression” and
“painful bone metastasis”, making a total of seven reimbursed dHT indications. As of July
2021, the Swiss Federal Office of Public Health granted unrestricted coverage for the dHT
indications of “cervical cancer” and “painful bone metastasis”. Reimbursement for the dHT
indications “local tumor recurrence and compression” and “soft tissue sarcoma” has been
temporarily prolonged, again for another 2-year time period. The indications for bladder,
pancreatic and rectal cancer lost their reimbursement status (Table 1) [20].

Regarding superficial HT, four indications (specific situations in breast and head and
neck cancer, malignant melanoma and palliative indications with local tumor compression),
were granted for two years and then without time restrictions [17,19]. However, superficial
HT is not within the scope of the present analysis.

To the best of our knowledge, this is the first analysis of an unselected, dHT patient
cohort regarding treatment indications, patient and tumor characteristics and treatment
schedules. We aimed to perform a pattern of care analysis to shed more light on dHT
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practice in Switzerland and build a basis for a national strategy to evaluate, consolidate
and expand the evidence for dHT.

2. Materials and Methods

All patients presented at the SHN tumor board between January 2017 and June 2021
for the evaluation of radiative dHT+RT based on ESHO guidelines [13,14] were collected in
a database. In July 2021, the reimbursed dHT indications changed and, since the end of
2021, a second center in Switzerland has started to apply dHT. This time period included a
patient cohort treated by a single dHT center with only one modification of reimbursed
dHT indications.

Data from tumor board protocols were independently extracted and crosschecked
by two authors regarding reimbursed dHT indications, patient and tumor characteristics
and information regarding referring hospitals. These data then were crosschecked and
completed with dHT and RT treatment details by three other authors. In case of any
discrepancy, a consensus was reached. This project was approved by the local ethics
committee (EKNZ2021-01022, 1 July 2021).

Possible candidates for dHT were presented at the weekly national SHN tumor board
by their referring physicians. The individual indication for dHT was discussed with
at least two radiation oncologists with clinical experience in moderate dHT, including
also senior medical oncologists. Indications were approved if the patient exhibited no
contraindications for dHT (e.g., metal implant, cardio-pulmonary insufficiency, etc.), if
dHT was technically feasible (only treatable lesions in accessible tumor locations) and if
there was no other more appropriate treatment option (i.e., RT alone, hormone therapy,
chemotherapy or immunotherapy).

2.1. Principles of Application of Deep Hyperthermia

From 2017 to 2021, Kantonsspital Aarau was the only institution providing radiative
dHT+RT in accordance with ESHO guidelines [13,14] and therefore received referrals from
centers throughout Switzerland. Not only the optimal treatment sequence of HT and RT
but also the optimal time interval between RT and HT or vice versa is still a matter of
debate. Multiple working mechanisms requiring different optimal temperature ranges
contribute to the effectiveness of HT, as comprehensively presented in Oei et al. [40]. In
the absence of robust clinical data, the decision on the therapeutic sequence of HT and
RT is made individually by the respective center. Preclinical studies indicated that the
time interval between RT and HT should be kept as short as possible [41] but clinical
studies addressing the time interval are sparse [42–45]. In two retrospective clinical studies
investigating the effect of the time interval on treatment outcomes in cervical cancer patients,
one revealed a strong correlation of a short time interval between RT and dHT for a better
clinical outcome [44], where the other study showed that a time interval up to 4 h has no
effect [45]. These contradicting results initiated a comprehensive discussion that depicted
the complexity of this topic [46–48]. However, with regard to the dHT standard operating
procedure at the Kantonsspital Aarau, dHT is given before RT with a minimal time interval.

dHT was performed with the BSD 2000 3D Hyperthermia Systems© (BSD Medical
Corporation/Pyrexar, Salt Lake City, UT, USA) using either the SigmaEye© or Sigma 60©
applicator, depending on the diameter of the abdomen or limb. The interval between two
dHT treatments was at least 72 h. For pelvic dHT, thermometry probes were inserted
in the bladder, the rectum, the vagina, the anal margin and superficially on both groins
for continuous thermometry and thermal mapping where possible/necessary. Interstitial
thermometry was not performed except for patients receiving interstitial brachytherapy.
For all other patients, the hyperthermia treatment planning software Sigma Hyperplan©
(M/s Dr. Sennewald Medizintechnik GmbH, Munich, Germany) was used to estimate
suitable power and steering parameters to achieve the targeted tumor temperature of 41 ◦C.
A dHT session starts with a warm-up heating phase. The following plateau phase had
a duration of 60 min and started when (a) the targeted temperature in the tumor was
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reached (this option was only possible if the heated tumor was adjacent to an intraluminal
thermometry probe), (b) the targeted power and steering parameters were reached or
(c) latest after a 30 min warm-up heating phase, respectively. During treatment, vital
functions were continuously monitored.

The frequency of dHT was determined individually. Usually, dHT once per week was
used for curative indications and dHT twice per week for palliative indications.

As not every patient started RT on a Monday, a reliable subdivision of dHT once
versus twice per week was not possible. For the purpose of this study, dHT frequency
was therefore categorized as once or once to twice a week. For patients referred from
other hospitals, the optimal RT schedule in combination with dHT was discussed at the
SHN tumor board; however, the final responsibility for the RT schedule lay with the
referring center. Whenever possible, patients were treated within or analogous to an
existing treatment protocol.

Some patients treated for bladder, rectal, anal and pancreatic cancer received a tri-
modal treatment with dHT+RT and concurrent chemotherapy. These patients were treated
within [49–51] or analogous to a clinical trial [50–54]. Patients were divided into “in-house”
and “referred” patients. Every patient originating from the Kantonsspital Aarau was
considered “in-house”. Additionally, patients from other hospitals without RT facilities,
which referred patients for RT to the Kantonsspital Aarau, were also considered “in-house”.
Patients from other hospitals with RT facilities who were referred for dHT were classified
as “referred patients”, independent of where they finally received the RT treatment. To
depict the spatial policy of referrals, referring hospitals were further divided into intra-
cantonal and extra-cantonal and the distance by road from the referring hospitals to the
Kantonsspital Aarau was calculated. There were three options for the organization of the
dHT+RT treatment: (1) the patient received both dHT+RT at the Kantonsspital Aarau,
(2) the patient received RT at the day of the dHT session at the Kantonsspital Aarau and the
remainder of the RT at the referring hospital or (3) the patient received dHT sessions only
at Kantonsspital Aarau and all RT sessions at the referring hospital. The latter option was
deemed suboptimal based on the standard operating procedure at the Kantonsspital Aarau,
wherein dHT should be given before RT with a minimal time interval. If not possible, a
latency of 90 min between HT and RT was deemed acceptable. For patients treated with
protons at the Paul Scherrer Institute, only option 3 was possible; however, the distance by
road was less than 30 km. For referred patients, option 2 was preferred due to the short
latency between RT and dHT. During the COVID-19 pandemic, this option was omitted
to avoid mixing in-house and external patients to decrease the risk of infection. The time
interval between dHT and start of the following RT was measured in patients receiving both
dHT and RT at the Kantonsspital Aarau and was defined as the time between switching
power off on the dHT device and first beam-on of the RT. Time points were extracted from
automatical treatment recordings and stated in minutes.

2.2. Statistics

Descriptive statistics were used to describe patient and tumor characteristics and
treatment details, which were presented as mean with standard error, median with (in-
terquartile) range or frequencies with percentages, depending on their distribution.

Data were represented using Statistical Package R (released 2021, 10 August, Ver-
sion 4.1.1) and the ggplot2 package, version 3.3.5. Due to the combination of the small
sample size, many stratification levels and wide heterogeneity of treatment and patient
characteristics, statistical inference was not performed beyond the summary tables pre-
sented here as it was judged that a qualitative assessment of the data would be more suited
to the aims of this study. Continuous values were summarized with mean, standard devia-
tion, median and max/min values. Categorical variables were summarized as frequencies
and proportions.

The river plot was generated using the free, internet-based software SankeyMATIC [55].
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3. Results
3.1. Patient Flow through the Swiss Hyperthermia Network Tumor Board

Between January 2017 and June 2021, 567 patients were presented for the evaluation of
superficial or deep hyperthermia, with 32.3% (183/567) qualifying for dHT. Of these 183 pa-
tients, 28.4% (52/183) were deemed unsuitable. The remaining 131 patients were further
assessed at a medical consultation and by their ability to tolerate the patient positioning
required for dHT. This resulted in the further exclusion of 24.4% of patients (32/131). The
reasons are stated in Figure 1a. In total, 54.1% (99/183) of patients initially presented at
the SHN tumor board actually received dHT. Four patients had to be excluded due to
withdrawal of consent, resulting in a total of 95 patients for analysis. Patients for superficial
HT were beyond the scope of this analysis.
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Figure 1. Patient flow through the SHN tumor board. (a) Patients presented for dHT were excluded
if dHT was not indicated (green) or a physical examination and treatment tolerability check revealed
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an exclusion criterion (yellow). Only patients with informed consent were eligible for analysis (violet).
Background colors match the corresponding bar chart plot. (b) Patients presented at the SHN tumor
board from January 2017 to June 2021 were depicted per semester. Events that may have affected the
number of patients and indications treated were the two new “reimbursed dHT indications” as of
2019 and the changes in oncological treatment patterns during the COVID-19 pandemic, especially the
COVID-19 lockdown in Switzerland (11 March to 26 April 2020; 1st semester 2020). Abbreviations: CI:
contraindication, CIED: cardiac implantable electronic device, Claustroph: claustrophobia, dHT: deep
hyperthermia, Sem: semester, SHN: Swiss Hyperthermia Network, Pts: patients, S1: 1st semester,
S2: 2nd semester.

3.2. Patient Characteristics

The median age of patients receiving dHT was 65 years (range, 18–88). Moreover,
57.9% (55/95) of patients were male and 49.5% (47/95); 41.1% (39/95) and 9.5% (9/95) had
an Eastern Cooperative Oncology Group (ECOG) performance score of 0, 1 or 2, respectively.
A total of 47.4% (45/95) of patients received dHT with curative intent. Meanwhile, 42.1%
(40/95) of patients had been previously irradiated and received dHT combined with re-
irradiation (re-RT). In addition, 7.4% (7/95), 23.2% (22/95) and 69.5% (66/95) of patients
were treated within a study protocol [49–51], analogous to a protocol [50–54] or as part of
routine clinical practice, respectively (Table 2).

Patients were divided into groups based on treatment indication regarding reimburse-
ment status (reimbursed dHT indications vs. indication requiring an individual “request
for insurance cover”) and based on primary tumor entities, respectively (Table 2, Figure 2,
Supplementary Data, Figure S1). This revealed that “local tumor recurrence with com-
pression” was the most common reimbursed dHT indication treated, representing 20.0%
(19/95) of patients, followed by “rectal cancer” with 14.7% (14/95) and “bladder cancer”
with 13.7% (13/95) of patients. Over the 4.5-year time period, 24.2% of patients (24/95)
were treated with an indication not directly covered or not yet covered and therefore
required an individual “request for insurance cover” to obtain reimbursement. Details of
this patient group are provided in the Supplementary Data in Table S1. 15 of 24 patients
who were treated from 2017 to 2018 and therefore before the two new dHT indications
(“tumor local recurrence and compression” and “painful bone metastasis”) were added, as
well as 9/24 patients in the time period from 2019 to the first semester of 2021. Ten of these
15 patients would have fallen within the two new indications, showing that the two new
indications covered an existing demand.

Regarding primary cancer entities, the most common was rectal cancer, with 22.1%
(21/95), followed by bladder cancer with 15.8% (15/95) and soft tissue sarcoma with 13.7%
(13/95) of patients (Table 2). Tumor entities with less than three treated patients are not
individually represented but summarized in the group “others”, which contributed with
18.9% (18/95). Primary cancer entities, i.e., anal, colon and prostate cancer, presented in
a clinical situation belonging to the reimbursed indications “local tumor recurrence and
compression”, “painful bone metastasis” or to the group “request for insurance cover”.
The time trend is shown in the Supplementary Data, in Figure S1.

The patient population treated with dHT consisted of 36.8% (35/95) in-house and
63.2% (60/95) of patients referred from external radiation oncology institutions. To depict
the spatial policy of referrals, the distance from the referring hospital to the Kantonsspital
Aarau was calculated, resulting in a mean of 61.5 km (SD 54.3 km) and a median of 42 km
(range 23–238 km) (Table 2).

235



Cancers 2022, 14, 1175

Cancers 2022, 14, x FOR PEER REVIEW  7  of  18 
 

 

3.2. Patient Characteristics 

The median age of patients receiving dHT was 65 years (range, 18–88). Moreover, 

57.9% (55/95) of patients were male and 49.5% (47/95); 41.1% (39/95) and 9.5% (9/95) had 

an Eastern Cooperative Oncology Group (ECOG) performance score of 0, 1 or 2, respec‐

tively. A total of 47.4% (45/95) of patients received dHT with curative intent. Meanwhile, 

42.1% (40/95) of patients had been previously irradiated and received dHT combined with 

re‐irradiation (re‐RT). In addition, 7.4% (7/95), 23.2% (22/95) and 69.5% (66/95) of patients 

were treated within a study protocol [49–51], analogous to a protocol [50–54] or as part of 

routine clinical practice, respectively (Table 2). 

Patients were divided  into groups based on  treatment  indication  regarding  reim‐

bursement status (reimbursed dHT indications vs. indication requiring an individual “re‐

quest for insurance cover”) and based on primary tumor entities, respectively (Table 2, 

Figure 2, Supplementary Data, Figure S1). This revealed that “local tumor recurrence with 

compression” was  the most common  reimbursed dHT  indication  treated,  representing 

20.0%  (19/95) of patients,  followed by “rectal cancer” with 14.7%  (14/95) and “bladder 

cancer” with 13.7% (13/95) of patients. Over the 4.5‐year time period, 24.2% of patients 

(24/95) were treated with an indication not directly covered or not yet covered and there‐

fore required an individual “request for insurance cover” to obtain reimbursement. De‐

tails of this patient group are provided in the Supplementary Data in Table S1. 15 of 24 

patients who were treated from 2017 to 2018 and therefore before the two new dHT indi‐

cations (“tumor local recurrence and compression” and “painful bone metastasis”) were 

added, as well as 9/24 patients in the time period from 2019 to the first semester of 2021. 

Ten of these 15 patients would have fallen within the two new indications, showing that 

the two new indications covered an existing demand.   

 

Figure 2. Trend of patients treated with combined deep hyperthermia (dHT) and radiotherapy over time. Bar chart where 

numbers of patients receiving dHT between January 2017 and June 2021 are depicted per semester (S1 and S2) and divided 

into “reimbursed dHT indications” with specific subgroups and “request for insurance cover”. From 2017 to 2018, a linear 

increase in patient numbers with approx. 1 patient per semester was showed. Two new reimbursed indications, “local 

tumor recurrence with compression” and “painful bone metastasis”, were granted as from 2019 (blue shaded background). 

COVID‐19 lockdown in Switzerland was during 1st semester 2020 (11 March to 26 April 2020). 

Figure 2. Trend of patients treated with combined deep hyperthermia (dHT) and radiotherapy
over time. Bar chart where numbers of patients receiving dHT between January 2017 and June
2021 are depicted per semester (S1 and S2) and divided into “reimbursed dHT indications” with
specific subgroups and “request for insurance cover”. From 2017 to 2018, a linear increase in patient
numbers with approx. 1 patient per semester was showed. Two new reimbursed indications, “local
tumor recurrence with compression” and “painful bone metastasis”, were granted as from 2019 (blue
shaded background). COVID-19 lockdown in Switzerland was during 1st semester 2020 (11 March to
26 April 2020).

All in-house patients received their RT at the Kantonsspital Aarau. Regarding the
patients referred from other hospitals, 23.3% (14/60) of them received both, dHT with all
irradiations, at the Kantonsspital Aarau. Moreover, 10.0% (6/60) of patients received all
irradiations at their referring hospital except at the day of dHT, where RT was applied
at the Kantonsspital Aarau to minimize the time delay between HT and RT. In addition,
66.7% (40/60) of patients received only dHT treatment at the Kantonsspital Aarau and
were irradiated at their referring hospital (Figure 3).

Patient characteristics are described more in detail in Supplementary Table S2, compar-
ing (1) in-house vs. referred patients, (2) patients receiving dHT in the setting of a re-RT vs.
primary RT, (3) patients treated with palliative vs. curative intention or (4) patients treated
within a clinical trial, analogous to a trial or in clinical routine practice, respectively (Sup-
plementary Table S3A). Interestingly, (5) a gender difference was noted (Supplementary
Table S4).
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Table 2. Patient and tumor characteristics with treatment indications, referral status and deep
hyperthermia treatment adherence. Specifications of “reimbursed dHT indications” are given in
Table 1.

Patient Characteristics

Total (n = 95)
Sex

Male 55 (57.9%)
Female 40 (42.1%)

Age
Mean (SD) 63.1 (14.2)
Median [Min, Max] 65 [18, 88]

ECOG
0 47 (49.5%)
1 39 (41.1%)
2 9 (9.5%)

Reimbursed dHT indications
Cervical cancer 2 (2.1%)
Bladder cancer 13 (13.7%)
Rectal cancer 14 (14.7%)
Soft tissue sarcoma 8 (8.4%)
Pancreatic cancer 8 (8.4%)
Local tumor recurrence with compression 19 (20.0%)
Painful bone metastasis 7 (7.4%)
Request for insurance cover 24 (25.3%)

Primary cancer entities
Cervical cancer 3 (3.2%)
Bladder cancer 15 (15.8%)
Rectal cancer 21 (22.1%)
Soft tissue sarcoma 13 (13.7%)
Pancreatic cancer 8 (8.4%)
Prostate cancer 7 (7.4%)
Anal cancer 4 (4.2%)
Colon cancer 6 (6.3%)
Others 18 (18.9%)

Treatment intention
Curative 45 (47.4%)
Palliative 50 (52.6%)

Re-irradiation
No 55 (57.9%)
Yes 40 (42.1%)

Treatment within a study protocol
No 66 (69.5%)
Yes 7 (7.4%)
Analogous to protocol 22 (23.2%)

Patient origin
In-house patient 35 (36.8%)
Referred from external hospital 60 (63.2%)

Patient origin (specified)
Intra-cantonal 26 (43.3%)
Extra-cantonal 34 (56.7%)

Distance to referring hospital (km)
Median [Min, Max] 42 [23, 238]
Mean (SD) 61.5 (54.3)

Place of treatment
RT at referring institution, dHT at KSA 40 (42.1%)
dHT+RT at KSA 49 (51.6%)
HT and only RT at the same day at KSA, remaining RT at referring institution 6 (6.3%)

All prescribed dHT sessions received
No 6 (6.3%)
Yes 89 (93.7%)

Abbreviations: dHT: deep hyperthermia, dHT+RT: combined dHT and RT, ECOG: Eastern Cooperative Oncology
Group, intra and extra-cantonal: cantons in Switzerland are equivalent to states, provinces or regions in other
countries, KSA: Kantonsspital Aarau (=dHT center), Others: the definition is given in the text, RT: radiotherapy,
SD: standard deviation.
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Figure 3. River plot showing the proportions of in-house and referred patients and where the RT
and dHT were applied. On the left, patients are grouped according to source of referral. On the
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deep hyperthermia, dHT+RT: combined dHT and RT, KSA: Kantonsspital Aarau (dHT center),
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3.3. Treatment Characteristics

One of the 95 treated patients stopped dHT+RT after three RT fractions due to reasons
unrelated to treatment. This patient was excluded from treatment schedule analysis. In the
whole cohort, a mean of 5.24 (SD ± 1.94) and a median of 5 (range 1–10) dHT sessions were
applied, with 52.1% (49/94) of patients receiving it once a week and 47.9% (45/94) once
to twice a week. Concurrent dHT was applied with external body RT (EBRT), stereotactic
body RT (SBRT), protons and interstitial HDR-brachytherapy in 84% (79/94), 2.1% (2/94),
9.6% (9/94) and 4.3% (4/94) of patients, respectively. The mean total number of fractions
was 21.7 (SD ± 8.89), with a median of 25 (range 4–38), a mean dose per fraction of 2.49 Gy
(SD ± 1.35) and a median of 2 Gy (range 1.8–9 Gy). The mean total dose was 46.2 Gy
(SD ± 12.8), with a median of 50 Gy (range 12.5–76 Gy). Moreover, 20.2% (19/94) of
patients received an RT boost. RT was delivered daily in 83% (78/94) of patients (Table 3,
Supplementary Table S3B). In total, 55 of 95 patients (57.9%) received dHT followed by RT
at the Kantonsspital Aarau. The remaining 40 patients travelled to their referring hospital
after the dHT session for the same-day RT (Figure 3). In the first group, the time interval
between dHT and RT was available in 98.1% of patients (54/55). The mean and median
time between the end of the dHT session and start of the RT was 19 min (SD ± 5.5) and
18 min (range 11–32 min), respectively. Evaluation of the time interval of the 40 patients
receiving all RT at their referring institution was not possible due to the retrospective nature
of this study and because these patients were irradiated at several RT facilities located
all over the country. Treatment characteristics were compared between specific patient
subgroups, including in-house vs. referred patients, primary RT vs. re-RT and curative
vs. palliative intention (Table 3). The treatment schedules employed are stated per dHT
indication and per individual patient in detail in Supplementary Table S5.
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Table 3. Treatment characteristics for specific patient subgroups comparing in-house vs. referred
patients, primary RT vs. re-RT and curative vs. palliative intention.

Treatment Characteristics by

Referral Status Re-Irradiation Status Treatment Intention

In-House
Patients

Referred
from

External
Hospital

No Yes Curative Palliative Total

(n = 35) (n = 59) (n = 55) (n = 39) (n = 45) (n = 49) (n = 94)

HT frequency
Once per week 14 (40.0%) 35 (59.3%) 36 (65.5%) 13 (33.3%) 32 (71.1%) 17 (34.7%) 49 (52.1%)
Once to twice

per week 21 (60.0%) 24 (40.7%) 19 (34.5%) 26 (66.7%) 13 (28.9%) 32 (65.3%) 45 (47.9%)

No. of dHT
sessions

Mean (SD) 5.17 (1.44) 5.29 (2.20) 5.53 (1.91) 4.85 (1.94) 5.60 (1.99) 4.92 (1.86) 5.24 (1.94)
Median

[Min, Max] 5 [1, 8] 5 [1, 10] 6 [1, 10] 5 [1, 8] 6 [1, 10] 5 [1, 10] 5 [1, 10]

Total no. of RT
fractions

Mean (SD) 20.1 (8.11) 22.6 (9.27) 24.9 (6.42) 17.1 (9.90) 26.7 (5.98) 17.0 (8.63) 21.7 (8.89)
Median

[Min, Max] 23 [4, 35] 25 [4, 38] 27 [10, 35] 15 [4, 38] 28 [4, 38] 15 [4, 35] 25 [4, 38]

Dose/fraction
(Gy)

Mean (SD) 2.46 (1.04) 2.51 (1.51) 2.14 (0.413) 3.00 (1.94) 2.14 (0.950) 2.82 (1.57) 2.49 (1.35)
Median

[Min, Max] 2 [1.8, 7.5] 2 [1.8, 9] 2 [1.8, 3] 2.5 [1.8, 9] 2 [1.8, 8] 2.5 [1.8, 9] 2 [1.8, 9]

Boost included
No 27 (77.1%) 48 (81.4%) 38 (69.1%) 37 (94.9%) 29 (64.4%) 46 (93.9%) 75 (79.8%)
Yes 8 (22.9%) 11 (18.6%) 17 (30.9%) 2 (5.1%) 16 (35.6%) 3 (6.1%) 19 (20.2%)

Total dose (Gy)
Mean (SD) 43.6 (10.6) 47.6 (13.8) 51.1 (8.85) 39.2 (14.3) 53.3 (8.55) 39.6 (12.7) 46.2 (12.8)

Median
[Min, Max] 45 [24, 70] 50 [12.5, 76] 50.4 [30, 71] 32 [12.5, 76] 50.4 [32, 76] 36 [12.5, 71] 50 [12.5, 76]

RT interval
1×/week 0 (0%) 1 (1.7%) 0 (0%) 1 (2.6%) 0 (0%) 1 (2.0%) 1 (1.1%)
2×/week 2 (5.7%) 4 (6.8%) 0 (0%) 6 (15.4%) 1 (2.2%) 5 (10.2%) 6 (6.4%)
3×/week 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
4×/week 4 (11.4%) 5 (8.5%) 7 (12.7%) 2 (5.1%) 4 (8.9%) 5 (10.2%) 9 (9.6%)
5×/week 29 (82.9%) 49 (83.1%) 48 (87.3%) 30 (76.9%) 40 (88.9%) 38 (77.6%) 78 (83.0%)

RT modality
EBRT 33 (94.3%) 46 (78.0%) 50 (90.9%) 29 (74.4%) 38 (84.4%) 41 (83.7%) 79 (84.0%)

HDR—
brachytherapy 0 (0%) 4 (6.8%) 0 (0%) 4 (10.3%) 1 (2.2%) 3 (6.1%) 4 (4.3%)

Protons 0 (0%) 9 (15.3%) 5 (9.1%) 4 (10.3%) 6 (13.3%) 3 (6.1%) 9 (9.6%)
SBRT 2 (5.7%) 0 (0%) 0 (0%) 2 (5.1%) 0 (0%) 2 (4.1%) 2 (2.1%)

One patient stopped treatment very early and was excluded from the treatment characteristics table. Abbreviations:
dHT: deep hyperthermia, EBRT: external body radiotherapy, Gy: Gray, HDR: high dose rate, RT: radiotherapy,
SBRT: stereotactic body radiotherapy, SD: standard deviation.

The specific treatment schedules were dependent on the treatment indication, aim of
treatment, pre-irradiation status, primary tumor entity and tumor stage. Patients treated
with curative intent generally received a higher total dose, more RT fractions, usually 2 Gy
per fraction and one dHT session per week. Palliative or re-RT treatment schedules mostly
consisted of lower total doses, less RT fractions using moderate hypofractionation with
1–2 dHT sessions per week, but nearly the same total number of dHT sessions as in the
curative setting. This coincides with the expected current practice in radiation oncology.

3.4. Hyperthermia Treatment Adherence

The adherence to dHT was high, with 94% (89/95) of patients finishing all dHT
sessions as initially prescribed. Six patients did not complete the prescribed sessions.
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Three of these six patients were treated for bladder cancer, two of them with tetramodal
treatment (transurethral resection of bladder tumor (TUR-BT), chemotherapy, dHT+RT)
and one with dHT+RT only. The reason for early discontinuation in these three patients
was bladder irritation and/or bacterial cystitis, which prevented further catheterization for
thermometry. Furthermore, 2/6 patients were treated for rectal cancer with local tumor
recurrence with compression with palliative intent and were of ECOG 2. The reason for
early discontinuation of dHT was deterioration of health status. The sixth patient was
scheduled to receive neoadjuvant dHT+RT for soft tissue sarcoma of the limb. dHT was
discontinued after the first HT session due to heat-induced pain in the tumor.

4. Discussion

During the investigated time period, only one RT center in Switzerland provided
radiative dHT and seven dHT indications were approved for reimbursement in Switzerland.
For other tumor situations that were likely to benefit from combined dHT+RT, an individual
request to the patient’s insurance company was necessary. A prerequisite for coverage of
the costs stipulated by the Swiss Federal Office of Public Health was the presentation and
confirmation of the dHT indication at the SHN tumor board.

Our analysis of the patient flow through this tumor board revealed a high number
(approximately 50%) of patients who were not approved for dHT. This might be explained
not only by the critical evaluation of the dHT indication by an expert panel, thus reflecting
the quality of the tumor board decisions, but also by the fact that some referring physicians
were not yet familiar with dHT as they presented patients with obvious contraindications,
such as metal implants in the tumor region. We noted that only for two patients dHT
could not be applied due to lack of cost recovery (Figure 1a), showing that health insurance
companies in Switzerland will cover dHT when no other local treatment options than
dHT+RT exist and the indication can be justified. The strict supervision of meaningful
indications by the SHN tumor board probably contributed to the high acceptance rate of
the health insurers. Therefore, we conclude that the SHN tumor board serves not only for
the preselection of patients, besides contributing to the transparency and harmonization of
treatment schedules, but also plays a role in teaching newcomers to the field.

This analysis presents compelling evidence of an existing clinical demand for dHT
for both palliative and curative indications. The majority (74.7%, 71/95) of patients in this
analysis were treated based on the seven “reimbursed dHT indications” and only 25.3%
(24/95) of patients required an individual “request to the insurance company” to cover the
costs of therapy (Table 2). A closer look at the latter group revealed that, in the two years
(2017 to 2018) before the introduction of the two new reimbursed dHT indications (local
tumor compression and painful bone metastasis), more requests for dHT were submitted
to insurance companies (15 vs. 9 patients). From 2017 to 2018, dHT was mainly prescribed
for the two indications mentioned above (10 of 15) (Supplementary Table S1). With the
approval of these two indications, the number of requests to insurance companies decreased,
reflecting that an existing clinical demand had been covered. The linear time trend observed
over the first two years, with an increase of one patient per semester, could be interpreted
as epidemiological growth or may be due to the fact that hyperthermia achieved more
visibility within the Swiss (radiation) oncology society. However, the COVID-19 pandemic
has clearly influenced case numbers and indications treated from the first semester of 2020
onwards (Figure 2). Due to this confounding bias, a reliable time trend analysis of patient
numbers was not possible; however, it is important to note that an uncontrolled increase in
case numbers did not happen despite reimbursement of new treatment indications. Taken
together, the dHT indications negotiated jointly by the Swiss Federal Office of Public Health
and the SHN appear not to have induced a commercially driven increase in patients treated.

