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Abstract

:

Our present oncological treatment arsenal has limited treatment options for pancreatic ductal adenocarcinoma (PDAC). Extended reviews have shown the benefits of hyperthermia for PDAC, supporting the perspectives with the improvements of the treatment possibilities. METHODS: A retrospective single-center case-control study was conducted with the inclusion of 78 inoperable PDAC patients. Age-, sex-, chemotherapy-, stage-, and ascites formation-matched patients were assigned to two equal groups based on the application of modulated electro-hyperthermia (mEHT). The EHY2030 mEHT device was used. RESULTS: A trend in favor of mEHT was found in overall survival (p = 0.1420). To further evaluate the potential beneficial effects of mEHT, the presence of distant metastasis or ascites in the patients’ oncological history was investigated. Of note, mEHT treatment had a favorable effect on patients’ overall survival in metastatic disease (p = 0.0154), while less abdominal fluid responded to the mEHT treatment in a more efficient way (p ≤ 0.0138). CONCLUSION: mEHT treatment was associated with improved overall survival in PDAC in our single-center retrospective case-control study. The outcome measures encourage us to design a randomized prospective clinical study to further confirm the efficiency of mEHT in this patient cohort.
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1. Introduction


The present oncological treatment arsenal has limited treatment options for pancreatic cancer, despite all efforts and multiple studies [1]. Most of this difficult and aggressively lethal disease is pancreatic ductal adenocarcinoma (PDAC, 90%), with a five-year survival rate of less than 10% and its median survival is only 4–6 months in advanced stages [2,3,4,5]. The symptoms and the clinical shreds of evidence of this complex disease often appear late during tumor progression. Many manifestations of this disease are refractory against chemo- and radiotherapy treatments and possess an immunosuppressive microenvironment [6]. The epidemiologic observations show a pessimistic future: pancreatic cancer will be the second leading cause of cancer-related deaths in the United States by 2030 [7]. Current treatment options for PDAC are that only the early stage is operable, and most of the treatment is chemotherapy in all stages of the disease [8]. When the disease is locally advanced, chemotherapy has low impact on quality of life (QoL), but with metastatic disease chemotherapy and disease progression can significantly worsen the patient’s QoL [9]. Various chemotherapies differently modify the patients’ QoL, showing a spectrum of tolerability and a careful indication based on the condition of the patient [10]. Higher physical and mental QoL scores are associated with longer survival and can predict a better prognosis [11].



The most common treatments are chemo-combinations including the FOLFIRINOX protocol or the combination of Gemcitabine with platinum agents or nab-paclitaxel [12]. Unfortunately, no such effective medication exists for PDAC other than for other solid malignancies like breast or colon cancer, and the QoL is also worse than in many of the treatments in other localizations. The PDAC is presently resistant to most of the traditional treatments and only a limited number of early-stage patients are completely operable [13]. Consequently, finding new, effective therapies would be mandatory. The challenge to increase the treatments’ efficacy is the exceptional tumor-heterogeneity of PDAC, which can be captured both at a molecular and cellular level and the substantial interaction with the host tissues, including the dense neostroma and the immune system as well. The task needs a multidisciplinary approach and expertise [14], as the key to optimal treatment is to overcome the structural and functional barriers of immune reactions [15]. The treatment strategy should be formed by a team of multidisciplinary experts [16], providing the availability to a broad spectrum of diagnostic and therapeutic facilities [17].



One of these multidisciplinary methods, the complementary application of hyperthermia, combines the conventional therapies with advantageous biophysical effects against the tumor cells. A phase II clinical trial, which started in 2017 (HEATPACK [18]) and was recently published [19], demonstrated the feasibility of the hyperthermia application and the achievement of better survival and patient QoL results. Extended reviews show the benefits of the hyperthermia for PDAC [20,21], supporting the perspectives with the improvements of the treatment possibilities. The challenge, which also adds to the complexity, is to simultaneously consider the enormous structural heterogeneity of the tumor-tissues and the bioelectrical, thermal, and density-inhomogeneity interactions of cancerous lesions.