With regard to the referral pattern, our analysis revealed that only 36.8% (35/95) of
patients originated in-house and that 63.2% (60/95) patients were referred from external
radiation oncology institutions (Figure 3). This shows that a dHT unit in Switzerland,
even when integrated into a radiation oncology center, not only treats in-house patients.
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Patients have been referred for dHT from university hospitals and as well from the proton
therapy center at the Paul Scherer Institute explicitly for the treatment of challenging
oncological situations (Supplementary Table S2). This indicates that a dHT unit covers an
existing demand for specific oncological situations, such as re-irradiation, organ-preserving
treatment combinations (bladder and rectal cancer, soft tissue sarcoma) and other complex
situations such as inoperable pancreatic cancer, soft tissue sarcoma or bulky, radioresistant
tumors. In Switzerland, HT is frequently and incorrectly regarded as a mainly palliative
treatment option. In the present analysis, we refute this by showing that 47.4% (45/95) of
patients were treated with a curative treatment approach.

The characteristics of the in-house patients revealed that they generally had a lower
performance status and were more likely to be treated with palliative intent. Accordingly,
dHT was more often used for the indication “local recurrence and compression”. Patients
of low performance status are not fit to travel long distances for dHT, even if they would
benefit from a radiosensitizer such as dHT, with its good toxicity profile. For palliative
indications, the use of dHT could allow for a reduction in RT dose and thereby improve the
tolerability and effect of RT, i.e., regarding pain relief, as has been shown by Chi et al. [39]
for painful bone metastases. The referred patients in the present cohort travelled a relatively
long mean distance of 62.2 km (SD ± 54.6 km), with a maximum of 238 km, to receive
dHT (Supplementary Table S2). This effort is unreasonable for palliative and frail patients,
which supports the future higher spatial availability of dHT units in Switzerland.

The three most commonly reimbursed dHT indications were “local tumor recurrence
with compression” (20%), “rectal cancer” (14.7%) and “bladder cancer” (13.7%) (Table 2).
Unfortunately, the approval for reimbursement for the most common curative and organ-
preserving indications, “rectal cancer” and “bladder cancer”, was withdrawn by July
2021 [20]. Patients treated for the dHT indication “rectal cancer” were mostly referred
from external radiotherapy centers (Supplementary Table S2) and predominantly for re-
irradiation (71.4%; 10/14 patients, data not shown). More than half (8/14 patients) were
treated analogously to the HyRec trial [31] (Supplementary Table S5). The indication
“bladder cancer” closes a gap in treatment options for either elderly and frail patients
or patients seeking a bladder-sparing treatment approach. Patients were referred from
external hospitals for these indications, underlining the demand for this treatment option
as well. The SHN board is convinced that there is good evidence for dHT for these
two indications [26–29,32], especially in rectal cancer, since two recent studies showed a
promising effect of dHT [30,31].

Regarding the other dHT indications, the present analysis revealed that only a few pa-
tients are treated for the dHT indication “cervical cancer”, although it is associated with the
strongest clinical evidence [21–23]. This could be explained by the low incidence of cervical
cancer in Switzerland and the fact that this indication only receives direct reimbursement
in the case of re-RT and for patients with contraindication to concurrent chemotherapy,
which is rarely the case in Switzerland. This is in contrast to, for example, the Netherlands,
where dHT is reimbursed in the primary treatment setting in combination with RT and
brachytherapy based on evidence from randomized trials [11]. Another observation is the
low patient numbers treated for “painful bone metastases”, although its superior effect
regarding pain control was shown in a phase III randomized trial [39]. At Kantonsspital
Aarau, the combination of dHT+RT for the indication of painful bone metastases was in-
tended to be increasingly used in the future, because, with the longer survival of metastatic
patients, long-lasting pain control is also becoming more important. However, because,
during the COVID-19 pandemic, non-mandatory treatments were minimized and painful
bone metastases could be often sufficiently treated with hypofractionated RT schedules
alone, dHT was not offered. After returning to normality in the first semester of 2021,
dHT patient numbers almost doubled (Figure 2), reaching the limited capacity of treatment
slots for dHT. Therefore, patients with curative treatment indications were prioritized and
dHT+RT again was not actively offered to patients qualifying for painful bone metastases.
With the increasing dHT treatment capacity and controlled establishment of more dHT
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units in Switzerland, more patients with painful bone metastases could benefit from the
increased analgetic effect of dHT+RT.

The present patterns-of-care analysis was conducted as an inventory/survey of current
practice and as the basis for a national objective to define standardized treatment schedules
in Switzerland. All reimbursed indications, except for the indications “tumor recurrence
and compression” and “painful bone metastasis”, showed relatively standardized treatment
schedules in analogy to clinical trials (Supplementary Table S5). In contrast, the indication
group “local tumor recurrence with compression” represents a patient collective with
enormous heterogeneity regarding primary cancer entities, re-RT status, RT modalities and
treatment schedules. The only common denominator is that they were treated mostly with
palliative intent (Supplementary Tables S2 and S5). Importantly, these patients often have
no other treatment option apart from dHT+RT and local treatment effect has a high impact
on their quality of life. Withholding dHT+RT as a last treatment option from these patients
would, in our view, be unethical. Because these patients frequently required individually
tailored treatment schedules based on their previous treatment, the standardization of the
treatment schedules, especially for clinical trials, would also be difficult. It is therefore clear
that an analysis of dHT efficacy in this patient group is a challenge. A good example for
the standardization of dHT+RT treatment schedules in patients with tumor recurrences
is the subgroup of the HyRec trial from Ott et al. [31,52] and the schedule with 5 × 4 Gy
once weekly combined with weekly wIRA superficial HT in recurrent breast cancer from
Notter et al. [56] for superficial HT. Such innovative study designs and further treatment
schedules are required to evaluate and consolidate the effect of dHT in these heterogeneous
patient groups.

5. Conclusions

To the best of our knowledge, we report the first retrospective analysis of an unselected
national patient cohort treated with dHT, evaluating patient numbers over 4.5 years,
specific treatment indications, patient characteristics, tumor entities, the referral practice
and corresponding treatment schedules in Switzerland.

Nearly 50% of patients were treated with curative intent. Around two thirds of
patients were referred from external institutions from all over Switzerland, including from
university hospitals and the proton therapy center, for challenging oncologic situations such
as re-RT, complex palliative situations, organ-preserving treatment combinations (bladder
and rectal cancer, soft tissue sarcoma) and inoperable, bulky or radioresistant tumors.
This observation refutes the common prejudice, at least in Switzerland, that HT is only
used for palliative situations and clearly underlines the medical need for the combination
of dHT+RT.

Patients treated within the reimbursed dHT indications with predominantly curative
intent were homogenous subgroups with relatively standardized treatment schedules
according to published clinical trials. On the other hand, the present patterns-of-care
analysis revealed that patients treated within the two palliative reimbursed indications
“tumor local recurrence and compression” and “painful bone metastasis” exhibit immense
heterogeneity regarding patient characteristics and treatment schedules, demonstrating the
need for standardization as a basis for future clinical studies.

This analysis will provide the basis for standardized national dHT treatment schedules
and quality assurance guidelines to consolidate and expand dHT evidence. We think that
this insight into dHT practice in Switzerland could be of interest for centers interested
in the implementation of a dHT unit and for other HT societies, especially regarding
reimbursement policy, and could also foster international study collaborations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers14051175/s1, Figure S1: Number of cases presented at the Swiss Hyperthermia
Network tumor board by primary cancer entity. Table S1: Patients and tumor characteristics of
patients treated with deep hyperthermia who required an individual request for insurance cover.
Table S2: Patient characteristics regarding referral status, re-irradiation status and by treatment
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indication. Table S3: Patient, tumor and treatment characteristics according to treatment protocol.
Table S4: Patient characteristics by gender. Table S5: Deep hyperthermia and combined radiotherapy
treatment schedules by specific reimbursed dHT indications.
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Simple Summary: Following radiotherapy for head and neck cancer, patients are at risk for develop-
ing a recurrent or second tumor. Often reirradiation is required in these patients, which is hampered
in dose by the previous irradiation. Besides chemotherapy, hyperthermia can potentially increase
the effectivity of the radiotherapy. In this study we have used a new hyperthermia applicator in
order to increase the effectivity of the radiotherapy in patients requiring reirradiation. We show that
the added hyperthermia treatment is tolerated by patients and that we reach a higher hyperthermia
dose to the tumor compared to the previous applicator. In addition, we show that the tumor control
and survival as well as toxicity are similar compared to what has been reported in literature using
chemotherapy as an additive to reirradiation in head and neck cancer patients.

Abstract: (1) Background: Head and neck cancer (HNC) patients with recurrent or second primary
(SP) tumors in previously irradiated areas represent a clinical challenge. Definitive or postoperative
reirradiation with or without sensitizing therapy, like chemotherapy, should be considered. As an
alternative to chemotherapy, hyperthermia has shown to be a potent sensitizer of radiotherapy in
clinical studies in the primary treatment of HNC. At our institution, we developed the Hypercollar3D,
as the successor to the Hypercollar, to enable improved application of hyperthermia for deeply located
HNC. In this study, we report on the feasibility and clinical outcome of patients treated with the
Hypercollar3D as an adjuvant to reirradiation in recurrent or SP HNC patients; (2) Methods: We
retrospectively analyzed all patients with a recurrent or SP HNC treated with reirradiation combined
with hyperthermia using the Hypercollar3D between 2014 and 2018. Data on patients, tumors, and
treatments were collected. Follow-up data on disease specific outcomes as well as acute and late
toxicity were collected. Data were analyzed using Kaplan Meier analyses; (3) Results: Twenty-two
patients with recurrent or SP HNC were included. The average mean estimated applied cfSAR
to the tumor volume for the last 17 patients was 80.5 W/kg. Therefore, the novel Hypercollar3D
deposits 55% more energy at the target than our previous Hypercollar applicator. In patients treated
with definitive thermoradiotherapy a complete response rate of 81.8% (9/11) was observed at
12 weeks following radiotherapy. Two-year local control (LC) and overall survival (OS) were 36.4%
(95% CI 17.4–55.7%) and 54.6% (95% CI 32.1–72.4%), respectively. Patients with an interval longer
than 24 months from their previous radiotherapy course had an LC of 66.7% (95% CI 37.5–84.6%),
whereas patients with a time interval shorter than 24 months had an LC of 14.3% (95% CI 0.7–46.5%)
at 18 months (p = 0.01). Cumulative grade 3 or higher toxicity was 39.2% (95% CI 16.0–61.9%);
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(4) Conclusions: Reirradiation combined with deep hyperthermia in HNC patients using the novel
Hypercollar3D is feasible and deposits an average cfSAR of 80.5 W/kg in the tumor volume. The
treatment results in high complete response rates at 12 weeks post-treatment. Local control and
local toxicity rates were comparable to those reported for recurrent or SP HNC. To further optimize
the hyperthermia treatment in the future, temperature feedback is warranted to apply heat at the
maximum tolerable dose without toxicity. These data support further research in hyperthermia as an
adjuvant to radiotherapy, both in the recurrent as well as in the primary treatment of HNC patients.

Keywords: head and neck cancer; hyperthermia; reirradiation; treatment outcome

1. Introduction

Recurrent or second primary (SP) head and neck cancer (HNC) after radiotherapy
occurs in 30–40% of patients [1–5]. Treatment of previously irradiated patients is a clinical
challenge to date, especially when tumors are inoperable, as both the recurrent tumor
as well as the renewed radiotherapy course carry substantial risks of morbidity and
mortality [5]. Historically, reirradiation with or without sensitizing chemotherapy resulted
in poor locoregional control rates [6,7]. In more recent literature, however, treatment with
definitive reirradiation with or without chemotherapy showed a local control (LC) rate of
42.7% and an overall survival (OS) of 35.5% at 2 years [5]. Therefore, it seems that in the
current era of radiotherapy techniques, reirradiation is becoming a more realistic treatment
option for recurrent HNC patients, although careful selection seems warranted [8].

In reirradiation of HNC, chemotherapy is commonly used to sensitize radiother-
apy. However, chemotherapy can result in increased side effects from the radiotherapy
and carries potential systemic side effects, limiting its use in patients with comorbid dis-
ease [7]. Clinical hyperthermia represents an alternative to chemotherapy as a sensitizer
of radiotherapy. In primary HNC, elevation of target temperatures to 40–44 ◦C results in
around 20 percent increase in LC [9]. In recurrent HNC, however, the effect of adjuvant
hyperthermia to radiotherapy has not been explored thoroughly [2,10,11].

In primary HNC patients, hyperthermia is mostly delivered using capacitive or intra-
luminal heating devices [12]. These devices can only adequately heat superficial tissues,
and treatments in these studies were mostly applied without real-time monitoring. To be
able to heat deep-seated tumors and to better steer the energy deposition, we previously
developed a medical hyperthermia device incorporating 12 antennas, named the Hyper-
collar, that can focus microwaves to the target volume [13]. In addition, we developed
and validated 3D simulation technology to optimize settings in pretreatment planning
and for real-time simulation guided treatment and control [14,15]. We have previously
reported on the safety and feasibility of treatment with the Hypercollar [10]. Learning from
this experience, we further developed the Hypercollar for improved applicability, patient
comfort, and energy steering [12]. This next-generation device, named the Hypercollar3D,
has 20 antennas and an improved water bolus fitting for improved heating of the oropha-
ryngeal and nasopharyngeal areas [16]. The better fit also creates a better match between
simulation and treatment to improve the simulation-guided treatment.

Since the clinical introduction of the Hypercollar3D in 2014, we have treated 22 patients
with recurrent or SP HNC receiving reirradiation with curative intent. The goal of this
study was to evaluate the feasibility, acute and late toxicity as well as the clinical outcome
in recurrent or SP HNC patients following thermoradiotherapy using the Hypercollar3D.

2. Materials and Methods
2.1. Patient Population

The research protocol for this retrospective study was reviewed by the medical ethics
committee of Erasmus MC Cancer Institute, Rotterdam (MEC-2018-1453) and was classified
as not falling within the definition and scope of the WMO (Medical Research Involving
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Human Subjects Act). Patients included were treated at our institute between 2014 and
2018 for a recurrent or SP HNC with reirradiation combined with deep hyperthermia
using the Hypercollar3D with curative intent. Exclusion criteria for deep hyperthermia
were systemic temperatures of >39 ◦C, claustrophobia, tumor caudal to a tracheostomy
(this prevents penetration of the microwaves to the tumor), anatomical boundaries of the
shoulders prohibiting positioning of the applicator, and the presence of a pacemaker.

2.2. Radiotherapy Treatment

Radiotherapy technique, radiation field, dose, and fractionation were left at the discre-
tion of the treating radiation oncologist and are listed in Table 1. In brief, radiation fields
included at least the primary tumor site with or without elective neck irradiation. Radio-
therapy techniques used were stereotactic radiotherapy using the Cyberknife (Accuracy
Inc., Sunnyvale, CA, USA) in 7 patients and external beam radiotherapy (IMRT or VMAT)
in 15 patients. Fractionation schemes are listed in Table 1.

Table 1. General characteristics of patient tumor and treatments.

Characteristic Categories Value

Patient/tumor characteristics

Age (years) Years (median) 67.0
(IQR 59.5–71.5)

Sex
Male 16 (73.0%)

Female 6 (27.0%)

Prior surgery (primary tumor)
Yes 13 (59.0%)

No 9 (41.0%)

Prior systemic therapy (primary tumor)
Yes 7 (32.0%)

No 15 (68.0%)

Recurrent/SP HNC
Recurrent tumor 14 (64.0%)

Second primary tumor 8 (36.0%)

Tumor site (recurrent or SP tumor)

Nasopharynx 2 (9.0%)

Oropharynx 12 (55.0%)

Oral cavity 2 (9.0%)

Salivary gland 2 (9.0%)

Hypopharynx 1 (5.0%)

Larynx 3 (14.0%)

Histology (recurrent or SP tumor)
Squamous cell carcinoma 19 (86.0%)

Other 3 (14.0%)

Tumor stage (recurrent or SP tumor)

T0 8 (36.0%)

T1 1 (5.0%)

T2 6 (27.0%)

T3 2 (9.0%)

T4 4 (18.0%)

Unknown 1 (5.0%)
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Table 1. Cont.

Characteristic Categories Value

Patient/tumor characteristics

Nodal stage (recurrent or SP tumor)

N0 9 (41.0%)

N1 3 (14.0 %)

N2 8 (36.0%)

N3 1 (5.0%)

Unknown 1 (5.0%)

Postoperative/
definitivereirradiation + hyperthermia

Postoperative 9 (41.0%)

Definitive 13 (59.0%)

Fractionation radiotherapy

6 × 5.5 Gy 7 (31.8%)

10 × 2.0 Gy 1 (4.5%)

25 × 2.0 Gy 2 (9.0%)

28 × 1.8 Gy 1 (4.5%)

30 × 2.0 Gy 9 (40.9%)

33 × 1.8 Gy 2 (9.0%)

Technique radiotherapy

IMRT 10 (44.5%)

VMAT 5 (22.7%)

Cyberknife 7 (31.8%)

Radiation field

Tumor 10 (45.5%)

Neck 7 (31.8%)

Both 5 (22,7%)

Time from previous radiotherapy treatment Months (median)
51.5
(IQR

17.5–122.0)

Number of planned hyperthermia treatments

Number of treatments
per patient

Number
of patients

3 7 (31.8%)

4 1 (4.5%)

5 2 (9.1%)

6 11 (50%)

7 1 (4.5%)

Total number of all treatments 108 22 (100%)

Complete clinical response 12 weeks
post-treatment for definitive radiotherapy

Yes 9 (81.8%)

No 2 (18.2%)

2.3. Hyperthermia Treatment

Hyperthermia (HT) was delivered following the radiotherapy fraction and was de-
livered weekly. The target volume for hyperthermia was the gross tumor volume (GTV)
with a margin to account for planning and positioning inaccuracies. In the postsurgical
situation, usually the clinical target volume (CTV) for radiation was the target volume for
hyperthermia. If this was too large for adequate heating, a high-risk zone was identified,
and the truly elective areas were not primarily heated. For each patient, a 3D patient model
was generated by applying automatic segmentation of the planning computed tomography
(CT) scan from the radiotherapy treatment [17]. Next, the patient model was imported
into SEMCAD-X (Zurich MedTech, Zurich, Switzerland) to calculate the electromagnetic
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field per antenna. The resultant electric field distributions were imported into in-house
developed software VEDO for optimizing the specific absorption rate (SAR) distribution by
maximizing the target hotspot quotient (THQ) [15]. THQ is expressed using a total hotspot
volume of 1% of the total volume (THQ_1%) [15].

Treatment was started using the preoptimized settings, and total power was gradually
increased until the target temperature, a patient indicated hotspot, or a SAR constraint in
the masseter region was reached. [10]. As in the earlier protocol, placement of invasive
catheters inside the tumor was mandatory in case of a low predicted treatment quality, being
25% iso-SAR coverage (TC25) smaller than 75%, and optional for a TC25 above 75%. In the
latter case, placement was often deemed too risky or too troublesome for patients; therefore,
no temperatures could be measured. The protocol also included optional measurements
of normal tissue temperatures in case distinct hotspots were to be expected based on the
predicted SAR distribution.

In all cases, treatment was monitored in real-time using the applied cubic filtered SAR
(cf-SAR) estimations [12]. Hereto, the real-time measured power and phase of the signals
applied to the antennas were extrapolated into a real-time estimated applied SAR using
the pre-calculated electric fields per antenna. Re-optimization of SAR distribution during
the treatment was conducted if the patient had discomfort due to hotspots, which was
discriminated from other sources of discomfort by briefly turning off total power. The
duration of each hyperthermia treatment was 75 min, and heating up to 43 ◦C in the target
or up to the patient’s tolerance was applied, aimed at achieving 40–44 ◦C in the target
region for 60 min.

2.4. Collection of Patient and Follow-Up Data

Patient, tumor, and treatment details were extracted from the patients’ files. Specific
radiotherapy and HT treatment characteristics were extracted from treatment planning
and other recording systems. Local recurrence, distant recurrence, survival status, date and
cause of death, as well as acute and late toxicity data were extracted and/or retrieved from
patient records, referring hospitals, general practitioners, and the civil registry. Toxicity
was scored according to CTCAE v4 at baseline, end of radiotherapy treatment, and 3–4 and
12 months post-treatment. Grade 1 toxicities were not included in the analyses because
they were considered unreliable due to the retrospective data collection. After evaluation
of the first five patients, we decided to introduce measurements of the range of motion
(ROM) of the jaw before and after each treatment, as the CTCAE v4 scale is very robust for
measuring trismus.

2.5. Hyperthermia Treatment Parameters

Hyperthermia treatment characteristics were collected. The number of hyperther-
mia treatments, hyperthermia treatment duration, mean applied power, mean estimated
applied cf-SAR in tumor, and HTP planning parameters (THQ, TC25, TC50, and TC75)
were extracted from the HT treatment files. The hyperthermia treatment session was
marked as prematurely aborted if the total duration of the treatment was less than 70 min,
since this indicates a problem reported by the patient. The effective treatment time
per session was defined as the input power values higher than 1W during the treat-
ment duration. The reported maximum estimated applied cf-SAR in tissues at risk were
calculated retrospectively.

2.6. Statistical Analysis

LC and OS were calculated from the start date of radiotherapy until the event. LC
was noted as ‘failed’ when a physician diagnosed a local recurrence either clinically or
with imaging (CT/MRI). Patients were censored for LC after the last visit of any physician
specifically examining for recurrent disease or death. For OS, patients were censored after
the day the civil registry was consulted. LC and OS were analyzed using the Kaplan–Meier
method and statistical differences between groups were determined using the log-rank test.
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A p-value of ≤0.05 was considered statistically significant. All analyses were performed
using Stata 15.1 (StataCorp. 2017. Stata Statistical Software: Release 15, StataCorp LLC,
College Station, TX, USA).

3. Results
3.1. General Characteristics of Patients, Treatment, and Follow-Up

Patient and radiotherapy characteristics are listed in Table 1. Median follow-up for lo-
cal recurrence was 17.5 months (IQR 6.0–31.0 months) and for overall survival 24.5 months
(IQR 11.0–48.0 months). Thirteen out of twenty-two patients had a local recurrence, four-
teen out of twenty-two had any recurrence, and fourteen out of twenty-two died during
follow up.

3.2. Hyperthermia Treatment Feasibility

Comparing the clinical performance of the Hypercollar3D with our earlier Hypercollar
applicator, we note that the comfort of the treatment as experienced by the patient is
comparable, i.e., for the Hypercollar3D applicator in 90% of the treatments the treatment
duration was at least 70 min of the intended 75 min, compared to 87% for the earlier
Hypercollar design.

Table 2 shows that in total 134.9 W of mean power (range = 49.9–353.0 W) was applied
to achieve a mean predicted cfSAR of 104.2 W/kg (range = 36.5–314.8) in the target regions
that had a mean volume of 40.8 cc (range = 2.8–233.9 cc). Treatment planning predicted
a mean TC25 of 88%, TC50 of 55%, TC75 of 12% and THQ was on average 1.28. In
5/22 patients, temperatures were measured during the first hyperthermia session in the
target (4.6%). Measured minimum (“starting”) temperatures ranged between 34.3–36.6 ◦C.
This may be an indication that measurements were in general taken very superficially.
Measured median temperature (T50) was 39.6 ◦C (37.2–41.9 ◦C) but a mean increase of
3.9 ◦C (1.3–6.2 ◦C) was achieved.

Because of the incidence of trismus (see toxicity below), after five patients the clinical
protocol previously described by Verduijn et al. was adjusted by: (1) decreasing the power
increments from 20 W to 10 W per 5 min of treatment time to allow for thermoregulative
physiological adjustment, and (2) by applying an absolute SAR threshold of 175 W/kg
in the masseter region. Following the adapted instructions, the mean applied power
decreased from 278.8 W (first five patients) to 92.5 W (17 patients treated thereafter), and
consequently, the mean estimated applied cfSAR in the tumor decreased from 185.0 W/kg
to 80.5 W/kg.

In 6/22 patients one or more hyperthermia sessions were prematurely aborted. In
four patients this was due to pain from the hyperthermia treatment, and in one of those
patients it was due to an increase in pre-existing neuropathic pain. In addition, the last
hyperthermia session was not applied in one patient due to tumor progression and for
another patient it was due to claustrophobia and fear of technical problems. In 88% of
the treatments, the treatment duration was at least 70 min of the intended 75 min. For
all patients and treatments, the mean hyperthermia treatment time delivered, reaching
71.5 min or 95.3% of the intended time (75 min).

3.3. Oncological Outcome and Relation with Interval with Previous Radiotherapy

Thirteen patients were treated with definitive thermoradiotherapy, whereas, nine
patients were treated with postoperative thermoradiotherapy (Table 1). In patients treated
with definitive thermoradiotherapy a complete response rate of 81.8% (9/11; two not
recorded) was observed (Table 1). Overall 2-year LC and OS were 36.4% (95% CI 17.4–55.7%)
and 54.6% (95% CI 32.1–72.4%), respectively (Figure 1). Comparing postoperative versus
definitive thermoradiotherapy, no significant difference was observed in 2-year LC; 33.3%
(95% CI 7.8–62.3%) versus 38.5% (95% CI 14.1–62.8%), respectively (p = 0.97) (Figure 2).
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Table 2. Hyperthermia treatment parameters.

Characteristic Categories Value

Hyperthermia treatment characteristics

HT treatments n 107

HTV volume milliliters 40.8 mL (2.8–108.9)

Treatment planning

TC25 % 90 (44–99)

TC50 % 58 (5–80)

TC75 % 12 (0–48)

THQ_1% - 1.28 (0.38–3.83)

Mean applied power * Watts

All 1–22: 134.9 (49.9–353.0)

Pat 1–5: 278.8 (179.3–353.0)

Pat 6–22: 92.5 (49.9–123.1)

Mean estimated cf-SAR tumor *
(applied power * predicted cf-SAR * efficiency)

W/kg

All 1–22: 104.2 (36.5–314.8)

Pat 1–5: 185.0 (69.4–314.8)

Pat 6–22: 80.5 (36.5–145.1)

Target temperature n (%) 5 (4.6)

Patient reference A B C D E

Maximum ◦C 38.3, 43.9, 40.9, 42.2, 38.0

Median ◦C 37.8, 40.8, 40.5, 41.9, 37.2

Minimum ◦C 36.5, 36.6, 35.8, 35.7, 34.3

Maximum normal tissue temperature n (%) 56 (52.3)

Median ◦C 40.1 (35.0–42.8)
* After the first five patients, a protocol adaptation lowering the energy in the masseter muscles was introduced.
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Notably, after evaluation of the first five patients treated with the HyperCollar3D, 
we saw that three patients had developed clinically relevant trismus; one patient devel-
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of treatment as an unexpected side effect. One of them also experienced grade III vertigo 
after the first treatment and a grade II vertigo after consecutive treatments. Two patients 
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Figure 2. Kaplan-Meier curves for LC were compared for definitive versus postoperative treatment
using the log-rank test.

The time interval between the first and the subsequent radiotherapy courses was
previously reported to predict clinical outcome [5]. The median time from previous
radiotherapy in our cohort was 51.5 months (IQR 17.5–122.0 months). Similar to observation
by others, an interval of >24 months was significantly associated with higher LC; 18-month
LC was 14.3% (95% CI 0.7–46.5%) for an interval of <24 months versus 66.7% (95% CI
37.5–84.6%) for an interval of >24 months (p = 0.01) (Figure 3).
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time intervals between radiotherapy courses using the log-rank test.

3.4. Toxicity

The overall incidence of late grade 3 or higher toxicity at 2-years using Kaplan-Meier
analysis was 39.2% (95% CI 16.0–61.9%), and the combined incidence of late grade 3 or
higher toxicity or local recurrence at 2-years was 81.0% (95% CI 69.2–92.8%) (Figure 4). A
detailed overview of type and grade of the toxicity at baseline, shortly after the radiotherapy
course, 3–4 and 12 months is provided in Table 3. Of note, no grade IV or V toxicities
were observed.

254



Cancers 2021, 13, 6149

Cancers 2021, 13, 6149 9 of 14 
 

 

first evaluation (see feasibility) as explained earlier. After the introduction of the adapted 
treatment protocol, the occurrence of treatment-induced trismus at the end of the treat-
ment decreased from 3/5 to 5/17. In the group of patients treated following the adapted 
protocol, the incidence of newly induced trismus at 3–4 months decreased further to 1/17 
patients. For the other four patients with trismus at 3–4 months post treatment, two were 
in the first five patients having a high SAR value at the masseter and two already had 
trismus at start of the treatment and were not altered in grade by the treatment (Table 3). 

 
Figure 4. Kaplan-Meier analysis of late (>4 months) grade 3 or higher toxicity (A) and grade 3 or higher toxicity and/or 
local recurrence (B). 

Table 3. Description of toxicity at baseline, end of radiotherapy treatment, 3–4 months and 12 months post-treatment. 

Toxicity  Baseline 
N = 22 

End RT 
N = 18 

3–4 Months 
Post-Treatment 

N = 18 

12 Months 
Post-Treatment 

N = 10 
 Grade Number (%) Number (%) Number (%) Number (%) 

Xerostomia 
2 0 1 (6%) 1 (6%) 0 
3 0 1 (6%) 1 (6%) 1 (10%) 

Altered taste 
2 0 2 (11%) 1 (6%) 0 
3 0 0 0 0 

Dysphagia 
2 6 (27%) 6 (33%) 5 (28%) 5 (50%) 
3 3 (14%) 5 (28%) 3 (17%) 2 (20%) 

Edema face 
2 0 2 (11%) 0 1 (10%) 
3 0 0 0 0 

Erythema skin 
2 0 0 0 0 
3 0 0 0 0 

Ulcus skin 
2 0 1 (6%) 2 (11%) 2 (20%) 
3 0 0 0 1 (10%) 

Trimus 
2 2 (9%) 5 (28%) 4 (22%) 3 (30%) 
3   1 (6%) 1 (10%) 

Osteoradionecrosis 
Yes 0 0 3 (17%) 1 (10%) 
No 22 (100%) 18 (100%) 15 (83%) 9 (90%) 

Burn wound 
Yes 0 0 0 0 
No 22 (100%) 18 (100%) 18 (100%) 10 (100%) 

Vertigo Yes 0 0 0 0 
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local recurrence (B).

Table 3. Description of toxicity at baseline, end of radiotherapy treatment, 3–4 months and 12 months post-treatment.

Toxicity Baseline
N = 22

End RT
N = 18

3–4 Months Post-Treatment
N = 18

12 Months Sost-Treatment
N = 10

Grade Number (%) Number (%) Number (%) Number (%)

Xerostomia
2 0 1 (6%) 1 (6%) 0

3 0 1 (6%) 1 (6%) 1 (10%)

Altered taste
2 0 2 (11%) 1 (6%) 0

3 0 0 0 0

Dysphagia
2 6 (27%) 6 (33%) 5 (28%) 5 (50%)

3 3 (14%) 5 (28%) 3 (17%) 2 (20%)

Edema face
2 0 2 (11%) 0 1 (10%)

3 0 0 0 0

Erythema skin
2 0 0 0 0

3 0 0 0 0

Ulcus skin
2 0 1 (6%) 2 (11%) 2 (20%)

3 0 0 0 1 (10%)

Trimus
2 2 (9%) 5 (28%) 4 (22%) 3 (30%)

3 1 (6%) 1 (10%)

Osteoradionecrosis
Yes 0 0 3 (17%) 1 (10%)

No 22 (100%) 18 (100%) 15 (83%) 9 (90%)

Burn wound
Yes 0 0 0 0

No 22 (100%) 18 (100%) 18 (100%) 10 (100%)

Vertigo
Yes 0 0 0 0

No 22 (100%) 18 (100%) 18 (100%) 10 (100%)

Tube feeding
Yes 2 (9%) 6 (33%) 3 (17%) 2 (20%)

No 20 (91%) 12 (67%) 15 (83%) 8 (80%)
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Table 3. Cont.

Toxicity Baseline
N = 22

End RT
N = 18

3–4 Months Post-Treatment
N = 18

12 Months Sost-Treatment
N = 10

Grade Number (%) Number (%) Number (%) Number (%)

Opioid use
Yes 4 (18%) 9 (50%) 6 (33%) 1 (10%)

No 18 (82%) 9 (50%) 12 (66%) 9 (90%)

Other grade 3 or
higher toxicity

Yes 1 (5%) 1 (6%) 1 (6%) 1 (10%)

No 21 (95%) 17 (94%) 17 (94%) 9 (90%)

Tracheostoma
Yes 4 (18%) 4 (22%) 1 (6%) 1 (10%)

No 18 (82%) 13 (72%) 17 (94%) 9 (90%)

Notably, after evaluation of the first five patients treated with the HyperCollar3D, we
saw that three patients had developed clinically relevant trismus; one patient developed
grade I and two patients developed grade II trismus relatively early on in the course of
treatment as an unexpected side effect. One of them also experienced grade III vertigo
after the first treatment and a grade II vertigo after consecutive treatments. Two patients
also developed a grade II edema of the neck. We adjusted the clinical protocol after our
first evaluation (see feasibility) as explained earlier. After the introduction of the adapted
treatment protocol, the occurrence of treatment-induced trismus at the end of the treatment
decreased from 3/5 to 5/17. In the group of patients treated following the adapted protocol,
the incidence of newly induced trismus at 3–4 months decreased further to 1/17 patients.
For the other four patients with trismus at 3–4 months post treatment, two were in the first
five patients having a high SAR value at the masseter and two already had trismus at start
of the treatment and were not altered in grade by the treatment (Table 3).

4. Discussion

In this retrospective cohort study, we found that application of deep hyperthermia
using the Hypercollar3D is feasible, and the oncological outcome is similar to other patient
series of reirradiation with or without chemotherapy in HNC patients [5]. This study
warrants further clinical studies using thermoradiotherapy in recurrent as well as in
primary HNC patients.

In a meta-analysis in 2016 from Datta et al., five randomized trials and one nonrandom-
ized trial, comparing radiotherapy versus radiotherapy plus hyperthermia in non-surgical
patients, were analyzed [9]. This meta-analysis showed an overall improvement of the
complete remission rate going from 39.6% (range 31.3–46.9%) with radiotherapy alone
to 62.5% (range 33.9–83.3%) with radiotherapy plus hyperthermia [9]. Notably, the ra-
diotherapy and hyperthermia treatments used in these studies were mostly performed
using less advanced techniques compared to the current hyperthermia technique and/or
applicator [18,19]. The CR rate of 81.8% for reirradiation plus hyperthermia observed in
nine patients with definitive thermoradiotherapy is in the same range of the literature
values, although patient selection and radiotherapy dosage may differ. This indicates the
potency of hyperthermia to sensitize radiotherapy, also in the setting of reirradiation. This
potency is well-studied in breast cancer, showing again higher complete response rates
when hyperthermia is added to radiotherapy [20]. There are few studies reporting on the
addition of hyperthermia to radiotherapy in recurrent or SP HNC [11,21]. Recently, we
have published the clinical outcome using our previous head and neck applicator, the
Hypercollar, in 27 HNC patients, including 18 recurrent or SP HNC patients [10]. In these
latter patients, we observed a 2-year LC and OS of 36% and 33%, retrospectively. In our
current cohort, we found similar 2-year LC and OS rates of 37% and 53%, respectively.

Comparing the outcome of our current cohort to recurrent HNC patients treated with
chemoradiotherapy, several reported studies should be considered. In a randomized trial,
albeit in the postoperative setting, full dose reirradiation with chemotherapy resulted in a
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2-year LC of 60% [22]. In a recent cohort using IMRT, 2-year LC following reirradiation was
reported as high as 64% [8]. More recently, a large, ‘real-world practice’ study by Ward et al.
analyzed 412 recurrent or SP HNC patients [5]. Local regional control rate at 2 years was
42.7% for definitive reirradiation with or without chemotherapy [5]. We observed a local
control rate of 37.5% at 2 years. In agreement with the data of Ward et al., we also observed
a significantly worse local control when reirradiation was applied within 24 months from
the previous radiotherapy course. Our data and the data from Ward et al. collectively
support the careful selection of patients on the basis of the time interval with the previous
radiotherapy course in order to prevent treatment related toxicity in patients having a
dismal prognosis.

Cumulative Grade 3 or higher late toxicity was 33.5% in the study by Ward et al. and
39.2% in our cohort. Most of the important late toxicities were local, including xerostomia,
dysphagia, osteoradionecrosis and trismus (Table 3). There were no grade IV or V toxicities
and, although not measured, no systemic toxicities are to be expected from the hyperther-
mia treatment. Thus, the local toxicity following reirradiation is substantial but does not
seem to be higher compared to reirradiation with or without chemotherapy [5]. In addition,
hyperthermia is not expected to induce the potential systemic side effects of chemotherapy,
like gastrointestinal, renal, neurological, and hematological side effects [23,24].

The average mean estimated applied cfSAR to the tumor volume for the Hypercol-
lar3D was 80.5 W/kg for the last 17 patients treated with the adapted protocol, which is
55% higher than the 52 W/kg achieved with our earlier Hypercollar applicator. The gain
in the improved cfSAR value achieved at the tumor volume can be explained by the fact
that for the Hypercollar3D treatment, the VEDO software selects 12 antennas that make
the largest contributions to the cfSAR at the tumor volume from the 20 available antennas.
Further, the improved design of the water bolus, i.e., improved shape retention, results in a
more efficient transfer of the EM energy.

With respect to hyperthermia related toxicity, the incidence of acute trismus grade II
in three of the first five patients treated with the Hypercollar3D prompted us to an early
evaluation of our treatment protocol. The adapted treatment protocol effectively reduced
incidence of grade II trismus, but also resulted in a lower energy deposition in the target
region from 185 W/kg to 81 W/kg. As invasive thermometry was not mandatory in our
protocol, the effect of our protective measure for the normal tissues on the thermal dose
to target could not be determined. We were also not able to unequivocally determine the
safety of the applied reduction in energy deposition. Nevertheless, the fact that the late
toxicity and oncological outcomes in our cohort were comparable with those reported in
literature was reassuring. Further research is needed to confirm the safety and validity of
the SAR thresholds used. For example, by introducing more extensive online temperature
modeling whereby during treatment, temperatures are measured at several noninvasive
reference locations. These measurements could be considered as a reference to calibrate
predicted tissue temperatures for tumors and organs at risk. This could result in further
treatment optimization and potentially prevent under treatment of the target area.

The feasibility to apply deep hyperthermia in HNC patients, as shown by our study,
has potential implications for future clinical research. Besides recurrent or SP HNC patients,
there are two important HNC patient groups that may especially benefit from thermora-
diotherapy as opposed to chemoradiotherapy or radiotherapy alone [22]. The first group is
HNC patients over 70 years old, in whom the additive effect of chemotherapy has not been
demonstrated [23–26]. The second group is patients with a human papilloma virus (HPV)
associated HNC, having a more favorable prognosis compared to HPV negative HNC
patients [27,28]. Efforts are ongoing to de-escalate current treatment with radiotherapy
by decreasing the dose. For example, in a phase 2 trial, HPV positive HNC patients were
treated with induction chemotherapy. Complete or partial responders received only 54 Gy,
resulting in a favorable progression free survival of 92% at 2 years [29]. The induction
chemotherapy, however, induced grade III leucopenia and neutropenia in 39% and 11%
of patients, retrospectively. Also in this report, the toxicity of deep hyperthermia of the
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head and neck is reported to be generally mild, and the radiotherapy toxicity was not
enhanced in randomized trials [9,30]. One can hypothesize that adding hyperthermia to a
reduced radiotherapy dose can result in a similar long term clinical outcome as the high
dose radiotherapy but with less late toxicity from the radiotherapy.

Drawbacks of the current study are the retrospective nature with the potential for
confounding data misinterpretation and missing data. In addition, the relatively small
sample size, inhomogeneous patient group, and variability in radiotherapy and hyper-
thermia treatment and doses. Toxicity was not recorded in a standardized manner at our
institute during follow-up. In our data collection process, however, toxicity was scored
retrospectively by an independent data management team according to the CTCAE criteria
and, when in doubt, the treating physician and an experienced head and neck surgeon
were consulted (JAUH) to provide a final grading score. The optimal sequence and timing
of the hyperthermia is still under debate. Similar to cervix carcinoma patients, we applied
the hyperthermia after the radiotherapy fraction within four hours. In cervix carcinoma
patients, this results in a clear thermal dose effect of the hyperthermia while the timing
does not affect outcome, as long as the treatment is applied within four hours after ra-
diotherapy [31,32]. Whether this is the optimal timing and whether these results can be
extrapolated to HNC patients, is still a subject for future studies.

5. Conclusions

Deep hyperthermia using the Hypercollar3D in combination with reirradiation of
recurrent and SP HNC is feasible in terms of patient tolerance and SAR deposition in
the target area. The introduction of the Hypercollar3D resulted in an improved focused
delivery with an increase in the SAR delivered to the tumor by 52 W/kg compared to the
previous system. Good thermometry at target and normal tissues is needed to exploit
this feature in future trials. The oncologic outcome as well as toxicity in our cohort were
comparable to (chemo) radiotherapy in similar clinical settings. The data from our study
are encouraging, although the relationship among SAR, tumor response, and toxicity
requires further clinical validation. Our data warrant further prospective studies of deep
hyperthermia using the Hypercollar3D. In the case of reirradiation, we are planning for
a prospective registration study including, not only hyperthermia as an adjuvant, but
also chemotherapy or reirradiation alone. In primary HNC we are aiming for a feasibility
trial in patients who are not eligible for adjuvant chemotherapy. In this patient group we
also aim to be able to have more invasive thermometry due to less pre-existent morbidity.
When hyperthermia proves to be feasible in these patients and we have gained better
understanding of the relation between SAR, temperature, and toxicity, a larger phase II
clinical trial in primary HNC patients can be envisioned.
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Simple Summary: Online treatment monitoring is an important tool to ensure the safety and effec-
tiveness of hyperthermia cancer therapy. However, current solutions provide only sparse/inaccurate
data, demand extensive access to complex and expensive infrastructure, or are associated with
increased toxicity. In this study, we present a simulation-based evaluation of the feasibility of
electrical impedance tomography (EIT) for hyperthermia treatment monitoring. EIT is a low cost,
information-rich, non-invasive technique that could potentially be adapted and employed to recon-
struct conductivity changes and translate them to temperature- and perfusion-change maps. Using an
innovative reconstruction methodology that leverages (ideally personalized) treatment simulations,
physics-motivated constraints, multiple frequencies, measurement-derived compensation, and novel
numerical approaches, we investigated the impact of factors such as noise and reference model
accuracy on the temperature- and perfusion-reconstruction accuracy. Results suggest that EIT can
provide valuable real-time monitoring capabilities. As a next step, experimental confirmation under
real-world conditions is needed to validate our results.

Abstract: We present a simulation study investigating the feasibility of electrical impedance tomog-
raphy (EIT) as a low cost, noninvasive technique for hyperthermia (HT) treatment monitoring and
adaptation. Temperature rise in tissues leads to perfusion and tissue conductivity changes that can
be reconstructed in 3D by EIT to noninvasively map temperature and perfusion. In this study, we
developed reconstruction methods and investigated the achievable accuracy of EIT by simulating
HT treatmentlike scenarios, using detailed anatomical models with heterogeneous conductivity
distributions. The impact of the size and location of the heated region, the voltage measurement
signal-to-noise ratio, and the reference model personalization and accuracy were studied. Results
showed that by introducing an iterative reconstruction approach, combined with adaptive prior
regions and tissue-dependent penalties, planning-based reference models, measurement-based
reweighting, and physics-based constraints, it is possible to map conductivity-changes throughout
the heated domain, with an accuracy of around 5% and cm-scale spatial resolution. An initial ex-
ploration of the use of multifrequency EIT to separate temperature and perfusion effects yielded
promising results, indicating that temperature reconstruction accuracy can be in the order of 1 ◦C.
Our results suggest that EIT can provide valuable real-time HT monitoring capabilities. Experimental
confirmation in real-world conditions is the next step.

Keywords: perfusion estimation; temperature monitoring; conductivity reconstruction

261



Cancers 2021, 13, 3297

1. Introduction

Noninvasive imaging techniques such as electrical impedance tomography (EIT) are
valuable tools for medical applications. EIT is used to image the electrical conductivity
of tissues in the human body. EIT usage was first suggested in the 1970s [1]. Despite
its relatively low cost, safety, and high temporal resolution, EIT has not been as widely
adopted as other medical imaging methods, such as magnetic resonance imaging (MRI)
and computed tomography (CT) [2,3].

The applications of functional EIT include pulmonary investigations [4], cardiac and
gastrointestinal tract monitoring, breast cancer screening, and functional brain imaging [5].
Multiple devices have been introduced for clinical research [6], mainly in applications with
functional imaging, such as bedside lung monitoring. Other applications, such as tem-
perature estimation where accurate quantitative conductivity (or change in conductivity)
reconstruction is needed, are more challenging compared with those in which only the
volume with high dielectric change must be reconstructed.

One of the main challenges in EIT is that image reconstruction from measured voltages
is an ill-posed problem [7]. Changes in the whole domain correspond to an infinite number
of degrees of freedom (DOF) that must be reconstructed from a limited number of electrode
measurements. Nevertheless, knowledge about distribution smoothness adds constraints,
and regularization methods can be employed to facilitate reconstruction. Another issue
with EIT is that impedances are affected by the entire volume rather than a single slice.
Therefore, 2D reconstructions are merely an approximation of the real 3D problem [8].
While linearization methods combined with prior knowledge about the conductivity distri-
bution and difference imaging have been used to further improve image reconstruction,
the problem is nonlinear. Nonlinear reconstruction methods are more sensitive to inaccu-
racies in electrode models and positions. The literature on reconstruction algorithms for
EIT [9] suggests that linear reconstruction methods should be combined with nonlinear
iterative approaches to improve overall accuracy. From an instrumentation perspective,
measurement noise, electrode positioning accuracy, signal generation, and sensing tech-
niques impact overall EIT quality [10]. Further advances in EIT require improvements in
both instrumentation and image reconstruction. Improvements are especially needed for
applications that require the quantitative imaging of conductivity.

A potential application of EIT is in hyperthermic oncology. Hyperthermia (HT) ther-
apy aims to selectively heat tumor tissue to temperatures ranging from 40 ◦C to 45 ◦C for a
duration of about one hour. It is typically used as an adjuvant to radio- and/or chemother-
apy in cancer treatment. In the case of deep-seated tumors, selective heating is usually
achieved through coherent interference of electromagnetic (EM) energy from multiple
radiating elements [11]. A significant challenge is noninvasive temperature monitoring in
deep-seated tissue. The achieved temperature is difficult to predict, but it is important for
tracking the achieved thermal dose in the tumor and avoiding potential treatment-limiting
hotspots in healthy tissue. Treatment planning [12,13], which involves patient-specific EM
simulation, optimization of energy deposition, and thermal prediction of the treatment,
has been introduced as a tool for improving the prediction of thermal distribution. How-
ever, high uncertainty about the actual temperatures (e.g., due to perfusion changes during
treatment) remains [14–16]. Research progress has been made in noninvasive monitoring
using magnetic resonance thermometry (MRT) [17], but the accuracy of measurement is
susceptible to patient movements, magnetic field drift over time, and limited sensitivity in
fatty tissues, among others. In addition, the cost associated with MRT and the integration
complexity with HT are high [18]. Alternatively, EIT can offer a low-cost, low-complexity
solution for estimating temperature increases and perfusion changes during HT treatment.

Temperature elevation impacts tissue conductivity in two different ways. First, tem-
perature changes the conductivity of intra- and extracellular fluids, which can be modeled
by a linear relationship and described by a temperature coefficient (Tc)—the ratio of relative
conductivity increases per degree centigrade. Second, in tissues in which thermoregulation-
induced perfusion changes (e.g., vasodilatory response) are high, fluid flow in the extracel-
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lular environment increases, resulting in additional tissue conductivity change. At lower
frequencies, current flows mainly in the extracellular region, whereas at higher frequencies,
current flow is more uniform across all tissue compartments. Multifrequency EIT is consid-
ered as a method to distinguish changes in conductivity directly related to temperature
(i.e., Tc-related part) from changes in conductivity due to perfusion increase [19]. Earlier
studies have achieved temperature estimation accuracies ranging from 1.5 ◦C to 5 ◦C [20].
The results of these and other studies [21–25] suggest that to enable clinical EIT for HT and
ablation treatment monitoring, improvements in conductivity reconstruction and temper-
ature estimation are essential and consequently require accurate models of temperature-
induced conductivity changes and the ability to distinguish temperature-related changes
from tissue changes or damage-related changes, both permanent and temporary.

Recently, there has been increased interest and progress in applying EIT as a monitor-
ing tool for thermal ablation, both in experimental and simulation studies [26–29], which
motivates revisiting EIT for HT monitoring. New tools for EIT simulations have been
introduced [30,31], and the computational power has increased considerably. Addition-
ally, developments in tissue segmentation [32], combined with knowledge about tissue
properties [33], enable the simulation of patient-specific treatment scenarios. Similarly,
more realistic anatomical models can be used to perform sensitivity analyzes to improve
the design of instruments. Most experimental studies in EIT are performed in tanks with
simple geometrical shapes and few objects with different conductivities; hence, results
cannot directly be translated to real human application. Since human anatomy is highly
heterogeneous and geometrically complex, accurate representation in a model requires high
resolution and many discretization elements. Notably, higher resolution negatively impacts
reconstruction accuracy since total error minimization involves residuum minimization for
more degrees of freedom, while the number of voltage electrode measurements remains
the same [34].

Accurate temperature and/or perfusion estimation requires accurate knowledge about
the relationship between temperature and conductivity, in addition to accurate conduc-
tivity imaging. In this paper, we focus on the achievable EIT reconstruction accuracy
by using existing tools, such as electrical impedance tomography and diffuse optical to-
mography reconstruction (EIDORS) [31]), in conjunction with high-resolution anatomical
models [35]. We aim to exploit HT treatment planning-based prior information and in-
vestigate the reconstruction of conductivity changes in the range expected for the given
application. We also identify potential practical issues specific to hyperthermic oncology
and their impact on the accuracy of conductivity change reconstruction to further improve
temperature estimation.

2. Materials and Methods

To investigate the potential application of EIT in HT treatment planning and treatment
monitoring, we performed simulations using the Virtual Population (ViP) Duke (age: 34,
height: 1.77 m, BMI: 22.4 kg/m2) and Glenn (age: 84, height: 1.73 m, BMI: 20.4 kg/m2)
anatomical models [35]. Two anatomical models were used to assess the impact of in-
tersubject variability, as well as the importance of using personalized reference models.
The models were discretized using a tetrahedral mesh in EIDORS v3.9. We first describe sin-
gle iteration reconstruction using EIDORS. In Section 2.2, we present novel reconstruction
approaches capable of overcoming the limitations of existing methods in our application
of interest, their implementation, and the investigation scenarios. While considering the
high heterogeneity of the human body, we then determined if the reconstruction accuracy
improved when using a tissue-dependent penalty (TiD) parameter. A sensitivity analysis
regarding the location and size of the simulated region was also performed.

In difference imaging, a reference model with an initial conductivity assignment
is required. The measured changes in the electrode voltages are used to reconstruct the
changes in conductivity from the reference model. As reference patient models may display
anatomical segmentation inaccuracies, we investigated their impact on the reconstruction
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accuracy by considering a scenario where a volume outside the prior region, i.e., the volume,
where an increased sensitivity is achieved by applying a penalty value [36], exhibited a
large deviation (∆σ) from the reference model conductivity (σre f ).

Noise in the measurement acquisition chain is also present in practical implementa-
tions. We assessed the impact of different electrode voltage noise levels (signal-to-noise
ratio, SNR) on reconstruction accuracy using different reconstruction parameter values.

Finally, a realistic bladder tumor HT treatment scenario was considered as an EIT
application case, using the two anatomical models (different body shapes and heating
patterns). The clinical value of treatment planning-based EIT and the importance of
personalizing the reference model were also assessed.

2.1. Single Iteration Reconstruction

EIDORS includes multiple algorithms for two- and three-dimensional (2D/3D) image
reconstruction. In this study, we used difference imaging reconstruction on a 3D body.
Single iteration reconstruction assumes small variations in conductivity, for which the
relationship between voltage and conductivity can be approximated linearly as follows:

y = Jx + n, (1)

where Jij =
∂yi
∂xj

is the Jacobian, x = σ− σre f is the difference of the actual conductivity dis-
tribution and the reference value, y = v− vre f is a vector with electrode voltage differences
of the actual measurement to the reference measurement, and n is the measurement noise.
Regularization techniques are used to solve this problem [36–38]. We used the one-step
linear Gauss–Newton method to estimate x̂ by minimizing the sum of quadratic norms for:

||y− Jx̂||2 + λ2||x||2. (2)

The solution of the above formulation is:

x̂ =
(

JTW J + λ2R
)−1

JTWy = By. (3)

To reduce computational time by decreasing the size of the matrix to be inverted, B can be
rewritten as follows:

B = PJT
(

JPJT + λ2V
)−1

, (4)

where P = R−1 and [R]ii =
[

JT J
]0.5

ii . Effectively, R is a diagonal regularization matrix scaled
with the sensitivity of each element and λ is a regularization parameter. V = W−1 = I rep-
resents difference imaging EIT with identical channels. Two important and frequently used
parameters in the reconstruction are the hyperparameter (λ) and the penalty parameter.
When known changes are likely to occur in a smaller subdomain, a penalty parameter
is used to implement an increased sensitivity in this region: [R]ii =

[
JT J
]0.5

ii [Penalty]ii,
for i in the subdomain. More details about derivations can be found in existing publica-
tions [36,37,39].

2.2. Pipeline and Simulation Setup

The ViP Duke model comprised of tissue properties from the IT’IS tissue database [33]
was imported into EIDORS. Only a 20 cm portion of the torso (620 k elements) was used
for further analysis.

Using difference imaging, we exploited prior information about the geometry and
the conductivity distribution. Hence, we focused on reconstructing the conductivity
change (∆σrec):

∆σrec = INV
(

vre f , v, σre f

)
, (5)
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where reference conductivity (baseline for EIT difference reconstruction) is σre f . INV is
the function to solve the inverse problem using v and vre f from the electrode voltages
calculated from solving the forward problem or from current injection measurements for σ,
respectively σre f . The actual conductivity change (∆σ = σ− σre f ) is referred to as “modified
conductivity”, since a range of conductivity change configurations will be created by modi-
fying the reference conductivity to investigate difference image reconstruction scenarios.

HT treatment planning workflows already include a tissue segmentation step. The seg-
mented anatomical model can be assigned tissue properties, while considering the EIT
frequency, to establish the reference model.

Difference imaging reconstruction is less sensitive to the modeling of the electrodes
and contact impedance, as we assume the same conditions are present in both reference
and additional measurements of the model to be reconstructed [9,40]. Therefore, we did
not investigate the impact of the electrode parameters in this study; however, changes in
the contact quality in experimental measurements will affect the reconstruction accuracy.

The reconstruction pipeline used in this study is shown in Figure 1. The reference
model includes the tissue conductivity assignments. In nonablative HT treatment, the target
region can reach temperatures of up to 45 ◦C. In addition to the direct temperature-related
conductivity change contribution modeled with temperature coefficients (∼2%/◦C), σ
can also change due to perfusion changes, thus altering the tissue extracellular fluid
distribution. From the reference model, modified models were created by changing the
tissue conductivity by up to 40%, a level similar to the experimental measurement study by
Gersing [25]. The reference conductivity was multiplied by a 3D Gaussian shape mimicking
heating during an HT treatment, as shown in Figure 2. At the end of the simulation pipeline,
we compared the reconstructed model conductivity with the modified model conductivity.

For current injection and measurement, we positioned electrodes in single nodes,
distributed as two rows of eight electrodes to form an interleaved arrangement. Current
injection was applied transversely through single pairs (1–8, 2–9, etc.) and the voltage
difference was calculated in all adjacent pairs (v34, v45, etc.) except for the electrodes
used for current injection. Injecting currents through transversal, nonadjacent electrodes
increases the current density, and hence, the sensitivity of EIT to changes in deeper tissues.
Theoretically, a larger number of electrodes should improve the reconstruction accuracy.
However, for the same injected current, which is limited by safety considerations, the volt-
age difference of more densely placed electrodes will be lower and, in practice, we will
obtain more voltage measurements with lower SNR. An additional drawback of using
numerous electrodes is the increased computational reconstruction effort. The torso model
and electrode placements used in this study are shown in Figure 2.

In HT applications, the prior region can be determined either from the volume with
highest HT power deposition or from a preliminary thermal simulation, which does not
have to exactly reproduce the real patient tissue parameters. Although prior regions
improve reconstruction by focusing on changes in a smaller volume, changes outside the
prior region may be attributed to changes inside the region.

Simulations were interpolated to a structured rectilinear grid. A spatial averaging
filter (cubic volume of 1.2 cm edge length) was applied to ∆σ (%), mimicking the expected
smoothness of the heat distribution in tissue. Finally, the reconstruction accuracy across
different tissues was analyzed.
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Figure 1. Illustration of the implemented reconstruction pipeline and the scenarios investigated in this study. Boxes with
continuous outlines represent data, while the dotted ones represent processes. First, the actual and the reference model are
generated, based on a discretized dielectric model of the patient and electrodes. Reconstruction proceeds through multiple
iterations of forward (FWD) and inverse (INV) problem solving. The reconstruction results have been analyzed to study
the impact of reconstruction approaches, noise, as well as reference model realism and accuracy.
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Figure 2. (a) FEM model of the Duke anatomical model torso with electrode locations indicated in
green; (b) slices of the modified model ∆σ(%) for a heated region in the liver; (c) locations and sizes
of the different heated region scenarios; (d) setup featuring changes outside the prior region.
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2.3. Investigation Scenarios
2.3.1. Tissue-Dependent Penalty

As the human body is highly heterogeneous, a wide range of low frequency σ values
can be found, from close to 0 S/m (internal air) to over 0.36 S/m (muscle) and 3 S/m (urine).
The prior region can encompass a multitude of tissues covering a broad σ range, which
makes adequate change detection throughout the entire range without overestimation or
underestimation challenging. Information from the reference model σre f allows for the
use of tissue-dependent penalty values, as constant penalty changes in low σ tissues are
overestimated and changes in tissues with high σ, such as muscle, are underestimated, since
the reconstruction algorithm minimizes the overall electrode voltage differences. In this
study, we compared the reconstruction accuracy in different tissues when using a constant
penalty value versus a tissue-dependent penalty in a single iteration reconstruction without
applying any averaging or smoothing filter.

2.3.2. Region Location and Size

It is necessary to compare the reconstruction accuracy for different heating locations
and sizes. The size of the region where the conductivity was changed should correspond
to the typical extent of focused heating in HT treatment. For the first investigated location,
spherical heating regions of different diameters were considered. A simulated heating was
applied to a spherical region, as illustrated in Figure 2, by multiplying the conductivity

inside the sphere with 1 + 0.4 · e−
r2

2R2 (r: radial distance, R = 3 cm, peak σ-increase of 40%).
Depending on the location, the region can contain more than one tissue type. The modified
regions are shown in Table 1 and illustrated in Figure 2. In these scenarios, we assumed
that the prior region is perfectly known, and corresponds to the heated region.

Table 1. Size and position of simulated heated region and the added air object for the case of changes outside the focus
region. See Figure 2 for the location of the origin (0, 0, 0).

Simulation P1 P2 P3 P4 P5 Air Object

Center (x, y, z) [mm] (−90, 20, 15) (−90, 20, 15) (−90, 20, 15) (−40, 50, 15) (30, 50, 15) (50, 30, 15)
Diameter [mm] 60 40 80 60 60 50

2.3.3. Impact of Inaccurate Reference Model

The reconstruction is sensitive to the accuracy of the reference model. Even if the
reference model is accurate at the beginning of the treatment, organ shifts and air movement
in the bowels can occur during the treatment, since the HT treatment duration is relatively
long. We simulated such a scenario, where in addition to the changes due to the simulated
heating, the modified model included a spherical region with a 50 mm diameter and
σ = 0 S/m (same as air), as illustrated in Figure 2. The setup corresponds to P1 (Table 1),
such that results can be compared with the ideal case of an accurate reference model (see
Sections 2.4 and 3.3.1 regarding the impact of not using a personalized reference anatomy).