Hyperthermia methods can be divided into full-body and local heating methods [22]. One of the latest advancements in local oncologic hyperthermia methods is called modulated electro-hyperthermia (mEHT), developed for heterogenic energy absorption, and treating usually advanced cases when the conventional therapies became ineffective. Technically, mEHT is a precision capacitive coupled impedance matched method [23]. It works by radiofrequency (RF) of 13.56 MHz frequency, producing RF current through the target [24]. The main challenge of the extreme heterogeneity of PDAC fits the active mechanism of mEHT, which targets the tumor cells selectively. The functional and bioelectric features of the malignant cells drive the selective process, which, together with the dynamic interactions and thermal exchanges, kills the cancer cells in an apoptotic way. Without going into details, mEHT exploits the biophysical differences of cancer cells that their energy absorption on the membrane rafts is different than those of healthy host cells, furthermore, damage-associated molecular patterns (DAMPS) will occur and all of these eventually lead to programmed or immunogenic tumor cell death [25,26]. The mEHT method re-sensitizes the refractory cases, can act as monotherapy as preclinical results and case studies suggested [25,27,28,29], and increases the survival time and QoL in parallel. Another line of complexity is the ability to systematically eliminate the micro and macrometastases, which are unfortunately very frequent even at the time of diagnosis. The immune system would be the most evident support for this task, and this effect had been shown by hyperthermia as early as 1986 [30]. The mEHT method produces immunogenic cell-death, and through this, forms tumor-specific immune effects [31,32]. Numerous clinical studies were performed with mEHT on the topic of pancreatic cancer [33,34,35,36].



The aim of the present retrospective case-control study was to assess the additional benefit of mEHT to conventional systemic therapy of PDAC and provide the basis for a prospective clinical study to confirm the concomitant utilization of mEHT.




2. Materials and Methods


The study was conducted in accordance with the WMA Declaration of Helsinki; handling of patient data was in accordance with the General Data Protection Regulation issued by the European Union. The study was approved by the Regional and Institutional Committee of Science and Research Ethics, Semmelweis University (SE_IKEB_8_2017).



2.1. Study Design and Patient Selection


Here, we present a retrospective single-center case-control study including 78 stage-III and -IV pancreatic cancer patients not eligible for surgery, treated at the Division of Oncology, Department of Internal Medicine and Oncology, Semmelweis University, Budapest, Hungary, during the period between September 2016 and November 2019. All pancreatic cancer diagnosis were set during routine diagnostic protocol by histological examination between 26 December 2014, and 17 October 2019. Data collection was terminated on 30 June 2021. Patients were assigned into two groups based on the addition of mEHT treatment, having an equal number of participants (39 patients/group).




2.2. Treatment Protocols and Matching of Cases and Controls


All patients were treated with standard-of-care chemotherapy regimens, which were decided at the tumor board sessions individually, based on European and national guidelines. The active study group and the control group were matched in all subcategories of the treatment. At first, each casepatient was individually matched to a control-patient by age (±5 years), sex, and chemotherapy administered during mEHT treatment. To reach a higher similarity in the case and control patients’ overall status, the presence or absence of distal metastases and the emergence of ascites in the patients’ history were considered as well as a matching criterion by generating case-control pairs. No cirrhosis or any other co-morbidities causing ascites were present in any of the cases. The RECIST guideline v1.1 was used to evaluate response to treatment [37].




2.3. Hyperthermia Treatment


The EHY2030 device (Oncotherm Ltd., Budaörs, Hungary) was used to administer the complementary mEHT treatment. Case patients underwent at least 21 mEHT treatment (Table 1). Each session lasted between 30–60 min, with a step-up power output between 60–150 W, until reaching the patients’ maximum tolerability. No special adverse event due to conducting mEHT was observed throughout the study.