In addition to the iterative approach with a fixed prior region, we also introduced
an adaptive prior region approach. An initial mask was obtained by reconstructing the
conductivity change without prior region and thresholding locations, where a high change
was obtained. Subsequently, the mask was used as a prior region and a relatively relaxed
penalty value of 0.1 was assigned before obtaining an adapted or more focal mask. On the
basis of the obtained reconstruction, three additional reconstruction iterations with a stricter
penalty value were performed in the usual manner. This adaptive approach increased the
reconstruction sensitivity to changes outside of the classic prior region. Both the change
in the simulated heated region and the unexpected change outside the prior region were
simultaneously reconstructed. To achieve this, five (1 + 1 + 3) iterations instead of three
were required.
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2.3.4. Voltage Measurement Noise

The reconstruction problem is ill-conditioned. Minor voltage differences in the elec-
trode measurements can lead to large changes in estimated conductivity. As a result,
electrode voltage measurement noise is expected to significantly corrupt the reconstruction
quality. Here, we investigated its impact on the conductivity reconstruction in the Duke
anatomical model with a large number of mesh elements. Specifically, we assessed the
impact of the noise level by adding noise with different SNR levels in setup P1. A noisy
voltage vector (vn) was generated by adding noise to the electrode voltages (v) from the
forward problem solution of the modified model (σ).

vn = v + n, (6)

where n is zero mean white Gaussian noise with standard deviation σn. The SNR is
calculated as follows:

SNR = 20 log
(

∆vrms

σn

)
, (7)

where ∆v = v− vre f .

2.4. Simulated HT Treatment Reconstruction

In this part of the study, we used a setup that mimicked the targeting of a bladder
tumor using locoregional HT, where heat was delivered to a larger region encompassing the
tumor (see Figure 3). This scenario provides increased realism and avoids the simplifying
symmetries of the previous sections.

The procedure for the simulation was as follows:

1. We performed two thermal simulations of a one-hour treatment (TOpt and TPess) using
the same specific absorption rate (SAR) distribution. The Pennes bioheat equation
(PBE) [41] with temperature-dependent perfusion models was used for the thermal
simulations (see Equation (8)). The applied power level was the same in both cases,
but the temperature-dependent perfusion models for muscle, fat, and tumor tissues
were different (see Figure 4), to illustrate the impact of perfusion uncertainty;

2. We translated the temperature increase to a modified conductivity map, which in-
cluded a component directly related to temperature (∆σtemp) and a perfusion-related
indirect component (∆σper f );

3. We reconstructed and analyzed the changes in conductivity based on the “ground
truth” temperature simulation (TPess), using the conductivity at 37 ◦C as the ref-
erence model (Scenario 1) or the conductivity for the “planned” TOpt (Scenario 2).
The reconstructed conductivity was then converted into a reconstructed temperature
estimation map.

The procedure is illustrated in Figure 5.
The PBE couples thermal diffusion with a heat-sink term that is proportional to the

local perfusion and to the difference between the local tissue temperature (T(t)) at time t
and the arterial blood temperature (Ta):

ρc
∂T
∂t

= ∇k∇T + wbρbcb(Ta − T) + qm + qext, (8)

where ρ represents density (kg/m3), c is the specific heat capacity (J/kg◦C), k is the thermal
conductivity (J/(s·m·◦C)), wb is the perfusion rate (kg/(s·m3)), ρb is the density of blood,
cb is the specific heat capacity of blood, qm is the metabolic heat generation rate (J/(s·m3)),
and qext is the electromagnetic power deposition. wb can be temperature dependent to
account for vasodilation.
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Figure 3. Simulated HT treatment in the Duke and Glenn anatomical models. Five modular applicator
elements were placed circumferentially around the tumor, and their phases and amplitudes were
optimized to preferentially heat the tumor. Two different anatomical models were used to investigate
the impact of anatomical variability, as well as the impact of using a nonpersonalized reference model
for reconstruction.
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2.4.1. Change in Conductivity Due to Temperature Increase

The change in conductivity during a HT treatment can be modeled with two components:

∆σ(T) = ∆σtemp(T) + ∆σper f (T), (9)

where the change in conductivity directly due to the increase in temperature (∆T = T − Tre f )
is ∆σtemp(T) = Tc · ∆T, with the temperature coefficient Tc (we assume Tc = 2%/◦C in
all tissues).

The conductivity change due to perfusion depends on the tissue as well as the fre-
quency. At lower frequencies (kHz, LF), current flows mainly in the extracellular compart-
ment, whereas at higher frequencies (MHz, HF), current flow tends to be more uniform
across all tissue (see Figure 4).
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Figure 5. Conductivity changes reconstruction pipeline for two investigated EIT scenarios: EIT at-
tempts to reproduce the voltage measurement signal of the “actual” model by reconstructing tem-
perature and perfusion changes with regard to the reconstruction reference. (Scenario 1) uses the
conductivity at 37 ◦C as reconstruction reference, while (Scenario 2) uses the modified conductivity
as predicted by computational modeling of induced heating, perfusion response, and resulting con-
ductivity change (but wrongly assuming an “Optimistic” perfusion, while the “actual” conductivity
change is based on the “Pessimistic” perfusion model). Scenario 2 also employs masking based on
the predicted temperature increase (prior region) to improve reconstruction.

For the purpose of this study, a simple model representing the difference between high
and low frequency EIT and perfusion effects was constructed. Large uncertainties were
associated with the temperature dependence of the perfusion ∆σper f . However, as long as
the model reproduced the general magnitude and behavior in terms of perfusion impact on
conductivity and heating, it did not affect the generality of the study conclusions. To model
the different frequencies, we neglected other dispersive effects and assumed that:

GHF = GicHF + GecHF + GpHF, (10)

and
GLF = GecLF + GpLF, (11)

where GLF and GHF are the LF and HF conductance, respectively. Gic, Gec, Gp, correspond
to intracellular, extracellular (without the blood plasma), and plasma conductance. We used
the average human body volume ratio of these compartments from [42], as illustrated in
Figure 4, as the conductance ratio between compartments to model the perfusion impact
on conductance. Actual values are tissue-dependent.

The change in perfusion affects the total conductance by changing the relative contri-
butions of the three compartments; therefore, the plasma volume increases as the perfusion
increases. Assuming that the relative tissue volume change related to a perfusion increase
is small and the plasma conductivity is the principal contributor to the overall conductivity,
we obtain:

∆σper f (T) =
∆Vp(T)

Vtotal
(1 + Tc · ∆T), (12)

where ∆Vp(T) = Vp,0 ·
(√

ω(T)− 1
)

is the plasma volume change due to perfusion,

and ω(T) is the relative perfusion change. α =
Vp,0

Vtotal
is the relative amount of plasma prior

to heating, which is taken uniformly as 8% (see Figure 4), while in reality it varies across
tissues and individuals. The −1 accounts for the plasma volume prior to heating, which
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is already included in the ∆σtemp term. The square root approximates the relationship
between blood vessel cross-sectional area and perfusion increase and is obtained under the
assumption of a constant pressure drive and laminar flow [44].

Perfusion-related changes were considered for muscle, fat, and tumor tissues, par-
ticularly for prominent tissues with strong temperature dependence of perfusion and an
important impact on the predicted temperature, using the two perfusion models shown in
Figure 4, according to [14]. Tumor perfusion has a high associated uncertainty [14] due to
irregular vascularization.

Disentangling Temperature and Perfusion

Distinguishing ∆σtemp from ∆σper f to identify temperature and perfusion changes is
not the subject of this paper. However, a possible approach is provided here:

∆σ = ∆σtemp +∆σper f ,where ∆σtemp = Tc ·∆T and ∆σper f = α ·
(√

ω− 1
)
· (1 + Tc · ∆T).

If α is known at two frequencies for a tissue of interest (in this study, we assumed αLF = 24%
and αHF = 8% for all tissues), we obtain

∆σLF −
αLF
αHF
· ∆σHF =

(
1− αLF

αHF

)
· Tc · ∆T (13)

and
∆σLF − ∆σHF = (αLF − αHF) ·

(√
ω− 1

)
· (1 + Tc · ∆T). (14)

The former can be used to estimate ∆T, while the latter can be used to obtain ω (either
using the ∆T estimated using Equation (13), or ∆T from the simulation, or neglecting the
term Tc · ∆T in Equation (14)). In practice, αLF and αHF might not be known, as the exact
form of the temperature and perfusion dependences likely deviates from Equation (12),
and the reconstructed ∆σLF and ∆σHF contain reconstruction errors. For a brief analysis of
the latter, see Section 3.3.2.

2.4.2. Reconstruction Scenarios

Temperature predictions have uncertainties; hence, the need for online monitoring of
temperature during treatment. Here, we assumed that a temperature distribution (TPess)
corresponds to the actual thermal treatment administered to a patient with a bladder tumor.
Using the equations and assumptions above, we calculated the actual conductivity change
corresponding to TPess and the corresponding EIT voltages were used for reconstruction.
Two scenarios were considered: one without previous knowledge and one with an imper-
fect thermal simulation-based treatment plan. In Scenario 1 (see Figure 5), we reconstructed
conductivity changes using the values at 37 ◦C (no heating applied) as the reference con-
ductivity. In Scenario 2, temperature distributions from simulations using TOpt were used
to define the prior region for reconstruction; the incorrect perfusion information was used
to introduce uncertainty similar to expected outcomes in a real treatment. Despite not
using accurate perfusion values, Scenario 2 provided a better starting point than Scenario 1
for the reconstruction, as the conductivity difference to be reconstructed is smaller.

In both scenarios, we determined the prior region by thresholding TOpt at a temper-
ature above a temperature threshold (TMask). For Scenario 2, a TMask of 39 ◦C was used,
whereas for Scenario 1, no mask is applied. In Scenario 1, we expected changes in the
whole volume, whereas in Scenario 2, the prior region was smaller, as differences were
more localized. Suitable temperature thresholds were identified by studying the resulting
reconstruction accuracy in a range of setups. Higher thresholds prevent the reconstruction
outside the masked volume, resulting in an overall increased error, while lower thresholds
lead to underestimation of tumor heating, as the impedance changes are attributed to a
larger region.

To investigate the importance of using personalized reference models, reconstruc-
tion was performed again using the Duke reference model, but with a simulated HT
treatment measurement of Glenn (similar element placement, same steering parameters).
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As reconstruction with 16 elements was unsuccessful (see Section 3.3.1), eight-element
reconstruction was investigated further. Subsequently, changes in anatomy (Glenn has a
smaller cross-section area than Duke) were compensated by rescaling the voltages with the
ratio of the voltages prior to heating. The additional constraint of demanding a positive
temperature increase was imposed by zeroing all negative conductivity changes prior to
each reconstruction iteration (note: negative conductivity changes cannot be excluded
completely, e.g., due to geometry changes during treatment or perfusion redistribution;
performing the reconstruction step after zeroing does allow to account for some of that).
Finally, the expected temperature distribution smoothness was mimicked by convolution
with a Gaussian filter (radius: 1 cm; chosen based on the characteristic lengths of the PBE
Green’s function in muscle, bone, fat, and tumor at the initial temperature).

For the analysis of the reconstruction accuracy, the conductivity change in the heated
reference model was compared with the conductivity change in the reconstruction.

Both the LF and the HF EIT cases were simulated. In the LF case, the contribution of
perfusion to the conductivity change is higher. Thus, the same temperature distribution
resulted in a higher total change in conductivity. Ultimately, EIT at multiple frequencies was
used to distinguish conductivity changes related to Tc from indirect conductivity changes
related to perfusion changes and to monitor both the temperature and the perfusion
distribution. In this study, we focused on the feasibility of conductivity reconstruction,
and only briefly considered multifrequency EIT-enabled contribution separation.

3. Results
3.1. Reconstruction Time

A typical reconstruction for a setup with ∼6E5 tetrahedral elements, 16 electrodes,
and 182 voltage measurements requires less than 5 min on a personal computer with an Intel
i7-4770 processor (3.4 GHz, 4 cores). If less than three iterations are used, the reconstruction
speed can be further accelerated. In view of the characteristic heating time in hyperthermic
oncology, this provides sufficient temporal resolution.

3.2. Investigation Scenarios
3.2.1. Tissue-Dependent Penalty

Second order polynomials were fitted to the scatter plots of actual conductivity change
(∆σ = σ− σre f ; in %, relative to nonheated baseline conductivity) vs. reconstructed con-
ductivity (∆σrec = σrec − σre f ). Figure 6 shows the results from a single iteration without
any averaging filter after the reconstruction. The fits were performed separately for all
tissues present in the heated regions. Results showed that a constant penalty value applied
to all the tissues leads to an overestimation for low σ tissues and an underestimation in
the reconstruction of the high σ tissues. Tissue-dependent penalty values improve the
reconstruction across all tissues.
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Figure 6. (a) “Tissue-dependent Penalty” and “Fixed Penalty” values. (b) Plot by tissue of the fitted
relationship between reconstructed (∆σrec) versus reference (∆σ) changes in conductivity using “Fixed
Penalty” (dashed line) and “Tissue-dependent Penalty” (solid line).
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3.2.2. Multiple Regions

For scenario P1 from Table 1, Figure 7 shows the ∆σrec (%) versus ∆σ (%), mean, and± stan-
dard deviation after computing a sliding histogram every 1% of ∆σ. The results for all other
cases are shown as the error in conductivity reconstruction (∆σerr = ∆σrec − ∆σ in %) from
the modified ∆σ (%). The magnitude of the deviations of the reconstructed conductivity
changes from the actual changes, as well as their variability, are similar and moderate (well
below 10%) in all cases. The largest deviation from the target is observed in the case of
smaller region (P2), which corresponds to the situation with the highest dielectric contrast
at the heating region surface.

3.2.3. Impact of Inaccurate Reference Model

When investigating the impact of changes outside the prior region, which is also
equivalent to an inaccurate reference model conductivity, both the penalty parameter and
the hyperparameter values are important. The hyperparameter shows the reliance of the
reconstructed model on the reference model σ. The penalty, however, impacts how much
the reconstruction focuses on changes within the prior region and how much it relies on the
absence of no changes outside of the prior region. Since both of these parameters are related
to the accuracy of the reference model, results for different values of these parameters are
presented in Figure 8.
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Figure 7. (a) Reconstructed conductivity ∆σrec (%) for the P1 setup from Figure 2 and (b) its deviation
from the actual conductivity change (∆σerr = ∆σrec − ∆σ) for all the setups P1–P5, as shown in
Table 1 and illustrated in Figure 2, (right), using three iterations, tissue-dependent (TiD) penalty,
and Hp = 0.01.

Initially, we observed that the reconstruction error resulting from the important
conductivity changes outside the prior region can be large when using the same penalty
and hyperparameter values, such as for the ideal case. Relaxing those parameters reduced
the standard deviation of the error, but the reconstructed conductivity still did not follow
the expected change across the whole range. After introducing adaptive prior regions,
an improvement of the results was obtained, as shown for TiD penalties in Figure 8. Refer to
Section 3.3.1 regarding reconstruction using a nonpersonalized reference anatomical model.
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3.2.4. Voltage Measurement Noise

Figure 9 shows the results for heating scenario P1, when voltage measurements with
different levels of SNR are mimicked. Since we wanted to focus on the impact of noise,
the prior region was fixed and there were no changes outside the prior region in the
reference model. The SNR was calculated with respect to the voltage difference, not the
absolute voltages. As expected, noise strongly deteriorated the reconstruction accuracy,
especially with low hyperparameter values. In the reconstruction algorithm, this gives
more weight to the voltage measurements, which have poor SNR in this case, and less to
the reference conductivity in the regularization part.

-20

0

20

Impact of Voltage Measurement Noise

-20

0

20

-20

0

20

e
rr

 (
%

)

-80

0

80

0 10 20 30 40

 (%)

-20

0

20

0 10 20 30 40

 (%)

-20

0

20

 SNR=10 dB

 SNR=20 dB

 SNR=20 dB

 SNR=30 dB SNR=40 dB

overall: -0.7 5.9 %

overall: -0.8 14 %

overall: -0.2 4.5 %

overall: -0.2 6.8 %

overall: 0.1 6.0 %

overall: 8.1 46 %

 SNR=20 dB

Hp   = 0.01 

Pen = 0.01 

Pen = 0.1
 Hp   = 0.1 Hp  = 0.01
Pen = 0.01

Figure 9. Impact of electrode voltage SNR (see Section 2.3.4 for the SNR calculation) on the recon-
struction accuracy using three iterations for four levels of SNR (10, 20, 30, 40 dB), and in the 20 dB SNR
case for varying combinations of reconstruction parameters (hyperparameter and penalty)—note the
different scale in the 10 dB SNR case.

3.3. Simulated HT Treatment Reconstruction

Slice views of simulated HT treatment temperatures, conductivity maps, and recon-
structions are shown for Scenario 1 and 2 (Duke model, LF EIT) in Figure 10. Simulations
were performed using the Duke and Glenn anatomical models for LF and HF EIT, using
reconstruction Scenarios 1 and 2, resulting in a total of eight cases. For all these cases, we
also calculated the estimated temperature change error (Terr = Trec− Tactual) for fat, muscle,
tumor, and all tissues combined by using the reconstructed conductivity (see Figure 11).
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Trec was calculated using the inverse of the function ∆σ(T) that was used to translate the
temperature distribution to a modified conductivity map (see Section 2.3). This only served
to provide an interpretable error metric for analysis purposes. In practical applications,
the uncertainties associated with the temperature dependence of conductivity prevented
reliable inversion and multifrequency EIT measurements instead permitted direct tem-
perature reconstruction by separating direct temperature-related from perfusion-related
conductivity changes (see Section 3.3.2).

In Scenario 1, there was higher error across the whole range of change, as a result
of the much larger conductivity changes (up to 55%) and the large required prior region.
In Scenario 2, we observed an improved reconstruction accuracy, except for the tumor.
Even though there were relatively high changes in tumor conductivity (up to 20%), tumor
volume was relatively small and the reconstruction attributed the associated impedance
changes to small conductivity changes in a larger volume. As a result, changes in tumor
conductivity were only partially reconstructed for Scenario 2.

HF reconstruction resulted in lower temperature prediction errors compared to the
LF case. This was mainly due to the smaller range of the conductivity change that
required reconstruction.

Similar observations were made for the Duke and Glenn anatomical models, with
slightly better results for Glenn, perhaps due to his smaller body size. The heating pattern
in Glenn was more focused compared to Duke, resulting in a smaller region of significant
conductivity changes and thus a smaller prior region, facilitating reconstruction.

Figure 10. Reconstruction results from realistic HT treatment modeling (LF, Duke anatomical model): (a) axial slice from the
thermal simulation with the optimistic perfusion model (TOpt), (b) axial slice from thermal simulation with the pessimistic
perfusion model (TPess) and (f) difference between TPess and TOpt; (c,d) reconstructed temperature results from Scenario
1 (Trec 1, using the reference conductivity at 37 ◦C) and Scenario 2 (Trec 2, using the reference conductivity ∆σ(TOpt)), as
calculated from the reconstructed ∆σrec in (h,i), respectively; (e) temperature estimation error for both scenarios; (g) ∆σ(TPess)

with its direct temperature-related (∆σtemp) and the perfusion-related ∆σper f contributions.
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Figure 11. (a) Reconstructed mean and standard deviation of conductivity (∆σerr) and (b) estimated
temperature error (Terr). Reconstructions were performed for the Duke and Glenn anatomical models,
for low frequency (LF) and high frequency (HF) current injection, using the conductivity map at
37 ◦C as the reference (baseline for EIT difference reconstruction) or the one predicted by thermal
simulations with the (inaccurate) optimistic perfusion model (TOpt). Mean and standard deviation of
temperature error for muscle, fat, tumor, the prior region mask, and all tissues combined are shown.
TiD penalty and Hp = 0.01 were used.

For the simulated HT treatment on the Duke model, Table 2 shows the electrode volt-
age levels obtained by solving the forward problem when injecting a 1 mA current at the
stimulating electrodes. The injection current was limited by safety constraints. For frequen-
cies above 100 kHz, the stimulating current should not exceed 10 mA regardless of the pulse
shape. In a practical implementation, depending on the SNR and the acquisition system
capabilities, the conductivity-change-induced reconstruction-relevant voltage differences
can be of a similar magnitude as the noise.

Table 2. Mean and standard deviation of the electrode voltages (vre f ) and voltage differences at each
iteration of reconstruction for two cases (reconstruction using reference conductivity, σre f , at 37 ◦C
and TOpt).

Electrode Voltages Levels at 1 mA Injection Current

Simulation vre f |∆v| at Iteration

1 2 3

Reference 37 ◦C 5.1 ± 4.8 mV 390 ± 370 µV 42 ± 45 µV 1.7 ± 1.7 µV
Reference TOpt 4.7 ± 4.5 mV 30 ± 26 µV 0.9 ± 0.8 µV 0.9 ± 0.8 µV

The results presented in Table 2 also show that in Scenario 2 the remaining difference
between the reference and reconstruction-based voltage in the second and third iteration
was much smaller than for Scenario 1. This was a consequence of using TOpt as a starting
guess, which was closer than Scenario 1 to the target distribution. In fact, in Scenario 2,
the first iteration would be sufficient. Nevertheless, three iterations were maintained,
in case of important conductivity changes within or outside the prior region, which cannot
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be excluded in advance. The expected electrode voltages and voltage changes are important
for defining the hardware requirements.

3.3.1. Personalized Reference Model

When the voltages from a simulated Glenn HT treatment were reconstructed using
a Duke reference model, no meaningful results were obtained (Figure 12). Matching the
impedances from 16 contacts and 192 voltage measurements resulted in overfitting or
extreme conductivity variations that rely on compensation to achieve accurate impedance
matches. Thus, reconstruction from eight electrodes was performed. While this produced
inferior results when using a subject-specific reference model (lower reconstruction reso-
lution and accuracy), it considerably improved reconstruction using a nonpersonalized
reference (Figure 12). Further improvements were obtained when (i) rescaling voltages
based on the measurable preheating voltages to compensate for anatomical differences
(see Figure 13), (ii) constraining conductivity changes to be positive, and (iii) smoothing
the temperature distribution based on the characteristic thermal length (∼1 cm). The latter
two improvements are not specific to using personalized reference models.

Figure 12. (a) Conductivity reconstruction error (∆σerr = ∆σrec − ∆σ in %) using 16, 12, or 8 elec-
trodes, when the actual treatment (along with the extraction of the measurement voltages) is applied
to the Duke model, (b) actual heating on Glenn, (c,d) reconstruction is performed using the Duke
model as reconstruction reference, to study nonpersonalized reconstruction of heating on Glenn.
While avoiding the generation of patient-specific models for reconstruction considerably reduces
the involved effort, an important factor in a clinical environments, it also results in reduced recon-
struction accuracy. As hyperthermia QA guidelines recommend personalized treatment planning
for deep-seated tumors, personalized models are frequently available already. The important recon-
struction errors in (a) reflect the use of the Duke conductivity distribution at 37 ◦C as reconstruction
reference, while the reconstruction approaches in (c,d) employ nonpersonalized, Duke-based treat-
ment planning (incl. thermal modeling) instead. (c) displays reconstruction results obtained using
16 electrodes with or without voltage-rescaling to compensate for the absence of a personalized
reference model. (d) displays reconstruction results obtained when reducing the number of elec-
trodes to 8, using voltage-rescaling, introducing constraints (non-negative temperature changes),
and applying Green’s-function-based smoothing. These measures result in increasingly accurate
temperature increase estimations.
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models, respectively. The numbering follows Figure 2.

3.3.2. Temperature and Perfusion Mapping

Figure 14 illustrates the perfusion and temperature increase maps obtained using the
multifrequency approach from Section 2.4.1 (shown for the Duke case, using the optimistic
perfusion model as the reconstruction reference; see Section 2.4). The two-frequency re-
construction resulted in a superior reconstruction of the temperature maps (error < 2 ◦C),
when compared to the single frequency one. The perfusion reconstruction showed im-
portant deviations in the tumor. The superiority of the temperature mapping over the
perfusion mapping could be related to the differing conductivity reconstruction error mag-
nitudes at the two frequencies. Equation (13) adds different weights to the reconstructions
at the two frequencies, such that the two errors are compensated when computing the
temperature map, while Equation (14) subtracts the two without weighting, such that part
of the conductivity reconstruction error remains and affects the perfusion mapping.

Figure 14. Reconstruction results from multifrequency EIT on Duke and Glenn: (a) cross-sectional
view of the temperature error distribution; (b) reconstructed perfusion versus underlying perfusion
plotted separately for muscle, fat, and tumor tissues.

3.3.3. Summary of Temperature Reconstruction Accuracy

Table 3 summarizes the impact of the reconstruction approach and scenario on re-
construction accuracy. It illustrates the improvements relative to the prior state-of-the-art
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(baseline) afforded by the newly introduced iterative approach, adaptive prior regions,
and tissue-dependent penalties. The mean and standard deviation of the reconstruction
error in the masked prior region are reported (note that the prior region changes when
adaptive prior regions are used). The crucial improvements afforded by the use of planning-
based reference models, measurement-based reweighting, and physics-based constraints
are not reflected in the table, as the chosen metrics to not allow for a direct comparison
across changing anatomies—the relevant information can instead be found in Figure 12.
For the generic scenarios, in which the conductivity was changed in a given spherical
region, the conductivity reconstruction accuracy was converted to an equivalent tempera-
ture accuracy by dividing by Tc = 2%/◦C. The limitations of the reconstruction accuracy
estimations are discussed in Table 4.

Table 3. Summary of the impact of the reconstruction approach (parameters, iterations, adaptive
penalties and prior regions, reference model) and scenario (generic local σ change, detailed treat-
ment scenario, perfusion changes, EIT frequency/frequencies) on the reconstruction accuracy (mean
and standard deviation in the prior region). For the realistic HT therapy heating pattern scenarios,
the worst case from the investigated Glenn and Duke scenarios is reported. Accuracy of nonpersonal-
ized reconstruction scenarios is not reported here, since the chosen metrics are not applicable.

Temperature Estimation Accuracy

Condition Accuracy (Mean/Stddev ◦C)

Ideal: generic local (spherical) σ change

1-iter., No Penalty, Hp = 0.01 −3.9/4.9 ◦C

1-iter., Penalty = 0.001, Hp = 0.01 (baseline) −0.6/1.7 ◦C

1-iter., Penalty = TiD, Hp = 0.01 −0.6/1.4 ◦C

3-iter., Penalty = TiD, Hp = 0.01 −0.1/1.1 ◦C

Nonideal: noise/σ change outside prior region

3-iter., Penalty = TiD, Hp = 0.01, σ change outside
prior region

Unusable with Fixed prior region;
0/2.4 ◦C with Adaptive prior region

3-iter., Penalty = 0.01, Hp = 0.1, SNR = 20 dB −0.4/3 ◦C

Hyperthermia treatment scenarios, temperature increase and perfusion changes

3-iter., Penalty = TiD, HP = 0.01, Ref 37 ◦C 0.2/1.8 ◦C (LF)
−0.1/1.4 ◦C (HF)

3-iter., Penalty = TiD, HP = 0.01, personalized Ref TOpt
−0.3/1.1 ◦C (LF)
−0.1/0.5 ◦C (HF)

3-iter., Penalty = TiD, HP = 0.01, Multifrequency −0.1/0.3 ◦C

Figure 10 suggests that under ideal conditions and when using personalized reference
models, a spatial reconstruction accuracy in the centimeter-range is achievable, which is
similar to the inherent thermal length-scale (diffusion related characteristic length of the
PBE Green’s function [45]). However, Figure 12 suggests that imperfections, such as the use
of nonpersonalized models, reduce the achievable spatial accuracy to multiple centimeters.
The ability of detecting highly localized temperature features, e.g., near important cooling
arteries, has not been assessed.

4. Discussion

In this study, we investigated the potential application of EIT as a low-cost, noninva-
sive technique for HT treatment monitoring.

For estimation accuracy, if only changes in conductivity associated with Tc are con-
sidered, a 2% deviation from the actual conductivity leads to 1 ◦C error in temperature.
Due to the presence of perfusion-related conductivity changes, the total conductivity sen-
sitivity to temperature is higher, which can facilitate temperature mapping, if accurate
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information about the temperature dependence of perfusion is provided. However, the re-
lation between the conductivity error and the temperature or perfusion estimation error
becomes more complex. In the absence of well-known temperature–perfusion relation-
ships, distinguishing between perfusion and temperature changes using multifrequency
EIT is crucial. To simultaneously map perfusion and temperature changes, the use of
more than two measurement frequencies and postprocessing techniques should be further
investigated, considering the limited accuracy of conductivity map reconstruction and the
limited knowledge about α.

Using a tissue-dependent penalty along with adaptive prior regions are key to achiev-
ing conductivity mapping in highly heterogeneous anatomical models. Information from
thermal simulations can be used to further improve the accuracy, as shown in the simulated
HT treatment scenario. Under ideal conditions, reconstruction in a simulated HT treatment
achieves a mean deviation in the order of 1 ◦C (see Figure 11) in the heated domain. Having
a good reference model is important, and a priori personalized models should be used.
When using a nonspecific anatomical reference, fewer measurement electrodes should be
used and voltages should be rescaled based on preheating measurements. An extreme
scenario was investigated to assess local reference model inaccuracies (e.g., passing air
bubble). Regarding local reference model inaccuracies (e.g., passing air bubble), an extreme
scenario was investigated. We found that using adaptive prior regions in combination
with a tissue-dependent penalty successfully enabled reconstruction. Nonablative HT is
a relatively long treatment (∼40–60 min) and the heating time constant is in the order of
minutes. Therefore, changes during treatment, except for body movements, occur slowly
compared with the potential voltage acquisition speed. Continuous monitoring can be
combined with continuous prior region adaptation to handle slow tissue environment
changes and to adapt the reference model.

Measurement noise is problematic as the number of cells in the model to be recon-
structed is large compared to the number of voltage measurements. Figure 9 illustrates the
quantifiable impact of SNR on the reconstruction error from 40 dB to 10 dB SNR, while keep-
ing the same reconstruction parameters results in an increase of the reconstruction error by
an order of magnitude. The SNR can be improved by averaging multiple acquisitions, and
voltage measurements with poor SNR should be detected.

The combination of HT treatment planning with EIT has multiple advantages: Treat-
ment planning typically includes imaging and segmentation for personalized treatment
optimization, and a personalized reference model is important for the reconstruction.
Electromagnetic and thermal simulations from HT planning can be used in EIT to de-
termine the region where changes in conductivity are expected and which can serve as
a prior region. A good reference model for the heated state also facilitates reconstruc-
tion (smaller ∆σ). In turn, EIT-reconstructed changes in conductivity converted to perfu-
sion/temperature changes can be used for an online adaptation of the treatment plan and
of the applied parameters.

For the simulated HT scenarios with the Duke and Glenn ViP models, additional
investigations were performed that are not presented in this paper due to space constraints.
The following parameters were varied: masking threshold level (37–40 ◦C), hyperparameter
value (0.0001–1), and the number of electrodes (8–32) and electrode rows (2–4). The masking
threshold affects the reconstruction of regions with relatively high changes that are left
outside the mask, if too high, or the accuracy of high temperature region reconstruction,
if too low. The impact of the hyperparameter is dependent on the masking threshold
and the mask and penalty values; however, in most of the cases, 0.01 was considered a
good choice. Increasing both the number of rows and electrodes did not yield significant
improvements compared to two rows with 16 electrodes and resulted in smaller voltage
differences between nearby electrodes, making the system more susceptible to noise and
measurement uncertainty in practical implementations.

Table 4 lists study limitations that should be considered.
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Table 4. List of limitations in this study and their implications.

Limitation Discussion

Generality

The present study focused on two anatomies, one realistic tumor location in addition to a few spherical
heating cases, a fixed exposure element type and placement, and stable EIT electrode placement. While
the reconstruction parameters were not particularly tweaked to obtain the presented results, it is
important to investigate whether these parameters are indeed generalizable.

Anatomical model
accuracy

Personalized anatomical model generation—or intersubject variability, if presegmented models are
used—affect the simulation fidelity and are likely to be one of the main sources of reconstruction errors.

Constant Tc

A constant Tc = 2%/◦C was used in this study. However, reported values in tissue vary between
0.6–2.1%/◦C; refs. [14,46] with a typical value around 2.0%/◦C. Although it is unclear how much is
measurement-accuracy-related, large intertissue or intersubject variability affects the reconstruction.

Frequency and
temperature
dependence of
conductivity

There is a high degree of uncertainty associated with the temperature dependence of perfusion and
electric conductivity. However, since this study focused on conductivity change reconstruction,
this uncertainty does not affect our conclusions. If multifrequency EIT can separate direct temperature
effects from perfusion-related ones, the uncertainty is reduced to that of Tc.

Inaccurate
conductivity values

The reference model and the model to be reconstructed use tissue properties from a tissue properties
database; however, uncertainty and variability associated with these properties affect the achievable
reconstruction accuracy. EIT prior to therapy application can help obtain more accurate property maps.

Nonlocal changes of
perfusion and local
vascular cooling

Although we assumed that increased blood flow circulation occurred in the heated region, nonlocal
effects, such as whole-body thermoregulation, convective transport by medium-sized blood vessels,
and the stealing effects or blood-flow reduction in a tissue resulting from an increase in neighboring
tissue were not considered. Additionally, the localized cooling by sufficiently large blood vessels is not
considered by the employed PBE, which assumes distributed perfusion.

Fixed body
core temperature

In our simulations, we assumed that body-core temperature was constant. However, the high energy
delivery during HT therapy can result in a body-core temperature increase which affects overall
tissue temperature.

Electrode modeling
and positioning

We modeled point electrodes with precisely known locations. The impact of inaccurate electrode
positioning and compensation methods have already been studied [47–49]. We assume that accurate
placement of electrodes can be assured during treatment. Replacing the point electrodes with extended
electrodes will affect the current density in the vicinity of the electrode, and thus the reconstruction
sensitivity in that region; this is easily handled and not the subject of this study, which focused on EIT for
deep heating monitoring.

Fixed patient geometry

We assumed that the patient geometry did not change between the treatment model creation and the
treatment administration. Precise and reproducible patient positioning is required in the clinic, and it is
already a requirement for high-quality HT treatment administration. Changes in the internal organ
geometry have been investigated in this study, and are handled using adaptive prior regions.
Nevertheless, large changes were shown to deteriorate the reconstruction accuracy.

Reconstruction
parameter choice

Further investigations are necessary to determine if the reconstruction parameters identified in this study
also provide the best reconstruction results across other scenarios.

5. Conclusions

In this study, we investigated the feasibility of EIT difference imaging for detecting
conductivity changes during HT therapy. Realistic scenarios were considered for the prac-
tical implementation of EIT in HT monitoring. We implemented an iterative reconstruction
in which the reference model was updated for each iteration. The results suggest that a
single iteration may be sufficient if there are only small changes.

By using highly heterogeneous anatomical models, we showed that a tissue-dependent
penalty parameter improves reconstruction accuracy throughout the modeled volume.
We also showed that reconstruction performance has no apparent dependence on the
location and extent of the heated region when placing heated spheres with sizes typical of
HT heating volumes in relevant torso treatment locations.

Simulated HT treatment with realistic heating patterns revealed large errors in the
reconstruction, mainly due to conductivity changes within most of the volume. Using
simulated treatment plans as references yields better reconstructions, despite modeling-
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inherent inaccuracies (e.g., of the tissue parameters). A personalized reference model is thus
required; however, a nonspecific reference model can be used if the number of electrodes is
reduced and a rescaling of voltages based on preheating measurements is performed.

In view of real-world limitations, we considered the impact of voltage measure-
ment noise and strong localized inaccuracies in the reference model (large air bubble).
Both can lead to significant errors, if reconstruction parameters for ideal conditions (no
noise, accurate reference model) are used. However, important improvements can be
achieved by relaxing reconstruction parameters and introducing prior region adaptation in
the reconstruction.

For the successful application of EIT to monitor temperature and perfusion during
HT therapy, all factors contributing to the deterioration of the accuracy must be addressed
and mitigated. Essentially, accurate reference models (geometry and conductivity) and
accurate impedance measurements are required. The results indicate that a temperature
estimation accuracy in the order of 1 ◦C is achievable under the considered conditions
and assumptions based on the novel methodologies in this study (iterative reconstruction
with adaptive prior regions, planning-based references, measurement-based reweighting,
tissue-dependent penalties, and positive heating constraints). The achievable mapping
accuracy will depend on how well multifrequency EIT measurements can be leveraged
to distinguish direct temperature-related impedance changes from changes caused by
perfusion adaptation.

As a next step, experimental realization and validation of the presented approach
is required. Initial work could focus on the reconstruction of heating distributions when
applying HT ex vivo, where perfusion changes are irrelevant and measurement access is
better. Subsequent work would then shift to in vivo situations and rely on strategically
placed thermometry catheters, or information from MR thermometry and MR perfusion
mapping. Compatibility issues associated with the presence of EIT electrodes during HT
application must be considered.
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Simple Summary: ThermoBrachyTherapy, a combination therapy where radiation and heat are
simultaneously applied using needle-shaped applicators from within the target, is a potentially very
effective treatment for prostate cancer. When radiation and thermal therapies are applied, the dose
coverage of each treatment is preplanned without considering the combined effect of the two dose
distributions. In this study, we propose a method to automatically plan the thermal dose in such
a treatment, based on the combined effect with the radiation. Furthermore, we apply the method
on 10 patients and compare the treatment to a brachytherapy-only treatment plan. In this way, we
show that, with properly optimized ThermoBrachyTherapy, we can provide equivalent combined
dose coverages to the prostate, while reducing the dose delivered to critical organs surrounding the
prostate, which might translate to reduced toxicity of the treatment.

Abstract: In high-dose-rate brachytherapy (HDR-BT) for prostate cancer treatment, interstitial hy-
perthermia (IHT) is applied to sensitize the tumor to the radiation (RT) dose, aiming at a more
efficient treatment. Simultaneous application of HDR-BT and IHT is anticipated to provide maximum
radiosensitization of the tumor. With this rationale, the ThermoBrachyTherapy applicators have been
designed and developed, enabling simultaneous irradiation and heating. In this research, we present
a method to optimize the three-dimensional temperature distribution for simultaneous HDR-BT and
IHT based on the resulting equivalent physical dose (EQDphys) of the combined treatment. First, the
temperature resulting from each electrode is precomputed. Then, for a given set of electrode settings
and a precomputed radiation dose, the EQDphys is calculated based on the temperature-dependent
linear-quadratic model. Finally, the optimum set of electrode settings is found through an optimiza-
tion algorithm. The method is applied on implant geometries and anatomical data of 10 previously
irradiated patients, using reported thermoradiobiological parameters and physical doses. We found
that an equal equivalent dose coverage of the target can be achieved with a physical RT dose reduction
of 20% together with a significantly lower EQDphys to the organs at risk (p-value < 0.001), even in the
least favorable scenarios. As a result, simultaneous ThermoBrachyTherapy could lead to a relevant
therapeutic benefit for patients with prostate cancer.

Keywords: hyperthermia; induced; brachytherapy; prostatic neoplasms; interstitial hyperthermia;
treatment plan optimization; prostate; thermoradiotherapy; linear quadratic model; biological modeling

1. Introduction

High-dose-rate brachytherapy (HDR-BT) is a well-established treatment option in lo-
calized prostate cancer treatment [1]. Radiobiological clinical data have shown that prostate
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cancer, in contrast to most tumor sites, has a very low α/β ratio (α/β = 0.9–2.2 Gy) [2]. This
is a value very close to or lower than the α/β of nearby organs at risk (OAR), with the ure-
thra estimated at an α/β = 0.5–1 Gy [3] and the rectum estimated at an α/β = 1.6–3.1 Gy [4],
depending on the considered toxicity endpoint. This very low α/β ratio is the reason that
radiotherapy for prostate cancer is aimed towards hypofractionation, with extensive use
of HDR-BT as a boost to external beam radiation therapy (EBRT) or even as a standalone
therapy (monotherapy) [5,6].

In HDR-BT monotherapy for prostate cancer, several clinical trials have shown that
even ultrahypofractionated treatments of 2–4 fractions lead to excellent overall disease-free
survival in low-risk and favorable intermediate-risk cancer patients [6–8]. On the other
hand, the treatments are still linked with genitourinary and gastrointestinal toxicities [9].
Moreover, further reduction to a single fraction treatment has shown very poor results
in multiple studies, with the reasons for those poor results not yet clear. Furthermore,
ultrahypofractionated HDR-BT monotherapy is currently not recommended in higher-risk
patients [10,11].

The abovementioned drawbacks could be overcome if the treatment could further esca-
late the radiation dose in the prostate without affecting the OAR, or if the same dose could
be reached in the prostate with a reduced dose in the OAR. A way to achieve this could
be by selective target radiosensitization. One of the most potent sensitizers to radiation is
hyperthermia [12,13]. It has also been shown in clinical data that hyperthermia reduces the
α/β of tumors [14] and, hence, makes the tumors more favorable to hypofractionation. This
is also evident in multiple in vitro experiments on specific prostate cancer cell lines [15–17].
Other than that, the ability of hyperthermia to increase perfusion, increase reoxygenation,
and overcome radiation-resistant hypoxia [18] could enable a reinvestigation of single
fraction treatments, since the lack of reoxygenation and hypoxic cells are presumed to be a
possible cause of failure, according to Morton and Hoskin [19].

Together with HDR-BT, interstitial hyperthermia (IHT) can be used to sensitize the
target [20]. This is especially convenient if the same catheters used for the HDR-BT treat-
ment can also be used for the IHT application. IHT has been applied in various early
clinical trials [21,22] and, lately, in a phase II clinical trial ongoing for salvage prostate
cancer treatment [23], where three fractions of IHT (1 h at 40–43 ◦C) followed by 10 Gy
HDR-BT were applied over three weeks.

Historical biological research has clearly shown that thermal radiosensitization de-
pends on the time interval between radiation and hyperthermia, with the highest radiosen-
sitization reached at simultaneous (i.e., radiation during hyperthermia) application of
the two modalities [13,24]. Based on this rationale, we have developed novel Thermo-
Brachytherapy (TBT) applicators that enable the simultaneous application of HDR-BT
and capacitive coupled radiofrequency (CC-RF) interstitial heating [25]. The improved
temperature-related technical characteristics of these applicators are described in our earlier
publication [25].

The challenge in simultaneous thermal radiosensitization is that, according to Overgaard [26],
normal tissue might be sensitized as much as the target tissue. Hence, in order to reach a
therapeutic benefit with simultaneous application of the two modalities, both treatment
modalities need to be confined to the target as much as possible [27]. In prostate cancer
treatment, this is a challenging task, with OAR very close to (rectum, bladder) or in
direct contact with (urethra) the target volume. Therefore, very precise treatment plan
optimization is needed to reach a therapeutic benefit, taking into account the combined
effect of both hyperthermia and radiation.

In recent years, substantial progress has been made in theoretical modeling to calculate
and quantify the combined effect of radiation and hyperthermia [28–31]. Most notably,
this has resulted in the temperature-dependent linear-quadratic (TDLQ) model [29] and
its extended version, including direct temperature-induced cytotoxicity [30]. While these
models have been used to evaluate existing treatment plans retrospectively, there has been
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no attempt for pretreatment plan optimization based on the combined effect of radiation
and hyperthermia.

In general, research on IHT treatment plan (IHT-TP) optimization is limited and
rarely applied in clinical practice [20]. In [32], Chen et al. proposed an automated op-
timization algorithm for ultrasound-based IHT-TP. In [33], Salgaonkar et al. validated
temperature superpositioning for faster optimization of ultrasound-based IHT-TP. In [34],
Kok et al. proposed a framework for fast automated temperature optimization using basic
temperature-based objective functions that can also be applied on CC-RF IHT. In [35],
we validated a highly accurate fast calculation method for the power deposition of the
TBT applicators. The next step in producing fast IHT-TP is to automate the treatment
planning process.

This study presents the framework to optimize the IHT-TP parameters based on the
equivalent RT dose resulting from the TDLQ model. This optimization framework is
applied on real anatomical and implant data from 10 patients. The results demonstrate that,
under clinically realistic circumstances, HDR-BT combined with simultaneous IHT using
the TBT applicators has the potential to lead to a relevant therapeutic benefit in terms of
OAR sparing or escalation of the equivalent physical dose.

2. Materials and Methods
2.1. Overview of Optimization Framework

In the following paragraphs, we detail all steps that constitute the optimization frame-
work (Figure 1). To reach the optimal thermoradiobiological TBT plan, first, the planning
CT images (Figure 1 Item 1) are used to create the patient tissue model (Figure 1 Item 2).
The position of the TBT applicators is reconstructed, and the electromagnetic (EM) fields
and temperature distributions are precomputed per electrode (Figure 1 Items 3 and 4). The
dwell times and dwell positions, defining the physical radiation dose, are optimized au-
tonomously using the standard clinical HDR-BT protocol and workflow (Figure 1 Item 5).
The IHT-TP parameters are then optimized based on the combined effect of the temperature
distribution and the radiation distribution (Figure 1 Item 8). To evaluate the combined
effect in terms of equivalent physical dose (EQDphys), the TDLQ model is applied (Figure 1
Item 6) with thermoradiobiological parameters from the literature. The optimization uses
the standard clinical objectives and constraints as applied in the HDR-BT-only plans
(Figure 1 Item 7).

2.2. Patient Anatomy Modeling

The patient tissues are modeled (Figure 1 Item 2) using information derived from
computed tomography (CT) images taken as for HDR-BT planning (Figure 1 Item 1), with
the dual function TBT applicators implanted into the patient. Prostate, urethra, rectum,
bladder, bone, fat, muscle, and air volumes are distinguished. Prostate, urethra, rectum,
and bladder volumes are defined by manual segmentation by an expert radiotherapy
technologist using Oncentra® Brachy (Elekta Brachytherapy Solutions, Veenendaal, The
Netherlands), and approved by a radiation oncologist. For the other tissues, an automated
workflow, based on thresholding, developed for clinical deep hyperthermia treatment
planning is used (MIM Software, Cleveland, OH, USA). An example CT image with
implanted afterloading catheters instead of TBT applicators can be seen in Figure 2a. The
corresponding tissue model on the same slice can be seen in Figure 2b. The TBT applicator
visualization and positioning are expected to be identical to the afterloading catheters used
in standard HDR-BT treatment.

2.3. TBT Applicator Modeling, Positioning, and E-Field Calculation

Each TBT applicator consists of two 20-mm-long cylindrical electrodes with a 5-mm
separation deposited on a needle-shaped flexible polyoxymethylene afterloading catheter
and coated with a thin Parylene C coating. The two electrodes are connected to a power
source through two feeding lines running parallel to the catheter up to the proximal end of
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the applicator. A detailed description of the applicator can be found in [25]. In the patient
model, the TBT applicators are located and reconstructed as shown in the planning CT
images (Figure 2c).

Figure 1. Graphical summary of the proposed optimization framework. 1. The planning CT is the
initial input of the process. 2. The patient model is generated. 3. The EM field per electrode is precal-
culated. 4. The temperature distribution per electrode is precalculated. 5. The BT dose distribution is
imported from the BT treatment planning software. 6. The TDLQ model is used for the calculation
of the combined effect. 7. Both temperature and dose constraints and objectives are used for the
optimization process. 8. The TDLQ optimization process optimizes the IHT parameters (8.4) that
generate a temperature distribution (8.1) from which an EQDphys distribution is generated (8.2). This
EQDphys distribution is used to compute the objective function, which needs to be minimized (8.3).

Figure 2. (a) Axial CT slice showing the anatomy of a patient with afterloading catheters (visible as
black dots indicated by the arrow) inserted in the prostate. (b) Same axial slice of the resulting patient
model after segmentation of all tissues. (c) Lateral 3D view of the prostate, OAR, and simulated TBT
applicators in the same patient.

The electric field (E-field) is calculated for each electrode i as described in [35], using a
finite element method solver for the electroquasistatic approximation [36]:

∇· (σ + j2π f ε)∇Vi = 0 , (1a)

Ei = −∇Vi (1b)

where σ is the electrical conductivity, f is the frequency of the alternating E-field, ε is
the dielectric permittivity, and Vi is the scalar potential of electrode i. The E-field Ei is
calculated for each electrode from Equation (1b).

For a set of n different electrodes i, with amplitude settings vi, all Ei can be superposed
to obtain the total E-field Etot as:
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Etot =
n

∑
i=1

E vi = Ev. (2)

The power loss density (P) produced by the total field can then be derived from:

P = σ
|Etot|2

2
=

σ

2
vHEHEv = vHPv, (3)

where P is an n × n matrix, and EH and vH are the Hermitian transpose of E and v,
respectively.

For the E-field calculation (Figure 1 Item 3), the electric tissue properties are assigned
according to the IT’IS database [37]. The electric properties of all used tissues, as well as
those of the TBT applicator materials, are summarized in Table 1. All E-field and power
calculations are performed in Sim4Life v6.2 (ZMT, Zurich, Switzerland).

Table 1. Electric and thermal properties of the applicator materials and the tissues used in the
simulations.

Tissue ρ
(kg/m3)

σ @27 MHz
(S/m) εr @27 MHz c

(J/kg/K)
k

(W/m/K)
ω

(ml/kg/min)

Applicator Dielectric [38,39] 1289 1 × 10−5 2.4 712 0.084 -
Air [37] 1.164 0 1.0 1004 0.0273 -

Muscle [37] 1090.4 0.654 95.8 3421 0.495 40
Fat [37] 911 0.061 17.9 2348 0.211 33

Bone [37] 1908 0.052 21.8 1313 0.320 10
Prostate [37] 1045 0.838 120.1 3760 0.512 394
Rectum [37] 1045 0.654 95.8 3801 0.557 0
Urethra [37] 1102 0.375 88.8 3306 0.462 394
Bladder [37] 1086 0.276 31.5 3581 0.522 78

2.4. Temperature Calculation and Superpositioning

The temperature distribution (T) resulting from all electrodes can be calculated by
solving the Pennes’ bioheat equation [40,41]:

ρc
∂T
∂t

= ∇ · (k∇T) + ρQ + P− ρbcbρω(T − Tb) (4)

where k is the thermal conductivity, c is the specific heat capacity, Q denotes the spe-
cific metabolic heat generation rate, and ω is the perfusion rate. ρ is the mass density of
the medium. Tb, ρb, and cb are the temperature, mass density, and specific heat capac-
ity of blood, respectively. According to Das et al. [42], the temperature solution can be
rewritten as:

T = vHTv + T (5)

where T, similar to P in (3), is an n × n matrix, and Tb is equal to the baseline temperature
in the case of Dirichlet boundary conditions.

A fast optimization process is essential when applying simultaneous HDR-BT and
IHT. To achieve faster temperature optimization, we use temperature superpositioning
per electrode (Figure 1 Item 4), as proposed by Salgaonkar et al. for ultrasound-based
IHT-TP [33]. In this method, all off-diagonal terms of T are neglected, reducing the com-
plexity of the problem. With ∆Ti, the temperature increase resulting from the power loss
density Pi, Equation (5) is simplified to:

T =
n

∑
i=1

v2
i ∆T + Tb (6)

Under the above assumption (temperature superpositioning per electrode), the temper-
ature Ti generated by each electrode i can be computed by solving the Pennes’ bioheat Equa-
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tion as in (4). The precomputed temperature distributions per electrode were calculated
using a finite element method (FEM) solver in Sim4Life v6.2 (ZMT, Zurich, Switzerland).

2.5. HDR-BT Treatment Plan and Dose Calculation

The HDR-BT treatment planning protocol is defined using dose–volume metrics. The
prescribed radiation dose (Dp) needs to be reached in at least 95% of the total target volume
(V100% ≥ 95%). For the OAR, the dose in a particular volume x (Dx) is constrained to an
organ-specific limit. The detailed HDR-BT treatment planning protocol is summarized in
Table 2 and is based on [8].

Table 2. Fraction dose objectives and constraints of the clinical HDR-BT protocol.

Tissue Criterion Aim Type

Prostate V100% ≥95% Objective
V150% <30% Soft Constraint
V200% <8% Soft Constraint

Urethra D0.1cc <115% Hard Constraint
Rectum D1cc <75% Hard Constraint
Bladder D1cc <75% Soft Constraint

The HDR-BT treatment plan (Figure 1 Item 5) is generated by expert radiotherapy
technologists, based on inverse planning by simulated annealing [43] and manual finetun-
ing, using the Oncentra® Brachy treatment planning software, and reviewed by a radiation
oncologist. The HDR-BT treatment plan is based solely on the radiation dose generated by
an HDR 192Ir Flexisource, without considering the effect of the IHT. For the radiation dose
calculation, a dose kernel based on the TG-43 standard is used [44].

2.6. Thermoradiobiological Modeling

To calculate the combined effect of the radiation and hyperthermia dose, thermoradio-
biological modeling was performed (Figure 1 Item 6). The TDLQ model was applied [29]:

S(D, T) = exp
[
−α(T) · D− β(T) · D2

]
, (7)

where S(D,T) is the surviving fraction of tissue when simultaneously exposed to a radiation
dose D and a temperature T for 1 h, assuming that the parameters α(T) and β(T) are
exponentially dependent on the temperature according to:

α(T) = α(37)·exp


 T − 37

Tre f − 37
·ln



α
(

Tre f

)

α(37)




, (8a)

β(T) = β(37)·exp


 T − 37

Tre f − 37
·ln



β
(

Tre f

)

β(37)




, (8b)

where Tre f is a reference temperature at which the α
(

Tre f

)
and β

(
Tre f

)
have known values.

With this model, the equivalent dose received by a tissue, taking the thermal radiosen-
sitization into account, is:

EQDre f =
α(T) · D + G·β(T) · D2

α(37) + β(37) · dre f
, (9)

where dref is the fraction dose to which the dose is normalized, and G is the Lea-Catcheside
dose protraction factor, which is equal to 1 for a high dose rate source.

In our implementation, the equivalent dose is calculated normalized to the physical
dose D. From Equations (8) and (9), this is calculated as:
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EQDphys =

α(37)
β(37) exp

[
T−37

Tre f−37 ·ln
[

α(Tre f )
α(37)

]]
· D + exp

[
T−37

Tre f−37 ·ln
[

β(Tre f )
β(37)

]]
· D2

α(37)
β(37) + D

(10)

where the values of the radiobiological parameter α/β = α(37)/β(37), and the thermora-
diobiological parameters α(Tref)/α(37) and β(Tref)/β(37) for a given temperature Tref are
needed for each tissue. The thermoradiobiological parameters for prostate tissue are as-
signed according to the in vitro data on the PC-3 and DU-145 prostate cancer cell lines in
Pajonk et al. [16]. For normal tissues, there are no thermoradiobiological data available.
Based on Overgaard [26], we can assume α and β parameters of normal tissue to have a
similar thermal radiosensitization pattern as tumor tissue for the setting of simultaneous
irradiation and hyperthermia; hence, we assigned the same α(Tref)/α(37) and β(Tref)/β(37)
values to normal tissue. The radiobiological parameter α/β is conservatively set equal
to 3 for all tissues at a normal temperature of 37 ◦C [45]. The values of all parameters are
summarized in Table 3. Note that, in all following dose volume and dose coverage criteria
in this article, dose is quantified in terms of EQDphys, which is temperature-dependent in
the case of TBT and equal to the physical dose, D, in the case of BT only.

Table 3. Thermoradiobiological parameters applied in this study, with Tref = 43 ◦C.

Tissue α(37)/β(37) α(43)/α(37) β(43)/β(37)

Prostate 3
PC-3 [16] 2.4 6.8

DU-145 [16] 0.8 1.8
Normal Tissue 3

2.7. Thermoradiobiological Objective Function and Optimization Algorithm

For the optimization of the electrode amplitudes vi in the TBT treatment, an equiva-
lent physical dose (EQDphys) based optimization algorithm is used (Figure 1 Item 8). The
objectives are based on the criteria as reported in Table 2, combined with an overall upper
temperature limit of Tmax = 47.5 ◦C [20]. This is formulated in a minimization problem con-
taining penalty functions PFi for every violated constraint i, and objective scoring functions
SFj that return lower values for better performance for an objective j:

Ω = W ∑
i

PFi + ∑
j

SFj . (11)

The penalty functions PFi are in the form of:

PFi = max[0, pi(C − Li)], (12a)

where the values for Ci and Li are according to Table 4 and the polarity factor pi is +1 for
low pass constraints and −1 for high pass constraints. The scoring functions SFj are in the
form of:

SFi = −wj
∣∣Oj − Gj

∣∣ , (12b)

where the values for Oi, Gj, and wj are according to Table 4 (Figure 1 Item 7). The penalty
weight factor W is set to a constant W = 103 for all constraints in order to ensure a high
penalty for every constraint violation. The objective function Ω is minimized using a
particle swarm optimization algorithm in MATLAB (MathWorks Inc., Natick, MA, USA).

2.8. Temperature Superpositioning Validation

While the temperature superpositioning method for fast temperature calculations has
been validated for interstitial ultrasound power sources [33], we also perform a validation
in our approach. To validate the accuracy of the temperature superpositioning method,
we calculated a temperature distribution using the superpositioning method and we
recalculated the temperature distribution resulting from the same power amplitudes using
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the FEM solver. In this way, we investigated the assumption of Equation (4) that the
off-diagonal terms in T not contributing significantly to the total temperature distribution
is correct. The agreement between the two calculation methods was scored using three-
dimensional γ-index analysis [46,47].

Table 4. Constraints and objectives applied in the objective function.

Constraints Tissue Criterion (Ci) Limit (Li) Type

Prostate V100% Value of BT-only High pass
Urethra D0.1cc Value of BT-only Low pass
Rectum D1cc Value of BT-only Low pass
Bladder D1cc Value of BT-only Low pass

All Tmax 47.5 ◦C Low pass

Objectives Tissue Criterion (Oj) Goal (Gj) Weight (wi)

Urethra D0.1cc 0 1
Rectum D1cc 0 1
Prostate V150% 30% of volume 0.01

2.9. Implementation on Patient Data

To evaluate the proposed TBT treatment plan, we used data of 10 prostate cancer pa-
tients treated at our institution with HDR-BT monotherapy in two fractions of Dp = 13.5 Gy
in a single day with a single implantation. For the first fraction, the patients were treated
with a US-based HDR-BT treatment and, for the second fraction, they were treated with a
CT-based HDR-BT treatment [35]. To validate the implementation of our treatment plan,
we simulated a replacement for the second fraction by a TBT treatment and compared the
resulting EQDphys distribution to the original HDR-BT-only physical dose distribution by as-
suming that the TBT applicators are placed at the same position as the flexible 6F ProGuide
afterloading needles (Elekta Brachytherapy Solutions, Veenendaal, The Netherlands).

The TBT treatment plan used a uniformly scaled-down version of the original HDR-BT
dose distribution that had been clinically generated [35]. Different plans were generated
using various combinations for the thermoradiobiological parameters α(43)/α(37) and
β(43)/β(37), according to Table 3. The BT dose distributions were scaled from 70% to 95%
of the original clinical dose. This process is illustrated in Figure 3.

Figure 3. Flowchart illustrating how the TBT EQDphys distribution is generated from and compared
with the original BT-only dose distribution.
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3. Results
3.1. Temperature Superpositioning Validation

The temperature distribution in a simulated patient with 18 applicators with given
electrode amplitudes was calculated using both the superpositioning method (Figure 4a)
and an FEM recalculation (Figure 4b). With the FEM-recalculated temperature as a reference,
a γ-index analysis was performed. Applying 5%/0.5 mm dose difference and distance
to agreement criteria, a passing rate >95% was observed, suggesting a good match to the
reference (Figure 4c). As can be seen in Figure 4c, the highest gamma index values were
positioned in the far-field of the temperature increase, where temperature values were low.