2.4. Statistical Analysis


Statistical analysis was performed with R for Windows 4.1.0 (R Core Team, 2021, Vienna, Austria). Overall- (OS) and progression-free (PFS) survival of patients was defined as the length of time from the date of PDAC diagnosis until the death from any cause and until disease progression or death from any cause, respectively. Follow-up of patients was terminated on 30 June 2021. Patients alive at this time point were right-censored. Hazard ratios (HR) and its 95% confidence intervals (95%CI) were calculated using the Cox proportional hazards regression model and survival rates with Kaplan–Meier analyses supported by log-rank tests. Prior comparison, the normality of continuous data was assessed by Quantile-Quantile plots and normality was rejected both for age and survival data. Continuous and categorical variables between case and control group were compared using the Wilcoxon–Mann–Whitney rank-sum test and N-1 chi-squared test, respectively. The N-1 chi-squared test was calculated using the method described previously [38]. The Cochran–Mantel–Haenszel test and linear model were used for subgroup analysis. Results were expressed as mean ± standard deviation, mean ± standard deviation (median (range)) and as the number of observations (percentage) for parametric and non-parametric continuous, and categorical data, respectively. Two-sided p-values < 0.05 were considered as significant.





3. Results


A total of 78 patients, 39 matched case-control pairs were included in the study. Baseline characteristics of patients are summarized in Table 2. Patients were further divided into sub-cohorts based on the presence of metastasis, ascites and metastasis-ascites combined. A total of 20 case + 24 control and 19 case + 15 control study participants were assigned to the with and without metastasis groups; 13 case + 18 control and 26 case + 21 control to the with and without ascites groups; and 13 case + 10 control, 6 case + 5 control, 8 case + 16 control and 12 case + 8 control to the none, only ascites, only metastasis and both ascites and metastasis groups, respectively (Tables S1–S3).



Comparison of cases and controls revealed that both the median OS (p = 0.0301) and PFS (0.0258) of mEHT treated patients was significantly higher. One-year OS (p = 0.0240) and one-year PFS (p = 0.0455) was higher in the case group, but two- and three-year survival of patients did not differ (Table 1). Similar results were found in subgroup analyses in the case of OS and PFS. In addition, OS and PFS calculated from the first mEHT treatment was lower in patients with ascites and/or metastasis, lower OS after the last mEHT treatment was found in patients with ascites, while PFS did not differ in any of the subgroups (Tables S1–S3).



3.1. Analysis of Overall- and Progression-Free Survival


Although there was a significant difference between the OS of the two groups based on group-comparisons, results of survival analysis revealed that the two groups did not differ from each other (p = 0.1420). After reviewing the individual survival curves, the following was observed. A practically constant difference could have been observed between the two survival curves until the second year, where 91.6% of patient deaths occurred, from which those patients with longer survival times were approximately the same (Figure 1). Age of study participants (p = 0.7430) or the location of the tumor (pancreatic head vs. body/tail, p = 0.2920) had no significant effect on OS, when investigating all the 78 study participants together. Analyzing the data within the two groups individually, age did not affected OS (Control group: p = 0.1980; mEHT group: p = 0.6670). Location of the tumor (head vs. body vs. tail of pancreas) had a marginal effect on patient survival in controls (p = 0.0728), while no difference was found in the mEHT group (p = 0.9880). However, if the location was grouped as body/tail or head of pancreas, the adjuvant mEHT treatment was more beneficial where the tumor was located in the body/tail of the pancreas (Cox HR: 0.3493, 95% confidence interval (95%CI): 0.1546–0.7890, p = 0.0114; Figure 2).



To further evaluate the potential beneficial effects of mEHT treatment, emerging distant metastasis or ascites in the patients’ history were investigated whether the metastatic disease stage or ascites influence the mEHT treatment. In our observation, neither PDAC patients with metastatic disease nor without metastasis had statistically different OS if treated with mEHT (with metastasis HR: 0.6786, p = 0.2160; without metastasis HR: 0.8768, p = 0.7370). It must be mentioned that the shape of survival curves in controls was similar to that shown on Figure 1, but in the mEHT group the metastatic and non-metastatic curves were very similar (Figure S1). When we considered the presence of ascites, we have observed that the patients possessing no abdominal fluid responded to the mEHT treatment in a more efficient way (HR advantage of mEHT: 0.5248, 95%CI: 0.2757–0.9989, p = 0.0496; Figure 3 and Figure S2).



PFS was analyzed in a similar manner as OS. Progressive disease was observed in 28 and 26 case and control patients, while sudden death in 11 and 13 patients, respectively (benefit of mEHT, HR: 0.6173, 95%CI: 0.3914–0.9736, p = 0.0380; Figure 4). Metastatic patients of the mEHT groups had worse survival (Cox HR: 2.1690, 95%CI: 1.0780–4.3640, p = 0.0300), while no difference was found in the control group (p = 0.1960; Figure 5). The presence of ascites, location of the tumor and age did not affect PFS in any of the study groups.




3.2. Analysis of Survival after the First and Last mEHT Treatments


Survival times after the first and last mEHT treatment were also evaluated. Age (first mEHT: p = 0.9890; last mEHT: p = 0.7050), the time elapsed between the diagnosis of PDAC and the first mEHT treatment (first mEHT: p = 0.9060; last mEHT: p = 0.7560), and the location of the tumor (first mEHT: p = 0.9550; last mEHT: p = 0.7060; Figure S3) had no effect on any of the mEHT-connected survival times. As expected, the higher the applied number of mEHT treatments/patient was, better ‘survival-after-first-treatment’ was found (HR: 0.9747, 95%CI: 0.9574–0.9922, p = 0.0048), however, no such effect could have been observed for the ‘survival-after-last-treatment’ (p = 0.2900). Both the emergence of metastases (HR: 2.4830, 95%CI: 1.1900–5.1820, p = 0.0154) and ascites (HR: 2.4925, 95%CI: 1.2650–4.9090, p = 0.0083) had a significant effect on ‘survival-after-first-treatment’. After the last treatment survival times were significantly affected by only the presence of ascites (HR: 2.3849, 95%CI: 1.1940–4.7620, p = 0.0138; Figure 6 and Figure 7).



Until the end of mEHT treatment, progression was observed in 22 of the 39 case patients (56.41%) with an average 5.70 ± 3.18 months ‘time to progression’ after the first mEHT treatment. The remaining patients of the mEHT group had stable disease at the end of treatment; neither partial nor complete response was observed, but progression was observed later for all of these patients (4.71 ± 4.63 months after the completion of mEHT). Progression to both the end of the study and the end of mEHT treatment was also examined. Only the presence of metastasis affected significantly the PFS of patients (progression to the end of the study, HR: 2.4165, 95%CI: 1.2070–4.8360, p = 0.0127; progression to the end of mEHT treatment, HR: 2.0960, 95%CI: 0.8745–5.0240, p = 0.0971, Figure 8).





4. Discussion


In oncology, hyperthermia is the artificial heating of the tumor and its surrounding to fever-like temperature via different biophysical techniques [22], which ultimately has tumoricidal effects on cancer cells [22,39,40,41,42]. Superficial- and deep-seated tumors have been treated with hyperthermia since the late 1970s and 1980s, respectively [25,43,44]. Two major methods have been developed: whole-body and regional hyperthermia [22] and one of the latest advancements in regional hyperthermia is mEHT [45]. Early studies investigating the effect of hyperthermia in pancreatic cancer have included mainly whole-body hyperthermia, while latest investigations, in most cases, apply only regional hyperthermia, including mEHT. Previous studies concluded, that progression-free- and overall survival of patients improved if complementary hyperthermia was adjusted [29,30,33,34,35,43,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60]. Furthermore, higher maximum output power of the hyperthermia device has been positively correlated with partial response rate [54], a possible correlation between the time from diagnosis to first mEHT treatment and the survival time from first mEHT treatment have been proposed [33], and the combination of hyperthermia with various herbal remedies [29,59,60] further improved patient response to oncotherapy.



In ductal adenocarcinoma of the pancreas, the oncological guidelines are developing, but options are still limited and the prognosis remains dismal [61]. To facilitate the efficiency of currently available systemic oncotherapies [62], we undertook an approach to improve outcome of pancreatic cancer patients with the utilization of mEHT. Our hypothesis was to extend the overall survival of the treated “case” patient cohort. The positive effect of mEHT on better disease control rate, progression-free and overall survival is known [33,35]. Based on available literature and previous clinical investigations, a logical presumption was to suggest facilitating effect of mEHT on traditional chemotherapy and radiotherapy [33,34,35,36].