Figure 4. Comparison between superpositioned temperature calculation and FEM recalculation on
the central axial slice in the prostate. (a) Temperature map using superpositioning of separate FEM
calculations for each electrode. (b) Temperature map using a single FEM calculation for the same,
combined, electrode settings. (c) γ-index map of the comparison.

3.2. Thermal Radiosensitization

To illustrate the thermal radiosensitization that is expected in prostate cancer cells,
we applied the values of Table 3 to Equation (10) and visualized the results for different
radiation doses and temperatures. How those values affect the EQDphys dose resulting from
a TBT treatment can be seen in Figure 5. As can be seen, there is a considerable difference
in thermal radiosensitization between the PC-3 and DU-145 cell lines. Indicatively, the
thermal enhancement caused by a 43 ◦C temperature in PC-3 is approximately threefold
that of DU-145.

Figure 5. Isodose curves for the EQDphys resulting from different combinations of physical dose and
temperature for 1 h: (a) EQDphys assuming DU-145 data; (b) EQDphys assuming PC-3 data.

3.3. Treatment Planning Results

We optimized the temperature distribution for the 10 simulated patient plans for
different scalings of the HDR-BT dose. Figure 6 shows the results for a single patient with
an HDR-BT dose scaling of 80%. The α(43)/α(37) and β(43)/β(37) values are assumed
equal to the average between DU-145 and PC-3 data, which gives α(43)/α(37) = 1.6 and
β(43)/β(37) = 4.3. The EQDphys volume histogram shows that the same target coverage
is reached (96.6%), while D0.1cc for the urethra, and D1cc for the rectum and bladder are
reduced by 6.1%, 4.9%, and 8.2% of the prescribed dose, respectively. On the other hand,
the V150% and V200% are higher by 12.1% and 12.4% of prostate volume, respectively.
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Figure 6. TBT TP results assuming thermoradiobiological parameters equal to the average between
DU-145 and PC-3 data. (a) The original clinically applied HDR-BT dose fraction. (b) The applied
TBT physical dose (80% of original). (c) Temperature volume histogram showing the temperature
coverage in the prostate and OARs. (d) The temperature distribution calculated for the optimal TBT
plan. (e) The TBT EQDphys resulting from the combined treatment. (f) Dose volume histogram of the
prostate and OARs for the HDR-BT-only dose (dashed line) and the TBT EQDphys dose (solid line).

Figure 7 summarizes the results over all simulated patients (showing average values
and standard deviations) for the prostate. From this figure, it can be seen that the required
target coverage can be reached when using at least 80% of the original physical dose of the
HDR-BT-only treatment (Figure 7a) for the less thermosensitive DU-145 cells. This result
is valid for all three evaluated values of α(43)/α(37) and β(43)/β(37): PC-3, DU-145, and
average. For radiosensitization according to the more thermosensitive PC-3 cells, this is as
low as 70% of the original physical dose. It is evident that the addition of IHT contributes
to considerably higher values for V150% and V200%. This should be expected, since the IHT
sources and HDR-BT sources irradiate from the same positions: the TBT applicator.

Figure 8 shows the T10, T50, and T90 values (temperature reached in at least 10%, 50%,
and 90% of the total volume, respectively) over all simulated patients. It is evident that
higher T10, T50, and T90 values are required for lower physical doses and for lower thermal
sensitivity of the tumor. Furthermore, T50 and T90 values are mainly under the 39 ◦C value.
This means that hyperthermia values are not needed in the whole prostate to reach the
optimal EQDphys distribution. On the other hand, the temperature is, as is the radiation
dose, per definition, heterogeneous in the prostate.

For the OAR there are no data available on their sensitivity. Therefore, we evaluated the
dose metrics for two extreme cases: assuming sensitization as high as in tumor tissue [26]
and assuming no sensitization. The actual sensitization is expected to be somewhere in
between the two extreme values. The OAR dose metrics reached with the different TBT
plans are visualized in Figure 9. For all evaluated cases, the D0.1cc of the urethra, the D1cc
of the rectum, and the D1cc of the bladder are lower with the TBT plan than with the
HDR-BT-only plan (p-value < 0.001, paired two-sided Wilcoxon signed rank test).
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Figure 7. Average values (±standard deviation) over 10 simulated patients of TBT prostate V100% (a),
V150% (b), and V200% (c) for different scalings of the original HDR-BT dose. The different colors
correspond to the plans generated based on different thermoradiotherapeutic values (red for DU-145,
blue for PC-3, and green for the average between DU-145 and PC-3). It is evident that the original
prostate coverage is met when the physical dose is scaled over 80% of the original value. The vertical
bars correspond to standard deviation. The horizontal dashed lines correspond to the objective
(V100%) and soft constraint (V150% and V200%) limits. The green and red areas correspond to targeted
and constrained values, respectively.

Figure 8. Average values (±standard deviation) over 10 simulated patients of the optimal TBT
prostate T10 (a), T50 (b), and T90 (c) for different scalings of the original HDR-BT dose. The different
colors correspond to the plans generated based on different thermoradiotherapeutic values (red
for DU-145, blue for PC-3, and green for the average between DU-145 and PC-3). The vertical bars
correspond to standard deviation.
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Figure 9. Average values (±standard deviation) over 10 simulated patients of the TBT TP parameters
for different scaling of the original dose: urethra D0.1cc (a), rectum D1cc (b), and bladder D1cc (c).
The different colors correspond to the plans generated based on different thermoradiotherapeutic
values (red for DU-145, blue for PC-3, and green for the average between DU-145 and PC-3). The
black line shows the lowest possible value, assuming no radiosensitization of the normal tissue. The
horizontal dashed lines correspond to the constraint limit for each criterion. The red areas correspond
to constrained values for each criterion.

4. Discussion

Extensive biological studies have indicated that hyperthermia is a potent sensitizer to
radiotherapy, especially when applied simultaneously with the radiation dose [12,13]. To
benefit from the high radiosensitization achieved in such a setting, both the thermal and
radiation dose have to be focused sufficiently well to the target. In the TBT setting, both
doses are administered from within the target region, which makes it the ideal method for
simultaneous application. The highly localized deposition of both doses requires, however,
good planning of the electrode amplitudes, dwell times, and dwell positions for good
thermal and radiation coverage of the target and OAR sparing.

From a thermoradiobiological point of view, three-dimensional evaluation of combined
radiotherapy and hyperthermia treatments is possible using the TDLQ model [29]. It is
challenging to meet the set dose targets and constraints with the resulting EQDphys without
optimizing the temperature distribution according to those criteria. Given the high number
of variables that need to be tuned, an automated method to optimize the temperature
distribution is necessary for an optimal TBT treatment. Therefore, with the proposed
optimization method, we can optimize the temperature on radiotherapeutic dose criteria.

To produce fast calculations of the temperature distribution, temperature superpo-
sitioning was used. We showed in our evaluation that this is a reasonable estimation of
the temperature distribution, with a passing rate >95% for 5%/0.5 mm dose difference
and distance to agreement criteria. It is important to note that the temperature calculation
method showed the best results where high temperature elevations and consequently high
radiosensitization were present (Figure 4), with the lower temperature regions mainly in
the rectum showing less agreement with the single FEM temperature calculation. Therefore,
with the current temperature calculation method, simulated rectum temperatures might not
be reliable enough. For a more accurate estimation of the final temperature distribution, one
could consider recalculating the final temperature distribution based on the optimal IHT-TP
settings for evaluation purposes. Another option is to apply the method of Das et al. [42]
(Equation (4)), although it would lead to slower optimizations due to the high number of
electrodes producing an E-field.

We showed in our results (Figure 7) that the calculated TBT EQDphys distribution can
meet the prostate coverage V100% ≥ 95% for different values of α(43)/α(37) and β(43)/β(37)
with up to 20% decrease in physical dose (80% of original HDR-BT dose). For the required
temperature elevations (Figure 8), it is evident that temperature homogeneity in the target
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(Figure 6d) is not necessary to meet the prescribed target coverage. In the clinical feasibility
study of the MECS applicator by van Vulpen et al. [48], it was noted that the observed high
temperature gradients (T10 = 45.7 ◦C, T90 = 39.4 ◦C) were an undesired effect. By looking at
the temperature distribution as a radiation dose sensitizer, we see that we can still reach
significant improvements to the treatment, since only underdosed regions of the target are
in need of a temperature increase.

Since there is no information available about the radiosensitization of normal tissues,
we assumed in our optimization process a worst-case scenario of equal radiosensitization
for normal and tumor tissue. With this assumption, we saw EQDphys sparing for all three
OAR (2.2 ± 1.7%, 2.6 ± 2.1%, and 4.2 ± 2.2% decrease for urethra D0.1cc, rectum D1cc, and
bladder D1cc, respectively). In practice, we can expect a lower normal tissue radiosensiti-
zation than tumor tissue radiosensitization, especially since human prostate cancer cells
are remarkably thermosensitive [15]. Therefore, we also evaluated the maximum potential
decrease in the OAR by assuming no thermal radiosensitization in normal tissue (Figure 9).
It is evident that OAR sparing can be significant in such a scenario (i.e., urethra D0.1cc as low
as 90% of Dp). To draw definitive conclusions on the level of OAR sparing, the availability
of thermoradiobiological data for normal tissues is an absolute requirement. Should the
OAR sparing be insufficient, one can also investigate OAR cooling. Another option would
be to investigate whether sequential TBT is beneficial. However, in sequential TBT the level
of tumor radiosensitization is lower and the sequential procedure could prolong overall
treatment time.

While OAR sparing can be expected, it is also evident from Figure 7 that the high
target doses (V150% and V200%) become even higher in the TBT setting. Namely, scaling
down the physical dose increases the V150% and V200% to a saturation point where the
V100% target can be reached (for DU-145, this is visible at 80% target coverage in Figure 7).
This effect is expected, given the fact that both modalities are delivered to the target from
within the same applicator. Whether this is a negative effect or not can be debated. On
the one hand, clinical treatment protocols strive to decrease extreme heterogeneity in the
tumor by applying soft constraints on the high prostate doses, as is also carried out in the
current study [6,49]. On the other hand, guidelines on prostate HDR-BT do not restrict
high doses [10,11]. This can be explained by the fact that a saturation dose beyond which
no further injury can occur likely exists in prostate brachytherapy [50,51].

In this study, we only optimize the temperature distribution based on the combined
treatment. We expect that also optimizing the radiation dose distribution based on the
combined effect has the potential to lead to more enhancement, i.e., better results, given the
higher number of degrees of freedom. This additional optimization opportunity should,
therefore, be considered in future research.

The TDLQ model is not complete in describing the combined effect of radiation
and temperature elevation. The extended TDLQ model incorporating direct temperature-
induced cytotoxicity has also been proposed and evaluated for cervical cancer cell lines [30].
There are currently not enough data to apply the same model for prostate cancer. However,
in our application, where very high radiation fraction doses are applied, it can be presumed
that most of the cell death is caused by radiation rather than temperature increase. In any
case, should there be enough radiobiological data available, a more elaborate model could
easily be applied to this algorithm as well.

In Figure 8, we showed that the calculated T10, T50, and T90 values needed for sufficient
target coverage are, in some cases, lower than what is commonly regarded as adequate
temperature elevation in hyperthermia treatments. These values are, however, set for an
IHT treatment duration of 1 h. It is debatable whether temperatures under 39 ◦C can cause
tumor radiosensitization at all [52]. One can, therefore, choose to normalize the length of
the treatment to achieve the same thermal dose in, i.e., CEM43 [12] or AUC [52]. This is also
convenient in a simultaneous TBT treatment, since an HDR-BT treatment has a delivery
time of approximately 10–20 min.
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We have presented a method for automated IHT-TP optimization based on thermora-
diotherapeutic criteria when IHT is used simultaneously with HDR-BT. We also showed
that the results of the optimization are very dependent on the thermosensitivity of the
tumor and normal tissue. With information on thermosensitivity of the involved tissues not
yet available, the full potential use of this algorithm still needs to be determined. However,
it can already serve as a promising tool for further development of IHT in combination
with HDR-BT.

5. Conclusions

In this study, we presented a framework to optimize the temperature for simultaneous
HDR-BT and IHT, based on the resulting EQDphys of the combined treatment. This gives
the opportunity of treatment planning on the same radiotherapeutic dose constraints and
objectives as for HDR-BT only. We established that the fast calculation of the temperature
distribution is accurate. Furthermore, on a sample of 10 patients, the calculated equivalent
dose distribution predicts a favorable reduction in the dose in OARs. At the same time,
the target dose coverage remains at the same level as prescribed in the standard protocol,
while the high-dose regions (V150% and V200%) get considerably higher values. While this
framework offers a valuable tool for simultaneous thermobrachytherapy treatment plan
optimization, further research on the biological effects of both heat and radiation is needed
to confirm the clinical relevance of a simultaneous thermobrachytherapy treatment.
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20. Dobšíček Trefná, H.; Schmidt, M.; van Rhoon, G.C.; Kok, H.P.; Gordeyev, S.S.; Lamprecht, U.; Marder, D.; Nadobny, J.; Ghadjar, P.;

Abdel-Rahman, S.; et al. Quality Assurance Guidelines for Interstitial Hyperthermia. Int. J. Hyperth. 2019, 36, 276–293. [CrossRef]
21. Prionas, S.D.; Kapp, D.S.; Goffinet, D.R.; Ben-Yosef, R.; Fessenden, P.; Bagshaw, M.A. Thermometry of Interstitial Hyperthermia

Given as an Adjuvant to Brachytherapy for the Treatment of Carcinoma of the Prostate. Int. J. Radiat. Oncol. 1994, 28, 151–162.
[CrossRef]

22. Williams, V.L.; Puthawala, A.; Phan, T.P.; Sharma, A.; Syed, A.N. Interstitial Hyperthermia during HDR Brachytherapy Monother-
apy for Treatment of Early Stage Prostate Cancer with Benign Prostate Hyperplasia (BPH). Brachytherapy 2007, 6, 86. [CrossRef]
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Simple Summary: Radio-sensitizing effects of moderate or mild hyperthermia (heating up tumor
cells up to 41–43 ◦C) in combination with radiotherapy (thermoradiotherapy) have been evaluated for
decades. However, how this combination might modulate an anti-tumor immune response is not well
known. To investigate the dynamic behavior of immune–tumor ecosystems in different scenarios,
a model representing an artificial adaptive immune system in silico is used. Such a model may be
far removed from the real situation in the patient, but it could serve as a laboratory to investigate
fundamental principles of dynamics in such systems under well-controlled conditions and it could be
used to generate and refine hypothesis supporting the design of clinical trials. Regarding the results
of the presented computer simulations, the main effect is governed by the cellular radio-sensitization.
In addition, the application of hyperthermia during the first radiotherapy fractions seems to be
more effective.

Abstract: There is some evidence that radiotherapy (RT) can trigger anti-tumor immune responses.
In addition, hyperthermia (HT) is known to be a tumor cell radio-sensitizer. How HT could enhance
the anti-tumor immune response produced by RT is still an open question. The aim of this study
is the evaluation of potential dynamic effects regarding the adaptive immune response induced by
different combinations of RT fractions with HT. The adaptive immune system is considered as a
trainable unit (perceptron) which compares danger signals released by necrotic or apoptotic cell death
with the presence of tumor- and host tissue cell population-specific molecular patterns (antigens). To
mimic the changes produced by HT such as cell radio-sensitization or increase of the blood perfusion
after hyperthermia, simplistic biophysical models were included. To study the effectiveness of the
different RT+HT treatments, the Tumor Control Probability (TCP) was calculated. In the considered
scenarios, the major effect of HT is related to the enhancement of the cell radio-sensitivity while
perfusion or heat-based effects on the immune system seem to contribute less. Moreover, no tumor
vaccination effect has been observed. In the presented scenarios, HT boosts the RT cell killing but it
does not fundamentally change the anti-tumor immune response.

Keywords: systems medicine; immune system in silico; perceptron; antigen pattern; danger signal;
fractionation; immune response

1. Introduction

Preclinical and, to some extent, clinical research demonstrated that radiotherapy (RT)
is able to modulate anti-tumor immune responses [1–4]. The idea of activating the immune
system by radiation leads to the question of how hyperthermia (HT) in combination with
RT could help to trigger or amplify such an anti-tumor response.
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Radio-sensitizing effects of HT in combination with RT (thermoradiotherapy, HT-RT)
have been evaluated for decades. Effects have been investigated on molecular [5–7], cellu-
lar [8,9], and tissue scale [10–12]. Regarding the tissue level, increased perfusion leading to
a removal of acidic metabolites [13–15] and re-oxygenation [16–18] have been discussed
by several authors. Re-oxygenation is known as a radio-sensitizing factor [19,20], but the
effect of, e.g., combining 3–6 of total 32 fractions of RT with HT may be very limited [21],
especially when considering time gaps between application of HT and RT of 30–120 or
more minutes in clinical routine treatments. However, the wash-out of acidic metabolites
by increased perfusion below 42–43 ◦C could improve the immune system response [22–25].
In addition, increased perfusion may improve the accessibility for immune cells, leading
to a better detection of antigenic patterns and enhanced tumor–immune cell interaction
via related to danger signals such as Heat Shock Proteins (HSP) [26–28]. There seem to be
many contributing factors and it is difficult to identify the key processes leading to the
clinically observed improved therapy outcome of HT-RT. Whereas on the cellular level,
more or less controlled experiments in vitro may help to understand molecular or cellular
aspects of the additive or synergistic heat- and radiation-induced responses, the dynamic
interaction of the immune system with the tumor tissue is patient-specific and would
require a time-resolved monitoring of immune cell activity in the body or at least, in the
tumor environment. This information is hard to access during clinical trials since, for
example, repeated (frequent) biopsy material has to be sampled from the patients and
analyzed.

However, treatment optimization would require a profound understanding of the
dynamic response of tumor and host tissue as well as the immune system. Whereas
clinical trials may generate knowledge about the effectiveness of specific aspects such as
fractionation schemes and can be seen as acid tests for novel approaches for anti-cancer
treatments, the investigation of the dynamic behavior should include the analysis of time-
resolved data representing the complex interaction in the tumor-host-immune system.
Such a tumor-host-immune system may be considered as an ecosystem [29–31]. This may
include the interaction between sub-populations of tumor cells, tumor-associated cells (e.g.,
fibroblasts), host tissue, endothelial cells, and immune cells. Understanding the dynamics
in such a complex ecosystem may be pivotal as soon as the therapy outcome is governed by
the dynamic interactions between the different actors in the system. Regarding the immune
system as a part of the whole, the complexity is enormous since not only the immune cells
(e.g., T-cells or macrophages) in the tumor compartment but the systemic response has to
be considered as well [32].

At a first glance, there seems to be no way to get a profound insight into the complex
dynamic interactions in such an immune–tumor ecosystem. Regarding the effects of HT, the
processes taking place on different scale levels may influence the system in an obscure man-
ner, but the identification of key processes would support the optimization of hyperthermia
in combination with RT (e.g., timing of HT sessions and RT fractions). The different therapy
regimens may be tested in clinical trials. Mathematical models and computer simulations
could be used to guide the search for optimal conditions for HT-RT. The complexity will
probably hamper the development of predictive models covering all the aspects relevant
for therapy response in vivo or in patient. The situation may be different as soon as not
prediction is sought. Artificial immune–tumor ecosystems may be far removed from the
real situation in the living organism, but they could serve as a laboratory to investigate
fundamental principles of dynamics in such systems under well-controlled conditions. As
a complementary approach to biological experiments in vitro, ex vivo, in vivo, or clinical
trials, such sandbox games could be used to generate and refine hypothesis supporting
the design of clinical trials. Scheidegger et al. [33] proposed an artificial immune–tumor
model system covering two essential aspects: ecosystem dynamics between host tissue
and different tumor sub-clones and antigen pattern recognition by a learning (adaptive)
immune system. The proposed model exhibited some interesting aspects: as a response to
radiation treatments, host tissue becomes immune-suppressive whereas the tumor-related
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response is improved by the re-growing tumor cell populations and subsequent necrosis.
This behavior is dependent on the interaction strength (competition) between the host
tissue and the different tumor sub-populations. Regarding these results, an interesting
question is whether there are parameters influencing the specific anti-tumor immune re-
sponse in this model which are related to effects of HT. Therefore, the purpose of this study
is to identify such model parameters and to investigate the potential effect of combining HT
sessions with different RT fractionation schemes in the framework of the proposed artificial
system. In contrast to other mathematical models for immune–tumor systems [1,34], we
consider the adaptive immune system as a trainable (programmable) unit and anti-cancer
treatments as means to train the immune system to battle against cancer.

2. Materials and Methods

The artificial immune–tumor ecosystem proposed by Scheidegger et al. [33] consists of
two major components: a tumor ecosystem, including host tissue and immune cells in the
tumor compartment, and a perceptron [35] for antigen pattern recognition (Figure 1). The
idea of using a perceptron to mimic the immune system’s ability of pattern recognition is
based on the danger model proposed by P. Matzinger [36]. Following this concept, the im-
mune system is only activated when a danger signal and antigens are coincidently present
(adjuvanticity plus antigenicity). The proposed model uses a very simplistic approach for
danger signal generation, which is assumed to be proportional to the amount of necrotic or
immune system-activating apoptotic cells [37–39]. In the following, the model equations
are presented (a detailed explanation of the model is given by Scheidegger et al. [33]). The
dynamic interaction between the different tumor sub-clones Tik and the host tissue H is
given by the following system of ordinary differential equations:

dT11
dt = (kT11 − kmut − keT − r11kIT − kHT H − kTTT − (αT + 2βT Γ) · R) · T11

dTik
dt = (kTik − keT − rikkIT − kHT H − kTTT − (αT + 2βT Γ) · R) · Tik + kmut · qilTlk

dH
dt = (kaH − keH − rHkIH − kbH H − kTHT − (αH + 2βH Γ) · R) · H

(1)

where kTik · Tik is the reproduction rate of the tumor sub-population Tik (the tumor sub-
clones are assumed to form a mutation tree with branches k; kT11 · T11 denotes the repro-
duction rate of the population i = 1 and k = 1, for the host tissue, the corresponding rate is
kaH · H); keT · Tik (and keH · H for host tissue) represents the rate of cell elimination (death
rate) independent from radiation-induced cell killing and immune system-mediated cell
elimination; the immune system-related elimination rate is calculated by rikkIT · Tik with
an interaction coefficient kIT (assumed to be the same for all tumor sub-clones, rik defines
the match with antigen-receptor binding sites and will be explained later; for host tissue,
a different coefficient kIH is used); kmut · qilTlk gives the rate of mutation (qil is a matrix
representing the topology of the population network, see [33]). Competition between the
different tumor sub-populations is included by kTTT · Tik (with the total amount of tumor
cells T) and for host tissue by kTHT · H; kbH · H2 represents the self-inhibition of host tissue
growth. For radiation-induced cell killing, a dynamic linear-quadratic law with a transient
biological dose equivalent Γ [40] is used. The radiation-induced death rate is dependent
on the radiation dose rate R, the radio-sensitivity coefficients αH and βH for host and αT
and βT for tumor cells (in this study assumed to be the same for all tumor sub-clones). The
transient biological dose equivalent Γ is rising with the dose rate R and decaying with a
repair constant γ:

dΓT,H,I

dt
= R − γT,H,I ΓT,H,I (2)
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Figure 1. Structure of the tumor–immune system model and mutation tree/tumor sub-clones with

associated antigen pattern vectors
⇀
P ik. Vector components may represent epitopes on a specific

complex protein or may be distributed over different proteins. According to the presence antigen
vector components, an antigen signal Xn together with the danger signal D generate a perceptron
response Y which induces the growth and immigration of effector cells (In).

The indices are indicating that—depending on the cellular repair capability–different
repair rate constants γ have to be applied for tumor cells, host tissue, and immune cells
(effector cells, the exchange of these cells in the tumor compartment leads to a certain
“repair” effect which depends on the immigration speed of these cells).

The different cell death processes will lead to apoptotic and necrotic cells. Apoptotic
cell death seems not to be equally considered as a danger signal compared to necrotic
cell death [41], where the release of intracellular Heat Shock Proteins (HSP’s) may be
involved [28]. Apoptosis may generate danger signals [42–44] but this usually happens in
particular situations and they can be pro- or anti-inflammatory [45,46]. In the presented
model, we distinguish only between immune-stimulating and non-stimulating cell elimi-
nation processes. As immune-stimulating cell death processes, inflammatory processes,
necrotic cells, non-cleared apoptotic cells which undergo secondary necrosis, or immuno-
genic apoptosis can be seen as immune-stimulating processes [47] and will contribute
to the danger signal. The calculation of this signal is based on the amount of these cells
which are “transformed” damaged pre-immune-stimulatory tumor cells Np,ik and damaged
pre-immune-stimulatory host tissue cells Np,H. Only host tissue cells are considered to be
able to undergo a non-immune-stimulatory elimination pathway (e.g., apoptotic cell death
processes that are characterized by dying cells with still intact membrane integrity and that
do not generate any danger signal) by the rate kapNp,H :

dNp,11
dt = (keT + r11kIT + (αT + 2βT Γ) · R) · T11 − kpnNp,11

dNp,ik
dt = (keT + rikkIT + (αT + 2βT Γ) · R) · Tik − kpnNp,ik

dNp,H
dt = (keH + rHkIH + (αH + 2βH Γ) · R) · H − (kpn + kap) · Np,H

(3)

According Equations (1) and (3), only the elimination processes related to radiation,
immune system-mediated response, and other cell death described by the death rate
parameters keT and keH are considered to produce dying cells, which subsequently are
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transformed to immune-stimulatory necrotic or apoptotic cells at the rate kpnNn,ik and
kpnNn,H . These cells are calculated by:

dN11
dt = kpnNp,11 − knN11

dNik
dt = kpnNp,ik − knNik

dNH
dt = kpnNp,H − knNH

(4)

In summary—and in contrast to the model presented by Scheidegger et al. [33]—the
danger signal generation includes a two-step process with lethally damaged cells which
subsequently transforms to “immune-system-activating” cells as described above. For
calculating the danger signal, a sigmoidal relationship between the signal strength and the
amount of dying cells is assumed:

D =

[
∑
i,k

Nik + NH

]2

L2
act +

[
∑
i,k

Nik + NH

]2 (5)

Lact governs the steepness of this sigmoidal relation between the amount of immune-
stimulatory necrotic or apoptotic cells and the D (activation response).

The task of the adaptive immune system in principle is the detection of antigen
patterns and a response generation based on the presence of the danger signal D. To mimic
this process, Scheidegger et al. [33] proposed a perceptron as a structure which enables the
immune system’s adaptability and ability to learn, along with molecular danger signals
and antigen-antibody (or antigen-receptor) interactions. For this, an antigen pattern vector
⇀
X = Xi can be defined. Every cell of a specific population (tumor sub-clones and host
tissue) bears a corresponding pattern, which is defined by the elements of the antigen
pattern vector. The presence of a component of the pattern vector (molecular signal)
is considered to be dependent on the number of cells bearing this specific component.
According to the pattern used in this study (Figure 1), the antigen signal strength of the
first component for example is given by:

X1 =

(
T̃11 + T̃12 + T̃13 + T̃14

)2

(Xact)
2 +

(
T̃11 + T̃12 + T̃13 + T̃14

)2 (6)

with T̃ik = Tik + ηNp,ik + χNik: pre-immune-stimulatory and immune-stimulatory necrotic
or apoptotic cells are considered to contribute to the presence of antigens, but with the
weighting factors η and χ. Similar to the sigmoidal relation in Equation (5), Xact influences
the activation response. Depending on the presence of a specific antigen signal, the
perceptron is used to adapt corresponding antigen weights wi for generating the perceptron
response by comparing the actual danger signal strength D with the perceptron response Y:

dwi
dt

= a · (D − Y) · Xi (7)

with the perceptron response Y = Σξ/(Yξ
act + Σξ) and Σ =

9
∑

i=1
wiXi. Even here, the

perceptron response is modelled by a sigmoidal function, whose shape can be adapted by
the powers ξ and the activation response parameter Yact.
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The perceptron response Y directly governs the production effector cells by the pro-
duction rate kIYXn. The presented model does not distinguish between the different
immune-response pathways and is based on a simplistic elimination process, where the
receptor binding of an effector cell of the population In with a tumor cell bearing the
corresponding antigen will contribute to the tumor cell elimination. The match of antigen

pattern with the effector cell population vector In =
⇀
I is evaluated by the dot product be-

tween
⇀
I and an antigen pattern vector

⇀
P with components = 1 for bearing a specific antigen

corresponding to the antigen pattern vector component Xn and 0 otherwise: rik =
⇀
I •

⇀
P ik.

Finally, the elimination of effector cells is considered by the elimination rate constant keI and
the radiation-induced elimination by a TBDE-based LQ model with the radio-sensitivity
coefficients αI and β I . At this point, it is important to keep in mind that only the immune
cells in the tumor compartment are irradiated and that compared to the stem cells in the
red bone marrow, the radio-sensitivity of these effector cells may be lower. The very sim-
plistic concept used here may be more suitable for describing the T-cell–mediated response.
Summing up these rates, the temporal change of the antigen or immune cell population
can be calculated by:

dIn

dt
= kIYXn − (keI + (αI + 2β I ΓI) · R) · In − kIT ·

(
∑
i,k

rikTik

)

n

(8)

The selection of parameter values (Tables 1–3) used in this study is representing a
scenario where the radiation sensitivity of irradiated immune cells or antibodies in the
tumor compartment are assumed to be less than the sensitivity of tumor cells but more
than the host tissue. The repair parameter γI in the kinetic model for ΓI (TBDE for effector
cells, Equation (2)) is not only determined by the intrinsic repair of cells (if there is repair)
but by the replacement of effector cells in the irradiated compartment. Therefore, the value
for γI should be above the one of keI . For the radio-sensitivity of tumor cells, a value close
to colon cancer lines is used [48,49]. It is important to note here that the alpha and beta
values cannot be directly compared with the standard LQ model since the kinetic model
for the TBDE will reduce cell killing by repair. The effective alpha and beta values are
therefore lower in this model (with γT = 3d−1: αT,e f f = 0.128 Gy−1 and βT,e f f = 0.020 Gy−1),
representing more radio-resistant tumor cells such as, e.g., cervix carcinoma cells.