Here, we investigated the possible benefit from adding mEHT to standard treatment of pancreatic adenocarcinoma patients and have observed both significant differences and trends in overall survival benefiting mEHT treated patients in case-control pairs matched by age, sex and chemotherapy. In our further subset analysis, PDAC patients with the metastatic disease did not differ from those patients without metastasis, while in the control group a significant difference in PFS was found, and a similar trend in the survival curve of OS. The observations may suggest that metastatic PDAC patients may be one that group that can benefit the most from the mEHT treatment. When the presence of ascites was subjected to analysis, we have observed that the patients possessing less abdominal fluid responded to the mEHT treatment in an improved matter. However no difference in the times-to-progression was observed.



The effect of the location of the tumor on OS and PFS was also investigated. It was found that if the tumor is located in the body/tail of the pancreas, the addition of mEHT has a significant benefit on overall survival of PDAC patients. Pancreatic body/tail tumors are known to be more aggressive as those are usually diagnosed in later stages than the tumors of the pancreatic head [3,63]. A Chinese study investigating the combined effect of mEHT with supplementary traditional herbal remedy therapy on metastatic pancreas cancer patients with ascites have found similar result to ours, better absorption of ascites, response to treatment and QoL was observed compared to those patients who received conventional chemotherapy and regular drainage [29].



To our knowledge, only one study [35] investigated the survival of patients after the first/last mEHT treatments in various settings. Dani et al. [35] reported that patients with metastases have worse survival than those of without, furthermore, they have reported that the number of mEHT therapies has no significant effect on patient survival. The above observation were also confirmed in the present study and we could have expanded the knowledge on mEHT-related survival times with the following. The emergence of ascites is a poor sign of patient survival, even with the utilization of mEHT. Furthermore, we have observed a negligible effect of age, location of the tumor within the pancreas and the elapsed time between the diagnosis of PDAC and the first mEHT treatment on mEHT-related patient survival.



To summarize our results, we conclude that inoperable PDAC patients can benefit from mEHT treatment. Patients with no ascites formation responds to the therapy most and metastatic patients treated with mEHT showed significantly slower progression formation.




5. Conclusions


A retrospective single-center case-control study was conducted to assess the additional benefit of mEHT to conventional systemic therapy of PDAC. All the observations found are in line with previous findings, the addition of mEHT as a complementary treatment in inoperable PDAC improves overall survival, significantly better results can be achieved in ascitic and metastatic cases. Limitations of our work is the relatively small sample size, and the retrospective design. The results of the study encourage us to design a randomized prospective clinical study to further confirm the efficiency of mEHT in this patient cohort and further reinforces those observations that hyperthermia should be considered as a routine treatment option in oncology care.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/diseases9040081/s1, Figure S1: Overall survival of patients with or without the presence of metastasis, Figure S2: Overall survival of patients with or without the presence of ascites and/or metastasis, Figure S3: Comparison of mEHT-dependent survival after the first or last mEHT treatment, Table S1: Basic demographic and clinical characteristics of the case and control groups, subdivided by the presence of metastasis, Table S2: Basic demographic and clinical characteristics of the case and control groups, subdivided by the presence of ascites, Table S3: Basic demographic and clinical characteristics of the case and control groups, subdivided by the presence of ascites and/or metastasis.





Author Contributions


Conceptualization, T.G., A.M.S. and M.D.; methodology, T.G., A.M.S. and M.D.; formal analysis, T.G., M.H. and Z.H.; investigation, F.G.P., D.M., B.I., A.K., T.G., A.M.S. and M.D.; resources, E.B. and M.D.; data curation, F.G.P., B.I. and T.G.; writing—original draft preparation, F.G.P., T.G., Z.H. and A.M.S.; writing—review and editing, all authors; visualization, T.G., M.H. and Z.H.; supervision, T.G., A.M.S. and M.D.; project administration, T.G., A.M.S. and M.D.; funding acquisition, A.M.S. and M.D. All authors have read and agreed to the published version of the manuscript.