Table 1. Model parameters for ecosystem interactions: parameters used for the investigated scenario;
parameters considered as susceptible for hyperthermia are indicated by an asterisk. Parameters are
normalized to 109 cells.

Parameter/Unit Description Default Value

kT11 = kTik/d−1 tumor growth rate constant 3 × 46 × 10−2

kmut/d−1 mutation rate constant 10−3

keT/d−1 tumor cell elimination rate constant 4 × 10−3

kTT/d−1 tumor cell growth inhibition 10−4

kIT/d−1 immunogenic tumor cell elimination 1
kHT/d−1 host-tumor cells interaction 10−5

kTH/d−1 tumor-host cells interaction 2 × 2 × 10−4

kaH/d−1 host cell growth 3 × 10−2

kbH/d−1 host cell growth inhibition 1 × 2 × 10−4

keH/d−1 host cell elimination 10−5

kpn/d−1 necrotic transformation rate constant 0 × 5
kn/d−1 necrotic cell elimination 5
kap/d−1 apoptosis rate constant 2
kIH/d−1 immunogenic host cell elimination 1
kI/d−1 immune cell production and migration * 10
keI/d−1 immune cell elimination 1
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Table 2. Model parameters for pattern-recognition: parameters used for the investigated scenario;
parameters considered as susceptible for hyperthermia are indicated by an asterisk.

Parameter/Unit Description Default Value

Yact danger signal activation level 3
ξ power of perceptron response function 9
Xact pattern recognition level * 2
η pattern presence weight for pre-necrotic cells 0.5
χ pattern presence weight for necrotic cells 0.2
Lact danger signal param. (Equation (7)) * 3
a/1 × d−1 perceptron learning rate 5

Table 3. Model parameters for radiobiological model: parameters used for the investigated scenario;
parameters considered as susceptible for hyperthermia are indicated by an asterisk.

Parameter/Unit Description Default Value

αT/Gy−1 radiation sensitivity coefficient tumor cells * 0.28
βT/Gy−2 radiation sensitivity coefficient tumor cells * 0.05
αH/Gy−1 radiation sensitivity coefficient host tissue 0.05
βH/Gy−2 radiation sensitivity coefficient host tissue 0.01
αI/Gy−1 radiation sensitivity coefficient immune cells (effector cells) 0.1
β I/Gy−2 radiation sensitivity coefficient immune cells (effector cells) 0.01
γT/d−1 radiobiol. repair constant for tumor cells 3
γH/d−1 radiobiol. repair constant for host tissue 10
γI/d−1 radiobiol. repair constant for immune cells 2
R/Gy/min radiation dose rate 0.14

The tumor and host tissue growth parameters have been selected based on the follow-
ing criteria: the tumor is considered as a fast-growing tumor (doubling time of 20 days for
all tumor sub-populations; kTik = 3.46 · 10−2d−1), whereas the host tissue is assumed to
repopulate slightly slower. The equilibrium level Heq for host tissue (homeostasis) is deter-
mined by the values of kaH and keH to 250 (2.50 × 1011 cells). Assuming an average volume
of 2 · 103 µm3 per cell, the initial compartmental volume is 500 cm3. The equilibrium
levels for host (Heq) and tumor (Teq) cell population can be calculated by the equilibrium
conditions from Equation (1):

Teq =
kTik − keT

kTT
and Heq =

kaH − keH
kbH

(9)

The equilibrium level for the tumor cell population without immunogenic elimination
is set to 306 (3.06 × 1011 cells). This corresponds to a scenario where the tumor has less
growth limitation than the host tissue.

As stated in the introduction, many processes may contribute to the effect of HT.
Biophysical models may be used for the description of temperature-dependent effects such
as inhibition of repair proteins or perfusion changes. Even non-thermal effects could be
considered. It is important to clarify here that this study does not focus on the detailed
mode of action of HT. The proposed model describes the tumor–host tissue evolution
over about 5 years and focusses on large time scales. Therefore, a multi-scale approach
including HT-effects in an implicit manner is used. The parameters in the following
Sections 2.1 and 2.2 are considered to be susceptible for hyperthermia.

2.1. Cellular Radiobiological Parameters

Assuming that tumor cells are radio-sensitized by heat-induced impair of the repair
system [50–52], the radio-sensitivity parameters αT and βT are modified according to the
biophysical model proposed by van Leeuwen et al. [53]. The temperature during HT
treatment (duration 60 min per session) was fixed to 42 ◦C and the time gap was assumed

307



Cancers 2021, 13, 5764

to be the same for all HT-RT treatments (30 min). Calculating the enhancement factor for
the radio-sensitivity parameters for SiHa and HeLa cells using this model gives for both
cell lines a similar value: αT(42◦C) ≈ 1.96 · αT(37◦C) and βT(42◦C) ≈ 0.34 · βT(37◦C).
These are the values used in this study to mimic the effect of HT in combination with RT. In
the dynamic LQ-model, an additional parameter for repair kinetics, γT may be influenced
by HT. In contrast to the well-established LQ formula, repair kinetics is separated from αT
and βT ; these coefficients can be considered to describe a baseline radio-sensitivity. Since
the important aspect in the immune–tumor ecosystem model is the amount of radiation-
induced necrotic cells, there is no principal difference in the effect when modifying only
radio-sensitivity by αT and βT instead of γT . Tumor tissue is assumed to have slow repair;
therefore, this value was set to 3 d−1 for RT only (incomplete repair between the RT
fraction; 10 d−1 corresponds to more or less complete repair between the RT fractions).
Hyperthermia was assumed to reduce repair speed (repair protein inhibition) specifically
for tumor cells. Therefore, we tested the sensitivity of the model to changes of γT . The
effect of these variations is small and does not change the dynamics in the system. To keep
the model simple, the full effect of HT was only considered by the given factors for αT
and βT .

2.2. Parameters Influencing the Tumour–Immune System Interaction

Besides the radio-sensitivity parameters describing the cellular response to HT-RT
(indirect immune activation via production of necrotic or immune-stimulatory apoptotic
cells), thermal-induced modifications of immune system response are related to processes
on cellular as well as tissue or systemic level. Thermally induced changes in perfusion
and vascular permeability may enhance the accessibility of immune cells (not only effector
cells) to the tumor compartment. To model the perfusion enhancement, the data from
Song et al. [11,54] are used for a simple model: the perfusion enhancement factor PEF
is calculated by a first order kinetic model: dθ/dt = kper f 1 − kper f 2 · θ with the condition
kper f 1/kper f 2 = 1 and PEF = 1 + θ. This leads to a perfusion enhancement of a factor 2
which is reported by Song [11] for tumor tissue heated up to 42 ◦C. To achieve the temporal
course of perfusion changes observed by Song et al. [54], the values for kper f 1 and kper f 2

are set to 200 d−1. According to the data from Song [54], modification of perfusion can be
considered as a fast process, where during heating, perfusion increases to a factor 2 within
30–40 min and decreases within 30 min after heating to the baseline level.

In contrast to this fast process, a second slower process was included in the model
to describe some “long-term” effects of HT. This model has the same structure but the
rate parameters are set to lower values: dφ/dt = kims1 − kims2 · φ. The values for these
immune stimulating parameters (kims1 = 7d−1 and kims2 = 7d−1) are selected to mimic
the experimental data for MHC class I antigen presentation after hyperthermia from Ito
et al. [27], where rat T-9 glioma cells were heated up to 43 ◦C for one hour. According the
data from Ito et al. [27], the enhancement of antigen expression starts 24 h after heating,
reaches a maximum (two-fold increase) at 48 h after heating, and then decays to the baseline
expression level cells at 72 h. To simulate this scenario, one day after a hyperthermia
treatment the parameter kims1 was “switched on” for 24 h. The immune stimulation factor
is defined by: ISF = 1 + φ.

Regarding the effect of perfusion, effector cells are considered to have a better acces-
sibility to the tumor compartment. Since kI does not only describe the production rate
of effector cells but includes migration speed to the irradiated compartment as well, this
parameter is modified for HT by the perfusion enhancement factor: kI,HT = PEF · kI .

The antigen pattern detectability (parameter Xact) may be influenced by HT via in
increased antigen presentation which is related to an enhanced recognition by the immune
cells (macrophages, APCs). By decreasing the value for Xact, the signal “antigen present”
will increase stronger (steeper slope) at small numbers of tumor cells bearing the corre-
sponding antigen. In this model, the shift of Xact is considered to be related with the slow
process: Xact,HT = Xact/ISF.
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The danger signal parameter Lact can be used to describe HT-induced modifications
of the danger signal generation. Regarding Equation (5), the danger signal in the proposed
model is assumed to be dependent on the amount of immune-stimulatory necrotic or
apoptotic cells. The amplification of this danger signal for example by excess HSP release
is considered by varying parameter values of Lact. In analogy to Xact, this HT-related
modification is assumed to be related to the slow process (more HSP production, lowering
of Lact shifts the response curve to the left: Lact,HT = Lact/ISF). For comparison, scenarios
for both parameters have been studied for the fast (directly perfusion-related) process
(Xact,HT = Xact/PEF; Lact,HT = Lact/PEF) as well.

2.3. Investigated Scenarios and Fractionation Schemes

In this study, nine antigen pattern components and nine tumor sub-clones according
to Scheidegger et al. [33] were used. The structure of mutation tree is displayed in Figure 1.

Different fractionation schemes and combinations with HT have been evaluated
(Figure 2). The tumor control probability TCP was calculated by the total amount of tumor
cells T: TCP = e−T . The TCP was evaluated at the time point with the lowest value of
T during or after RT or HT-RT application. In the computer simulations, the artificial
immune–tumor ecosystem evolved 560–570 days before irradiation. The total simulation
time was set to 1800 days. For numerical integration, a Runge-Kutta algorithm with a time
increment of dt = 10−3 d was selected.
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3. Results

For the different treatment schemes displayed in Figure 2, the TCP has been calculated.
The parameter values for the selected scenarios are adapted to achieve a baseline TCP of
0.8 without HT. In Table 4, the resulting TCP for the evaluated parameters are summarized.
The highest TCP was achieved by RT1HT2 protocol (0.990) and a scenario where all HT-
susceptible parameters where modified.
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Table 4. TCP values after RT and HT-RT for the different combination of varying parameter values:
kI is assumed to be perfusion-limited only (fast process only); the column “all parameters” shows
the combined effect of all parameter values modified by HT. Protocols according to Figure 2.

Protocol αT,βT αT,βT,kI αT,βT,Xact αT,βT,Lact All

RT1HT0 0.798 2 no HT no HT no HT no HT
RT1HT1 0.933 0.934 0.935 (0.933) 1 0.952 (0.935) 1 0.960
RT1HT2 0.979 0.980 0.980 (0.979) 1 0.988 (0.980) 1 0.990
RT1HT3 0.980 0.980 0.981 (0.981) 1 0.986 (0.980) 1 0.988
RT2HT0 0.801 2 no HT no HT no HT no HT
RT2HT1 0.931 0.932 0.931 (0.931) 1 0.951 (0.931) 1 0.951
RT2HT2 0.979 0.979 0.980 (0.979) 1 0.983 (0.979) 1 0.984
RT2HT3 0.979 0.979 0.980 (0.980) 1 0.981 (0.979) 1 0.982

1 Fast process (perfusion-limited modifications) for Xact and Lact; 2 No HT applied.

The range of TCP values for treatments with HT was 0.931–0.990. In general, the
differences between the corresponding HT protocols for the two RT fractionation schemes
(RT1 and RT2) are less than ∆TCP = 0.01 and clearly smaller than the impact of HT (TCP-rise
of 0.130–0.192). Regarding the slow and fast process according to the HT models for Xact
and Lact in Section 2.2, the perfusion-like process almost does not affect the TCP value while
the slower process slightly improves it when it is applied to the Lact parameter. However,
the main improvement of the treatment outcome produced by hyperthermia is the cell
radio-sensitization effect, i.e., the change in the αT and βT parameters. For this reason, the
HT1-Protocols have the lowest impact due to the smaller number of HT sessions.

In Figure 3, the resulting course of the host and tumor populations are shown. All the
studied scenarios followed the same behavior with two tumor growth phases: the first one
before RT and the second one after RT (tumor recurrence). Hyperthermia does not change
qualitatively this course; however, it delays the second tumor regrowth by enhancing the
radiation-induced cytotoxicity and the immune system response.
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Figure 3. Development of the host—and tumor—cell populations: The sudden drop in the tumor population indicates the
time point of RT start (day 570). After RT, the tumor starts to regrowth and approaches in every scenario the equilibrium
level of 306 × 106 cells. The scenarios presented here correspond to: (a) Case with no HT (RT1HT0); (b) Case RT1HT3;
(c) Case RT1HT2.

In Figure 4, the evolution of the effector cell populations is presented. Hyperthermia
clearly increases the immune cells production during the first phase of treatment. However,
no antitumor-vaccination effect is observed in any of the cases: This is clearly visible in
the lower diagrams of Figure 4, where the immune cell numbers are plotted with a linear
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scale. In the upper part of Figure 4 (logarithmic plots), the weak responses during host and
tumor regrowth become visible. A fundamental behavior of the system is visible during
host tissue repopulation after treatment: In a first phase (around day 800), the host-related
immune cell population (I2) rises, based on the previously evolved perceptron weights
and the increasing presence of host tissue cells. Due to the lack of a danger signal during
host tissue regrowth, the effector cell production and immigration drop after an initial
rise. This is related to an evolution of perceptron weights (Equation (7)) to negative values.
Comparing the three displayed scenarios, no substantial changes are observed between the
different hyperthermia schemes, so the immune response is similar in all the cases.
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Figure 4. Development of effector immune cells in case of HT-induced modification of all parameters (last column in Table 4):
For the host-related effector cells, only the population I2 (red line) is displayed; the other host-associated populations behave
identically. The scenarios presented here correspond to (a) Case with no HT (RT1HT0); (b) Case RT1HT3; (c) Case RT1HT2;
upper figures with logarithmic axis.

The immune response after RT is only produced during the first 10 days of treatment
(Figure 5). This explains why the hyperthermia treatment HT2, which is the one with more
hyperthermia sessions during those days, results in the highest TCP value. Additionally,
spikes are visible at the position of each RT fraction because of the radiation-mediated
effector cell elimination. On the other hand, rises in the effector cell production are visible
after each hyperthermia session (Figure 5b,c): one just after HT produced by the perfusion
like effects and another one 1–2 days after because of slow processes. In this figure, it is
also observed that the anti-host immune response after RT is augmented by HT.
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Figure 5. Development of effector immune cells during RT and HT-RT (in case of HT-induced modification of all parameters,
according last column in Table 4). The impact of every RT fraction (5 fractions in the first week starting at day 570 and 4 of 5
fractions of the 2nd week starting at day 577) on the effector cells is visible as a spike-shaped drop of the cell number. The
scenarios presented here correspond to (a) Case with no HT (RT1HT0); (b) Case RT1HT3; (c) Case RT1HT2. A dashed line is
plotted each time a HT session is performed.

4. Discussion

As stated in the introduction, the results of this study cannot be applied directly to
clinical treatments since they represent the behavior of an artificial system. Besides the
uncertainty of many of the used parameters, a very simplistic description of the immune
system is used. One of the main shortcomings is the lack of an immunological memory.
In addition, only the local response in the tumor compartment is regarded. The anti-host
immune reaction observed in our simulations may be interpreted as a local inflammatory
process after radiation. In the case of additional compartments containing only non-
irradiated neighboring host tissue, the training of the perceptron may result in different
weights for host tissue and a subsequent modification of the anti-host response. Regarding
this aspect, a multi-compartmental model would be closer to the real patient.

In addition, the inclusion of HT in the model follows simplistic concepts leading to the
question of whether they are appropriate. In particular, thermo-tolerance is not considered.
Therefore, the conclusions may not be appropriate for shorter intervals of HT sessions
at higher temperatures (above 41–42 ◦C). Interestingly, the influence of variations in the
HT sub-models does not lead to large differences in the outcome. This can be seen as an
indication that—at least for larger time scales—the dynamic interplay between the adaptive
immune system (perceptron training) and tumor-host ecosystem may be more important,
independently of the details of the different sub-models.

The analysis of infiltrating immune cells in biopsy material can be compared to the
time course of the effector cell populations in the model. The problems of comparing
the model with such real-world data derived by biopsy material of cancer patients are
manifold. The analysis of tumor samples by Holl et al. [57] revealed a percentage of overall
lymphocytes of 2–39% of totally living cells. Not all of these cells can be considered as
effector cells in the sense of our model. Therefore, it can be expected that the number of
effector cells acting against the tumor should be clearly below (in the presented simulations,
a percentage of 0.1–0.5% can be observed). Real world data give an indication for an upper
limit (the simulation results are clearly below this limit) but also exhibit a large variation of
patient—and tumor—specific responses.

Besides the percentage of effector cells in the peak of the immune response, a com-
parison of the production/invasion and elimination speed with real-world data would be
interesting. According the work of Krosl et al. [58], the immigration (infiltration) of cells
of the innate immune system seems to be very fast: neutrophils peak around 5 min and

312



Cancers 2021, 13, 5764

mast cells exhibit a pronounced rise during the first 25 min after Photodynamic Therapy
(PDT) in CH3/HeN mice with implanted squamous cell carcinoma. No lymphocytes have
been observed during the first 8 h after PDT. In our simulations, the effector cell number
rise after the first RT fractions with a delay of 1 h at a high rate during 2–3 h followed by
a slower increase over days. Regarding the point that these effector cells are part of the
adaptive immune system, a slower process compared to the innate immune response can
be expected, although the artificial immune system in our simulations was pre-exposed to
the tumor antigens prior to the first RT fraction by necrotic tumor cells.

A stringent comparison with clinical trials is at the moment not possible and would
require a sufficient number of patients in the different HT-RT treatment schemes (HTxRTy).
A coarse indication may be obtained by a comparison with a clinical trial including patients
with UICC stage I-IV anal cancer who received chemo-radiotherapy [55]: 50 out of the
112 patients received additional hyperthermia treatments. After 5 years follow-up, the
overall response was significantly increased in the hyperthermia group (95.8 vs. 74.5%).
The local recurrence-free after 5 years follow-up was 97.7% (HT) vs. 78.7% (no HT). These
values are in agreement with the presented results. It is important to note here that only
the case without HT (RT only) was adjusted to a TCP of 0.8. The fact that a comparable
impact of HT, as observed by Ott et al. [55], was reached is based on the HT models used
in the simulations.

During this study, a large number of simulations with varying conditions and param-
eter values have been executed (not shown). Over a large range of different parameter
values, similar behavior of the system was observed. In this light, the semantic approach
used for modelling in this study leads to the observation of some fundamental dynamic
patterns which may allow general conclusions concerning the basic dynamics in such
systems. However, the following conclusions are more or less restricted to the investigated
scenarios and the proposed artificial immune–tumor ecosystem.

5. Conclusions

For the first time, a simulation for investigating the effect of a full HT-RT treatment
on an artificial adaptive immune–tumor ecosystem is presented. In the investigated sce-
narios, RT leads to an anti-tumor as well as an anti-host response during RT. This effect
is—especially for tumor cells—increased by the application of HT prior to selected RT
fractions. The main effect of HT (∆TCP = 0.13–0.18) is based on the adaption of the
radio-sensitivity coefficients indicating a pivotal role of heat-induced, intra-cellular modi-
fications. Perfusion or heat-based effects on the immune system seem to contribute less
(∆TCP = 0.003 − 0.019) in the investigated system. In addition, the influence onto the
TCP between the two RT fractionation schemes is very small (∆TCP = 0.001 − 0.011) and
the RT2-fractionation turned out to be slightly less effective, in contrast to the findings by
Scheidegger and Fellermann [59]. Even for the different HT protocols, the main rise of TCP
is achieved by the early HT sessions. This is the reason why the HT2-protocol (as used for
the HYCAN trial) exhibits a slightly better response. This is based on the fact that at the
beginning of the therapy, more tumor cells are present and the effect of radiation-induced
cell killing and immune activation is therefore stronger. As a possible consequence for
clinical treatments, more HT sessions at the beginning of a HT-RT treatment seems to be
favorable, as long as no thermo-tolerance will be induced.

During RT and HT-RT, a pronounced immune response contributes to tumor cell
elimination by activation of the immune system via the perceptron response (rise of
perceptron weights). As the tumor regrows after treatment, the secondary (late) immune
response remains weak in all simulations and no radiation—or heat—induced anti-tumor
vaccination effect was observed. The perceptron weights for host tissue evolve during the
regrowth phase into negative values. This leads together with the decreased weights for
the different tumor sub-clones to an immune-suppressive effect. This effect is based on
the dynamic interplay between population (re-) growth and the perceptron training. If
the immune system in patient would behave similar, this effect would be added to other
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effects based on the immune-suppressive strategies of tumor cells such as the release of
immune-regulatory cytokines or changes in the microenvironment [60]. In general, the
therapy outcome is strongly influenced by the combination of ecosystem dynamics and
perceptron training. By implementing an immunological memory in the model, it would be
interesting to search for scenarios where HT enhance or induce a memory-based anti-tumor
response (HT-induced anti-tumor vaccination).

As a more general conclusion, a stringent and systematic comparison between the
presented simulation and clinical trials requires trials with sufficient patients receiving
treatments using similar fractionation schemes and with a careful documentation/reporting
of achieved temperature courses during treatments (and time gaps between HT and RT).
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Simple Summary: When treatment limiting hot spots occur during locoregional hyperthermia (i.e.,
heating tumors to 40–44 ◦C for ~1 h), system settings are adjusted based on experience. In this
study, we developed and evaluated treatment planning with temperature-based re-optimization and
compared the predicted effectiveness to clinically applied protocol/experience-based steering. Re-
optimization times were typically ~10 s; sufficiently fast for on-line use. Effective hot spot suppression
was predicted, while maintaining adequate tumor heating. Inducing new hot spots was avoided.
Temperature-based re-optimization to suppress treatment limiting hot spots seemed feasible to match
the effectiveness of long-term clinical experience and will be further evaluated in a clinical setting.
When numerical algorithms are proven to match long-term experience, the overall treatment quality
within hyperthermia centers can significantly improve. Implementing these strategies would then
imply that treatments become less dependent on the experience of the center/operator.

Abstract: Background: Experience-based adjustments in phase-amplitude settings are applied to
suppress treatment limiting hot spots that occur during locoregional hyperthermia for pelvic tumors.
Treatment planning could help to further optimize treatments. The aim of this research was to
develop temperature-based re-optimization strategies and compare the predicted effectiveness with
clinically applied protocol/experience-based steering. Methods: This study evaluated 22 hot spot
suppressions in 16 cervical cancer patients (mean age 67 ± 13 year). As a first step, all potential
hot spot locations were represented by a spherical region, with a user-specified diameter. For fast
and robust calculations, the hot spot temperature was represented by a user-specified percentage
of the voxels with the largest heating potential (HPP). Re-optimization maximized tumor T90, with
constraints to suppress the hot spot and avoid any significant increase in other regions. Potential hot
spot region diameter and HPP were varied and objective functions with and without penalty terms
to prevent and minimize temperature increase at other potential hot spot locations were evaluated.
Predicted effectiveness was compared with clinically applied steering results. Results: All strategies
showed effective hot spot suppression, without affecting tumor temperatures, similar to clinical
steering. To avoid the risk of inducing new hot spots, HPP should not exceed 10%. Adding a
penalty term to the objective function to minimize the temperature increase at other potential hot spot
locations was most effective. Re-optimization times were typically ~10 s. Conclusion: Fast on-line
re-optimization to suppress treatment limiting hot spots seems feasible to match effectiveness of
~30 years clinical experience and will be further evaluated in a clinical setting.

Keywords: hyperthermia; hyperthermia treatment planning; adaptive planning; temperature
optimization

1. Introduction

Mild hyperthermia treatments, i.e., heating tumors to 40–44 ◦C, enhance the effect of
radiotherapy and chemotherapy [1–7]. Treatment outcome depends on both the achieved
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temperature and treatment duration [8–12]. Therefore, the thermal dose is often expressed
as the number of equivalent minutes at 43 ◦C [13]. The standard treatment duration is
typically ~1 h to ensure both a good therapeutic effect and patient tolerance. The risk
of thermal toxicity to normal tissue also depends on the local temperature and exposure
time [14]. In clinical practice, hyperthermia-associated toxicity is rarely observed when
temperatures remain below the pain sensation level (~45 ◦C [15]). The maximum achievable
tumor temperature is usually limited when such treatment limiting hot spots occur.

Tumor temperatures should be monitored to ensure adequate heating. Standard
clinical thermometry feedback uses (minimally invasive) thermometry probes. For some
specific tumor sites (e.g., soft tissue sarcoma or tumors in extremities), non-invasive MR-
thermometry can be utilized [16,17], however for patients with thoracic, abdominal or pelvic
tumors, the reliability is limited due to organ movement and blood flow [18]. Therefore,
quality assurance guidelines [19] prescribe treatment guidance based on thermometry
probe information and patient feedback about the incidence of hot spots.

Locoregional hyperthermia is usually applied for heating pelvic tumors, administered
by means of phased-array systems, consisting of four or more antennas organized in one
or more rings around the patient [20]. Commercially available systems are the BSD-2000
systems and the ALBA-4D system, operating between 60 and 120 MHz [21–24]. The phases
and amplitudes of the antennas can be adjusted such that interference yields a heating focus
at the tumor location. However, due to inhomogeneities in dielectric and thermal tissue
properties, treatment limiting hot spots can occur at tissue interfaces [25]. The operator
should determine phase-amplitude settings to maximize tumor heating, while avoiding
treatment limiting normal tissue hot spots. Phase-amplitude steering is presently usually
based on experience of the operator and empirical steering protocols.

Hyperthermia treatment planning can improve treatment quality [26,27]. Ideally, inverse
treatment planning, i.e., ‘inverting’ the optimal specific absorption rate (SAR)/temperature
distribution to obtain phase-amplitude settings that generate that optimal distribution, as also
used for radiotherapy, would be applied. A numerical optimization routine would then be
used to prescribe optimal phases and amplitudes. Many research groups have worked on
such methods, either based on SAR [28–33] or temperature [25,31,34,35]. However, due to
the uncertainties in predicted SAR and temperature levels, caused by the lack of information
about patient-specific tissue properties and local blood perfusion, treatment limiting hot
spots can still occur when applying such optimized phase-amplitude settings and on-line
adjustments during treatment remain necessary [36,37].

Thus, inverse pre-treatment optimization methods cannot provide a quantitatively
reliable and robust treatment plan. However, previous studies have shown qualitative
reliability, i.e., when adjusting phase-amplitude settings, the resulting simulated and
measured changes in heating patterns do correlate [38,39]. The deviation between measured
and predicted changes in temperature after phase-amplitude steering was accurate within
±0.1 ◦C for most events [39]. This makes adaptive planning during treatment possible.
Hyperthermia treatment planning can be very useful in assisting phase-amplitude steering
in response to hot spots and to optimize tumor heating [39–41]. Visualizing the predicted
effect of different steering strategies can help the operator to find more effective phase-
amplitude steering strategies [40,41]. In analogy with radiotherapy, this can be considered
as ‘forward adaptive planning’.

Inverse adaptive planning strategies based on SAR have been proposed by
Canters et al. [42]. In case of a hot spot, the power density in the hot spot region was
reduced by adding a penalty term to the objective function. Target temperatures in the
therapeutic range were achieved in patients using this complaint-adaptive steering strat-
egy [42]. A cross-over trial with 36 patients further confirmed feasibility of SAR-based
complaint-adaptive steering, yet also revealed some challenges in hot spot suppression [43].

Although SAR and temperature are correlated [39], temperature-based treatment plan-
ning might be more effective for complaint-adaptive steering strategies. SAR-based treatment
planning does not account for the influence of relevant thermal processes as conduction,
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blood perfusion and water bolus cooling, which makes that SAR hot spots will not always
coincide with temperature hot spots. Furthermore, SAR-based treatment planning strate-
gies, as described above, account for hot spots using a penalty term, but do not use normal
tissue constraints to suppress and/or avoid hot spots. Temperature-based optimization maxi-
mizes the target temperature with constraints to normal tissue temperatures [25]. This makes
temperature-based optimization more intuitive to use and potentially more effective to sup-
press hot spots. However, on-line re-optimization needs to be fast, preferably a few seconds,
and at least less than 1 min. A drawback of temperature-based optimization is that it is
computationally more expensive than SAR-based optimization, despite efficient computation
strategies that have been developed [34,44].

In this study we developed fast temperature-based re-optimization strategies for
on-line use, and we evaluated the possible effectiveness of these strategies for 22 hot
spots in 16 cervical cancer patients using simulations. Results for re-optimized phase-
amplitude settings were compared to measured/predicted results of experience/protocol-
based clinically applied steering in terms of hot spot reduction and target temperatures.

2. Materials and Methods
2.1. Treatment Planning Workflow

Hyperthermia treatment planning is part of the standard clinical workflow at the
Amsterdam UMC. First a 60 cm long CT scan is made in the treatment position, i.e.,
on a water bolus and mattresses, with the thermometry catheters in situ. The radiation
oncologist delineates the target region and this standard DICOM structure set and the CT
data set are imported by Plan2Heat, a versatile in-house developed finite difference-based
software package for hyperthermia treatment planning [45]. Hyperthermia treatment
planning is performed by a physicist. Further tissue segmentation is based on Hounsfield
Units, distinguishing muscle, fat, bone and lung/air. This process also segments the plastic
thermometry catheters as bone, which is corrected manually, along with other segmentation
artefacts, if present.

This segmented anatomy is downscaled to 2.5 × 2.5 × 2.5 mm3 and combined with a
hyperthermia applicator model; in our case the 70 MHz ALBA-4D system with 4 waveg-
uides (top, bottom, left, right). The literature-based dielectric and thermal tissue properties
are assigned, with (tissue-dependent) enhanced perfusion values accounting for a physio-
logical response to a temperature rise in the hyperthermic range [46–50]. All voxels labelled
in the same tissue category are assigned homogeneous properties. Table 1 summarizes
these properties. Using this patient-applicator model, electromagnetic field, SAR and
temperature simulations are performed.

Table 1. Values of the dielectric and thermal tissue properties at 70 MHz used in the simulations.

Tissue σ
(S m−1) εr (-) ρ (kg m−3) c

(J kg−1 ◦C−1)
k

(W m−1 ◦C −1)
Wb

(kg m−3 s−1)

Air 0 1 1.29 1000 0.024 0
Bone 0.05 10 1595 1420 0.65 0.12
Fat 0.06 10 888 2387 0.22 1.1

Muscle 0.75 75 1050 3639 0.56 3.6
Tumor 0.74 65 1050 3639 0.56 1.8

electrical conductivity (σ [S m−1]); relative permittivity (εr [-]); density (ρ [kg m−3]); specific heat capacity
(c [J kg−1 ◦C−1]); thermal conductivity (k [W m−1 ◦C−1]) and perfusion (Wb [kg m−3 s−1]). NB: perfusion values
are enhanced to account for a physiological response to a temperature rise in the hyperthermic range [48,51].

2.2. Potential Hot Spots

At Amsterdam UMC hot spot complaints occurring during clinical hyperthermia
treatments are registered in the treatment report. To facilitate this process each potential
hot spot location is identified by a unique number (1–39), projected onto an anatomical
picture (Figure 1A). This helps communication between the patient and the operator and to
assess the hot spot location corresponding to the present pain complaint.
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Figure 1. (A) Anatomical picture with all potential hot spot locations identified by a unique number, as
used during clinical hyperthermia treatments. (B) 3D illustration of the spherical regions representing
the potential hot spot locations, together with the bony anatomy for a cervical cancer patient. In
this study, the potential hot spot diameter was varied between 2.5 and 10 cm. In this visualization a
potential hot spot diameter of 5 cm is shown.

In the treatment planning process, these potential hot spot locations were represented
by spherical regions, with a user-specified diameter. For a semi-automatic generation of
potential hot spot regions, a dedicated module was added to Plan2Heat, in which the user
should specify the desired diameter and eight world coordinates. The first six coordinates
represent the center of the spherical region for the potential hot spot locations at the pubic
bone (29), tail bone (9), left and right hip (25 + 26), left and right belly (23 + 24). The other
two coordinates represent the center of the upper legs at the end of the water bolus, which
are used in combination with the six hot spots to approximate the other 33 potential hot
spot regions by interpolation. At these coordinates, spherical potential hot spot regions are
created. If desired, the user can manually correct specific hot spot locations. A 3D example
of reconstructed potential hot spot locations is shown in Figure 1B.

2.3. Temperature-Based Re-Optimization

Thermal predictions were based on the commonly applied Pennes’ bioheat equation,
where perfusion is modelled as a heat sink [52]. The steady-state temperature T (◦C) was
defined as the steady state solution to:

cρ
∂T
∂t

= ∇·(k∇T)− cbWb(T − Tart) + ρ·SAR (1)

with cb (J kg−1 ◦C−1) the specific heat capacity of blood (~3600 J kg−1 ◦C−1) and Tart the
local arterial or body core temperature (assumed to be 37 ◦C). For efficient calculations
during temperature-based optimization, the temperature at voxel (x,y,z) was calculated
using superposition by:

T(x, y, z) = vHTv + T00 (2)

where v is the feed vector containing the amplitudes and phases, T is a complex N × N
Hermitian matrix (N: number of antennas) and T00 is a constant representing the thermal
boundary conditions. For more details on derivation of these matrix elements, the reader
is referred to previously published articles on this topic [25,34]. Quadratic programming
was used to optimize a specified objective function, subject to normal tissue and antenna
constraints. This was conducted five times with different random initial phase-amplitude
settings, after which the best overall result was selected. Objectives and constraints are
defined in the subsections below.

2.3.1. Constraints

Normal tissue temperature evaluation is one of the most time consuming operations
during constrained temperature-based optimization due to the very large number of normal
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tissue voxels. Therefore, normal tissue evaluation is reduced to the 39 potential hot spot
regions, which are represented by 39 normal tissue constraints. Averaging the hot spot
temperature in these regions allows extremely fast calculation, since an average temperature
matrix can be used. However, this would largely smooth peak temperatures and thus not
be effective in hot spot suppression. Continuously searching for the maximum temperature
per hot spot region during optimization is again time consuming and, thus, also not suitable
for on-line applications.

To realize effective and fast hot spot temperature calculations, the potential hot spot
temperatures were determined by the average temperature of the hot spot voxels with the
largest heating potential. The heating potential of a voxel is represented by the maximum
eigenvalue of its temperature matrix [34]. The 1 cm outer rim of the patient was excluded in
this process, since although these voxels have a large heating potential, no temperature hot
spots will occur in the most superficial layers due to strong bolus cooling. The percentage
of voxels with the largest heating potential can be selected by the user. In the present study,
percentages of 1, 10, 50 and 100% were evaluated.

In case of a treatment limiting hot spot, the re-optimization of phase-amplitude settings
was performed with a hard constraint to suppress the indicated hot spot. The real hot spot
temperature was assumed to be 45 ◦C, since that is the level at which a pain sensation is
experienced, and which can lead to irreversible tissue damage after too long exposure [15].
In a previous clinical pilot study, on-line adaptive treatment planning was applied to
suppress hot spots, and in those patient cases the mean and median hot spot temperature
reduction was ~1 ◦C [40]; also assuming the real hot spot temperature to be 45 ◦C. Therefore,
in this study, a constraint was set to the treatment limiting hot spot location to realize a
temperature reduction of 1 ◦C, after re-scaling the hot spot temperature to 45 ◦C. To avoid
introducing new hot spots, hard constraints were set to all other potential hot spot locations,
such that the current temperature level will increase at most 0.5 ◦C. Furthermore, power
constraints were applied to the waveguides to avoid clinically unrealistic amplitude settings.
A waveguide should at least deliver 10% of the total power, although not more than 40%.
The total applied power should remain constant.

2.3.2. Objective Functions

The aim in clinical hyperthermia is always to maximize the tumor temperature, and
T90, i.e., the temperature at least achieved in 90% of the tumor volume is an important
clinical parameter. Therefore, the objective functions used maximized T90. Hard constraints
were applied to avoid a large temperature increase at other potential hot spot locations; to
further minimize this temperature increase, also the use of additional penalty terms was
evaluated. Penalty terms were defined for either the maximum increase in all potential
hot spot temperatures, or the sum of the increase in potential hot spot temperatures. This
yields the following three optimization goals:

max




T90 − max
potential
hot spots

max(0, (Tnew − Told))




(3)

max




T90 − ∑
potential
hot spots

max(0, (Tnew − Told))




(4)

max(T90) (5)
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all subject to hard normal tissue and antenna constraints, as described in Section 2.3.1.
Told and Tnew represent the hot spot temperature before and after the re-optimization,
respectively.

2.4. Patient and Event Selection

For evaluation of the re-optimization algorithms, we used the patient group from
Kok et al. (2018) [39], where SAR/temperature changes after phase-amplitude steering
were evaluated for patients with pelvic tumors to determine the correlation between
measurements and simulations. All these patients received the hyperthermia treatment
according to our standard clinical protocol, with protocol/experience-based steering. We
selected steering events that were registered as action to suppress treatment limiting hot
spots. Bladder cancer patients were excluded for this study, since the correlation between
measured and simulated SAR/temperature changes in the bladder was rather weak (due
to convection in the bladder fluid, not accounted for in standard treatment planning), and
the target temperature is an optimization/evaluation parameter. This selection resulted in
22 phase-amplitude steering events in 16 locally advanced cervical cancer patients (mean
age 67 ± 13 y). The average tumor size was 111 ± 69 cc. The average fat percentage in the
patient models was 51.4 ± 9.4%; for muscle and bone these percentages were 42.2 ± 8.8%
and 4.7 ± 0.7%, respectively. The registered hot spot locations per event and patients are
listed in Table 2; in some cases two hot spots occurred simultaneously.

Table 2. Registered treatment limiting hot spot locations for the patients and events included in this
study. Anatomical location of hot spot location identifiers is shown in Figure 1A.

Event Patient Hot Spot Identifier

1 1 14
2 2 29
3 2 8
4 3 7
5 3 27 + 28
6 4 5
7 4 11
8 5 29
9 6 9
10 7 10
11 7 25 + 26
12 8 14
13 8 6
14 9 25
15 10 6
16 10 6
17 11 14
18 12 22
19 13 25 + 26
20 14 29
21 15 6
22 16 6 + 17

2.5. Evaluation

For each hot spot event in Table 2, re-optimization of phase-amplitude settings was
performed to suppress the hot spot (or hot spots). To assess clinical feasibility for on-line
use the re-optimization time was evaluated for each of the different strategies (i.e., objective
Equations (3)–(5) and maximum eigenvalue percentages of 1, 10, 50 and 100%). To evaluate
effectiveness in hot spot suppression, all voxels in the treatment limiting hot spot region
were evaluated and the predicted maximum temperature reduction was determined. To
evaluate the risk of newly induced hot spots, the overall maximum increase in the other
potential hot spot regions and the change in predicted overall maximum in the whole
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patient volume were determined. For each re-optimization strategy, these predictions were
compared with predictions for the clinically applied protocol/experience-based phase-
amplitude adjustments.

Regarding the target temperatures, the predicted T90 and the temperature changes
along the thermometry probes were evaluated. To reconstruct the simulated temperature
along the thermometry probe trajectories in the cervix, track paths were delineated from
the CT scan using the Plan2Heat module jTracktool [45]. Using these track paths the
temperature was extracted from the simulated distributions with a 5 mm interval (i.e.,
the sensor spacing of the thermocouple probes) along the track. Spatial average values
were calculated and simulated average temperatures were scaled per location with a
factor such that the simulated value before changing the antenna settings corresponds to
the measurement value. Next, the change in temperature due to adapting the antenna
settings was determined. For each re-optimization strategy, we compared these predicted
temperature changes along the probe with predictions for the clinically applied phase-
amplitude adjustments, as well as with the real measurements.

All evaluations were first performed for a potential hot spot region diameter of 5 cm.
For the most effective strategy, the influence of the hot spot diameter was also evaluated,
comparing diameters of 2.5, 5, 7.5 and 10 cm.

3. Results

The effect of different re-optimization strategies on treatment limiting hot spot sup-
pression as well as the maximum temperature increase at other potential hot spot locations
and the overall normal tissue temperature maximum, are shown in Figure 2. The hot
spot diameter was 5 cm. The effect of the clinically applied steering strategy by experi-
enced treatment operators, is also shown. We observed that effective treatment limiting
hot spot suppression was predicted for all strategies, which is, with exception of a few
outliers, equally effective as the clinical strategy (Figure 2A). The difference in predicted
mean hot spot temperature change compared to the clinical strategy was less than 0.2 ◦C
for all strategies, and the standard deviation differed less than 0.1 ◦C. Considering the
individual difference in predicted hot spot reductions between planning-based and clinical
strategies for all 22 hot spots and steering actions, we see that the overall mean difference is
−0.1–−0.2 ◦C (±0.3–0.4 ◦C). This indicates a mild trend that planning-based steering yields
a slightly larger reduction in hot spot temperature. However, since real and predicted tem-
perature changes might deviate ±0.1 ◦C [39] and small differences might not be perceptible
by the patient, this difference is not considered clinically relevant and planning-based and
clinical strategies are considered equally effective. Although hard constraints were applied
to other potential hot spot locations to avoid inducing new hot spots, adding a penalty term
was an effective strategy to further avoid a large temperature increase at other locations
(Figure 2B,C). Both penalties in goal function (3) and (4) were effective. As expected, the risk
of insufficiently suppressing the treatment limiting hot spot and/or inducing new hot spots
increased when a larger number of voxels was included to determine the average hot spot
temperature. In case voxels with the 50% or 100% largest heating potential were used (50%
max EV and 100% max EV), this averaging often underestimates the hot spot temperature
and a higher temperature increase at other potential hot spot locations was observed and
the risk of outliers increased (Figure 2A,B). These outliers represent the limited number
of cases where the average temperature estimating the hot spot temperature in the model,
deviated largely from the real maximum temperature in the hot spot region. The fact
that there are few outliers with a large temperature increase indicates that this averaging
strategy to realize fast calculations works well, especially when only those voxels with
the largest heating potential are included (i.e., 1% and 10% max EV). In those cases, and
when including penalty terms, the average difference in predicted maximum potential hot
spot increase and overall maximum temperature change compared to the clinical strategy
was less than 0.15 ◦C (and with a comparable spread), which is not a clinically relevant
difference and thus the strategies can be considered equally effective.
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Figure 2. Effect of different re-optimization strategies on the predicted temperature at treatment
limiting hot spot locations (A), other potential hot spot locations (B) and the overall maximum
temperature (C). Results are compared to simulations for the clinically applied protocol/experience-
based steering strategy during treatment. Max penalty, sum penalty and no penalty refer to the
re-optimization goal functions in Equations (3), (4) and (5), respectively. To efficiently calculate a hot
spot temperature during optimization, the average temperature of the voxels with the x% largest
heating potential was calculated, which are the voxels with the largest maximum eigenvalues (EV) of
their temperature matrix (T in Equation (2). Values of x of 1, 10, 50 and 100% were evaluated. The hot
spot diameter was 5 cm.

Figure 3A shows that for all re-optimization strategies, the simulated target T90 after
re-optimization was quite comparable to the initial value before re-optimization, and also
quite similar to the simulated T90 for the clinically applied steering strategy based on
experience. Both mean and standard deviation were equal within 0.1 ◦C, which is not a
clinically relevant difference. Considering the individual absolute difference in predicted
T90 between planning-based and clinical strategies for all 22 hot spots and steering actions,
we see that the mean absolute difference is also very low, i.e., 0.1 ± 0.1 ◦C when applying a
penalty term and 1% or 10% max EV. When evaluating the change in temperature along
the thermometry probes (Figure 3B), it was observed that this was approximately 0 ◦C
for the clinically applied strategy, both simulated and measured during treatment. For
both optimization goal functions using a penalty term, the predicted temperature change
along the probes was comparable to the clinical strategy. When only re-optimizing T90,
without a penalty term, a slight increase of typically 0.1–0.2 ◦C is observed. However, this
is not considered clinically relevant and as indicated in Figure 2B,C, this also yields a risk
of inducing new hot spots at other locations. The re-optimization time was quite similar for
all re-optimization strategies (Figure 3C). Re-optimization of the phase-amplitude settings
took typically ~10 s (mean ± std = 12 ± 9 s) on an Intel Xeon® E5-1650 v3 3.5 GHz running
CentOS 6.8, and always less than 1 min, which is sufficiently fast for on-line application. In
about 3% of the cases (i.e., 9 out of the overall total of 22 × 4 × 3 = 264 re-optimizations),
no feasible solution satisfying all constraints was found. As a back-up solution for these
situations, a form of standard steering was implemented. The power of the waveguide
closest to the selected treatment limiting hot spot location was then reduced by 15%, which
was redistributed over the other waveguides to maintain a fixed power level; e.g., in case
of hot spot 29, pubic bone, the power supplied by the top waveguide is reduced by 15%.
This is quite similar to commonly applied clinical steering strategies.
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Figure 3. Effect of different re-optimization strategies on the simulated T90 (A) and the temperature
change along the thermometry probes (B). The re-optimization calculation time per strategy is
indicated in (C) for an Intel Xeon® E5-1650 v3 3.5 GHz running CentOS 6.8. Results are compared to
simulations for the clinically applied protocol/experience-based steering strategy during treatment
(A,B), as well as to probe measurements (B). Max penalty, sum penalty and no penalty refer to the
re-optimization goal functions in Equations (3), (4) and (5), respectively. To efficiently calculate a hot
spot temperature during optimization, the average temperature of the voxels with the x% largest
heating potential was calculated, which are the voxels with the largest maximum eigenvalues (EV) of
their temperature matrix (T in Equation (2). Values of x of 1, 10, 50 and 100% were evaluated. The hot
spot diameter was 5 cm.

Thus, based on the results summarized in Figures 2 and 3, an objective function includ-
ing a penalty term would be most effective. Next, the influence of the hot spot diameter was
evaluated for the most effective strategy. Both a penalty term for the maximum temperature
increase in all potential hot spots (Equation (3)), and the sum of the increase in potential
hot spot temperatures (Equation (4)) were effective, with no clearly pronounced difference.
However, Equation (3) was selected for further evaluation, since Figure 3B shows a weak
trend that using Equation (4), temperatures along the thermometry probe decrease slightly,
and since the risk of not finding a solution was slightly lower in case of Equation (3). The
potential hot spot diameter was varied between 2.5, 5, 7.5, and 10 cm and Figure 4 shows
the effect of different re-optimization strategies on treatment limiting hot spot suppression
as well as the maximum temperature increase at other potential hot spot locations and
the overall normal tissue temperature maximum. Again, it was observed that the risk of
insufficiently suppressing the treatment limiting hot spot and/or inducing new hot spots
increased when a larger number of voxels was included to determine the average hot spot
temperature (50% max EV and 100% max EV). No pronounced effect of the diameter was
observed. When using 1% max EV or 10% max EV, the average predicted decrease in
treatment limiting hot spot temperature deviated less than 0.2 ◦C from the clinical steering
strategy, and the standard deviation differed less than 0.1 ◦C, for all hot spot diameters.
Similarly, the average maximum increase in other potential hot spot locations deviated
less than 0.2 ◦C from the clinical steering strategy, and the standard deviation differed less
than 0.15 ◦C. The overall mean maximum temperature change deviated less than 0.1 ◦C
from the clinical steering strategy, and the standard deviation differed less than 0.25 ◦C. As
observed also in Figure 2, there is a mild trend that planning-based steering yields a slightly
larger reduction in hot spot temperature. However, since real and predicted temperature
reductions might deviate±0.1 ◦C [39] and small differences might not be perceptible by the
patient, these small differences are not considered clinically relevant and thus the strategies
can be considered equally effective.
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Figure 4. Effect of potential hot spot diameter (D = 2.5, 5, 7.5 or 10 cm) on the predicted temperature
at treatment limiting hot spot locations (A), other potential hot spot locations (B) and the overall
maximum temperature (C), when using a re-optimization goal function with a penalty term for the
maximum increase of all potential hot spot temperatures (Equation (3). Results are compared to
simulations for the clinically applied protocol/experience-based steering strategy during treatment.
To efficiently calculate a hot spot temperature during optimization, the average temperature of the
voxels with the x% largest heating potential was calculated, which are the voxels with the largest
maximum eigenvalues (EV) of their temperature matrix (T in Equation (2). Values of x of 1, 10, 50
and 100% were evaluated.

Figure 5 shows the effect of the potential hot spot diameter on the simulated T90
and the temperature change along the thermometry probes. For all diameters, the sim-
ulated target T90 after re-optimization was quite comparable to the initial value before
re-optimization, and also quite similar to the simulated T90 for the clinically applied steer-
ing strategy based on experience (Figure 5A). Both mean and standard deviation were
equal within 0.1 ◦C, which is not a clinically relevant difference. Considering the individual
absolute difference in predicted T90 between planning-based and clinical strategies for all
22 hot spots and steering actions, we see that the mean absolute difference is again also very
low, i.e., typically 0.1 ± 0.2 ◦C. When evaluating the temperature along the thermometry
probes (Figure 5B), it was observed that this temperature remains quite constant for any
diameter, and similar to the clinically applied strategy. The mean temperature change was
less than 0.1 ◦C. No pronounced influence of the diameter was observed, although the risk
of outliers slightly increased for a larger potential hot spot region diameter, since a larger
number of voxels is included in the averaging to estimate the hot spot temperature. As
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expected, the hot spot diameter also had no influence on re-optimization calculation times
(Figure 5C).
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Figure 5. Effect of potential hot spot diameter (D = 2.5, 5, 7.5 or 10 cm) on the simulated T90 (A) and on
the temperature change along the thermometry probes (B), when using a re-optimization goal function
with a penalty term for the maximum increase in all potential hot spot temperatures (Equation (3)).
The re-optimization calculation time is indicated in (C) for an Intel Xeon® E5-1650 v3 3.5 GHz running
CentOS 6.8. Results are compared to simulations for the clinically applied protocol/experience-based
steering strategy during treatment (A,B), as well as to probe measurements (B). To efficiently calculate
a hot spot temperature during optimization, the average temperature of the voxels with the x% largest
heating potential was calculated, which are the voxels with the largest maximum eigenvalues (EV) of
their temperature matrix (T in Equation (2). Values of x of 1, 10, 50 and 100% were evaluated.

Similarities were observed in the steering strategies, when comparing clinically ap-
plied phase-amplitude settings with numerically re-optimized settings. Clinical steering for
hot spot suppression predominantly uses amplitude steering while keeping phases quite
constant to maintain a focus at the target location. Numerically achieved re-optimized
settings generally also prescribed amplitude steering. For amplitude steering, a similarity in
steering direction was also observed in many cases, i.e., when an amplitude was increased
or decreased in clinical steering, numerical optimization also resulted in increase/decrease,
albeit with different amplitudes. Figure 6 shows clinically applied phase-amplitude ad-
justments and numerically re-optimized settings for a potential hot spot diameter of 5 cm,
using a re-optimization goal function with a penalty term for the maximum increase in all
potential hot spot temperatures (Equation (3)) and using voxels with the 10% maximum
heating potential to calculate the hot spot temperature (10% max EV).
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Figure 6. Clinically applied protocol/experience-based phase (A) and amplitude (B) adjustments and
numerically re-optimized settings for a potential hot spot diameter of 5 cm, using a re-optimization
goal function with a penalty term for the maximum increase in all potential hot spot temperatures
(Equation (3)) and using voxels with the 10% maximum heating potential to calculate the hot spot
temperature (10% max EV). The top antenna was always used as a reference, i.e., phase 0◦. Hot spot
id refers to the anatomical locations in Figure 1A.

4. Discussion

In this paper, we presented fast and advanced temperature-based strategies for adap-
tive on-line re-optimization of phase-amplitude settings, to overcome treatment limiting
hot spots during locoregional hyperthermia treatments. Considering target and hot spot
temperatures, results were compared to predictions and tumor temperature measurements
for clinically applied protocol/experience-based steering strategies. A similar effectiveness
to clinical experience was predicted. This is a very promising result in view of there being
about 30 years of experience with locoregional hyperthermia and experience-based steering
at our department. When numerical algorithms can match such long-term experience, the
overall treatment quality in hyperthermia centers can significantly improve. The results
also imply that treatments become less dependent on the experience of the center/operator
by implementing these planning-based strategies.

Although temperature-based optimization is computationally more expensive than
the commonly applied SAR-based optimization, we managed to achieve average re-
optimization times of about 10 s. This was realized by efficient superposition to calculate
steady-state temperatures (Equation (2)) and limiting the number of normal tissue con-
straints to only the potential hot spot regions, with their temperature represented by the
average temperature of the voxels with the largest heating potential. Superposition was
possible due to the use of constant enhanced perfusion levels. In reality, perfusion is
temperature-dependent and thermal models including temperature-dependent perfusion
have been proposed [51,53]. Ignoring the temperature-dependency of perfusion can re-
sult in under/overestimation of absolute temperatures levels [36,37]. However, the use
of temperature-dependent perfusion values will not necessarily improve the quality of
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adaptive treatment planning as proposed in this study, since changes in simulated tem-
peratures are used as a predictor, rather than the absolute values. Furthermore, including
temperature-dependent perfusion values does not allow fast superposition to calculate
temperatures, which makes calculations much more computationally expensive and not
feasible for on-line re-optimization.

Our clinical steering strategy mainly applies amplitude adjustments (Figure 6). Am-
plitude adjustments are a preferred and effective strategy adopted in empirical steering
guidelines by our and other experienced centers [54]. This makes sense as phase settings
mainly determine the location of the heating focus, so avoiding significant phase changes
and applying amplitude steering ensures maintaining the focus at the target location, as
optimized at the start of treatment. Furthermore, the location of treatment limiting hot spots
is usually relatively superficial, and amplitude adjustments directly affect the local temper-
ature close to the antenna. We observed that numerical re-optimization also identified this
principle as an optimal solution to suppress hot spots while maintaining optimal target
heating; numerical re-optimization also predominantly prescribed amplitude steering.

Based on the positive results of this simulation study, a next step would be clinical
evaluation of temperature-based adaptive re-optimization and comparing this with clin-
ical experience. A cross-over trial by Franckena et al. comparing SAR-based treatment
planning-guided steering with experience-based steering demonstrated the feasibility of
treatment planning-based steering [43]. In the first half of a patient’s treatment series, simi-
lar target temperatures were achieved with both planning-guided and empirical steering.
However, in the second half of the treatment series, planning-guided steering resulted
in significantly lower (~0.5 ◦C) target temperatures, indicating the necessity to further
improve treatment planning-based steering. Several (technical and patient) factors could
explain this decreasing reliability and require further research, such as planning strategy,
decreasing patient tolerance and a changing anatomy over the treatment course, while the
planning is based on anatomical information of the initial planning CT scan.

The planning strategy applied in the trial of Franckena et al. was a SAR-based re-
optimization, developed as an add-on to Sigma HyperPlan, and using adjusted weight
factors to reduce the SAR in treatment limiting hot spot regions [42,43]. Although there is
some correlation between SAR and temperature, the local temperature determines whether
a hot spot becomes treatment limiting or not. The temperature at a potential hot spot
location depends on SAR. However, it also depends on thermal processes, such as thermal
conduction, blood perfusion and bolus cooling, which are not accounted for in SAR-based
(re-)optimization. Furthermore, SAR-based optimization is less intuitive for the operator
and it is difficult to determine how much SAR reduction is required to resolve a hot
spot complaint. This might partly explain the challenges Franckena et al. encountered
in solving hot spot-related complaints. Our temperature-based approach accounts for
relevant thermal processes and is more practical and intuitive for clinical use. Moreover, a
unique approach is that our strategy not only aims to reduce the temperature at treatment
limiting hot spot locations, but also to prevent inadvertently inducing new hot spots at
other potential hot spot locations while adjusting the phase-amplitude settings to suppress
the original hot spot. This feature would make it more robust for clinical applications
compared to existing SAR-based strategies.

Another important aspect of re-optimization algorithms is robustness in terms of
specification of potential hot spot locations. Since the operating frequency of the ALBA-4D
system is 70 MHz, the wavelength in muscle tissue is approximately 50 cm. This means
that true small scale steering is not possible and the re-optimization results will not be very
sensitive to the exact specified position of the potential hot spots [55]. This is confirmed by
the observation that the potential hot spot region diameter did not significantly affect re-
optimization results (Figures 4 and 5). The fact that the diameter is not an important factor
implies that results are also not strongly dependent on the exact potential hot spot location
indicated by the user. Since all locoregional heating systems operate in the frequency
range between 60 and 120 MHz [20], this will probably also hold when combining this
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temperature-based optimization strategy with other locoregional devices. Results of the
present study can certainly be extrapolated to the widely used BSD Sigma-60 system, with
four antenna pairs and similar heating characteristics as the ALBA-4D system [56]. With
an increased number of antennas and thus an increased number of degrees of freedom,
e.g., for the BSD Sigma-Eye system, the exact hot spot location could be slightly more
important, requiring further investigation. However, re-optimization is still expected to
be quite robust to potential hot spot location because of the large wavelengths used in
locoregional heating systems.

The relatively large wavelength of locoregional heating systems can also explain
why no improvement in tumor temperature was predicted compared to experience-based
steering. This is in line with simulation study results of Canters et al., who evaluated the
possible gain in tumor temperatures by optimization for the BSD Sigma-60 system [55].
They showed that the potential of treatment planning to optimize the SAR distribution
is limited [55]. The maximum improvement was in the order of 5%, which would lead
to a temperature increase of about 0.2 ◦C [43,55]. Although the performance of planning-
based re-optimization is expected to improve using temperature-based strategies, the
number of degrees of freedom is relatively small with four antennas or antenna pairs and a
wavelength in the order of 50 cm, so the steering possibilities remain a limitation. Using
heating systems with higher frequencies and/or more antennas, such as the AMC-8 system
and the BSD Sigma-Eye system, more flexible steering and thus a tumor temperature
increase is expected to be possible [57,58]. However, clinical use of these systems showed
that realizing improved tumor heating by exploiting the increased steering possibilities
remains challenging [59]. Thus, investigation of advanced (adaptive) treatment planning
tools to fully exploit the benefits of such systems enabling 3D steering is worthwhile [59,60].

Evaluation of the benefit of using temperature-based planning during hyperthermia
treatment is a subject of ongoing research within our department. After positive results in
pilot studies with treatment planning and planning-assisted manual re-optimization [40,41],
we will continue to investigate the benefit of automatic re-optimization as proposed in
this paper. To ensure optimal patient safety, operators will always have to check the
re-optimized phase-amplitude settings and manually apply them to the heating system.
Furthermore, continuous monitoring of the thermometry probe registrations and patient
feedback, as part of our standard treatment protocol, remains important. When successful,
treatment planning-based steering would match empirical steering by very experienced op-
erators, realizing a constant operator-independent heating quality. Subsequently, effective
treatment limiting hot spot suppression and absence of new hot spots could allow a total
power increase to realize a better heating quality.

5. Conclusions

Fast and advanced temperature-based strategies for adaptive on-line re-optimization
of phase-amplitude settings were presented to suppress treatment limiting hot spots which
may occur during locoregional hyperthermia treatments. An effectiveness similar to re-
optimization based on long-term clinical experience was predicted. A major advantage
is that treatments would become less dependent on the experience of the hyperthermia
center/operator, thereby improving the overall treatment quality in hyperthermia centers.
Further clinical evaluation is a subject of ongoing research.
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