Funding


Research was supported by the National Research, Development and Innovation Office of Hungary [grant numbers KNN121510 and NVKP_16-1-2016-0042].




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Regional and Institutional Committee of Science and Research Ethics, Semmelweis University (SE_IKEB_8_2017).




Informed Consent Statement


Patient data was retrieved anonymously in a retrospective manner, in most of the cases after the death of patients. Due to the setting of the study, no written patient informed consent was needed.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Chin, V.; Nagrial, A.; Sjoquist, K.; O’Connor, C.A.; Chantrill, L.; Biankin, A.V.; Scholten, R.J.; Yip, D. Chemotherapy and radiotherapy for advanced pancreatic cancer. Cochrane Database Syst. Rev. 2018, 3, CD011044. [Google Scholar] [CrossRef]

	



Hruban, R.H.; Fukushima, N. Pancreatic adenocarcinoma: Update on the surgical pathology of carcinomas of ductal origin and PanINs. Mod. Pathol. 2007, 20 (Suppl. 1), S61–S70. [Google Scholar] [CrossRef] [PubMed]

	



Mizrahi, J.D.; Surana, R.; Valle, J.W.; Shroff, R.T. Pancreatic cancer. Lancet 2020, 395, 2008–2020. [Google Scholar] [CrossRef]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [Google Scholar] [CrossRef]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [Google Scholar] [CrossRef] [PubMed]

	



Weniger, M.; Honselmann, K.C.; Liss, A.S. The Extracellular Matrix and Pancreatic Cancer: A Complex Relationship. Cancers 2018, 10, 316. [Google Scholar] [CrossRef]

	



Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting cancer incidence and deaths to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014, 74, 2913–2921. [Google Scholar] [CrossRef] [PubMed]

	



Roth, M.T.; Cardin, D.B.; Berlin, J.D. Recent advances in the treatment of pancreatic cancer. F1000Res 2020, 9, 131. [Google Scholar] [CrossRef] [PubMed]

	



Crippa, S.; Dominguez, I.; Rodriguez, J.R.; Razo, O.; Thayer, S.P.; Ryan, D.P.; Warshaw, A.L.; Fernandez-del Castillo, C. Quality of life in pancreatic cancer: Analysis by stage and treatment. J. Gastrointest. Surg. 2008, 12, 783–793; discussion 784–793. [Google Scholar] [CrossRef]

	



Gourgou-Bourgade, S.; Bascoul-Mollevi, C.; Desseigne, F.; Ychou, M.; Bouche, O.; Guimbaud, R.; Becouarn, Y.; Adenis, A.; Raoul, J.L.; Boige, V.; et al. Impact of FOLFIRINOX compared with gemcitabine on quality of life in patients with metastatic pancreatic cancer: Results from the PRODIGE 4/ACCORD 11 randomized trial. J. Clin. Oncol. 2013, 31, 23–29. [Google Scholar] [CrossRef]

	



Deng, Y.; Tu, H.; Pierzynski, J.A.; Miller, E.D.; Gu, X.; Huang, M.; Chang, D.W.; Ye, Y.; Hildebrandt, M.A.T.; Klein, A.P.; et al. Determinants and prognostic value of quality of life in patients with pancreatic ductal adenocarcinoma. Eur. J. Cancer 2018, 92, 20–32. [Google Scholar] [CrossRef]

	



Saif, M.W. New Developments in the Treatment of Pancreatic Cancer: Highlights from the 44th ASCO Annual Virtual Meeting, May 29–31, 2020. JOP 2020, 21, 108–111. [Google Scholar]

	



Fan, J.-q.; Wang, M.-F.; Chen, H.-L.; Shang, D.; Das, J.K.; Song, J. Current advances and outlooks in immunotherapy for pancreatic ductal adenocarcinoma. Mol. Cancer 2020, 19, 32. [Google Scholar] [CrossRef]

	



Oba, A.; Ho, F.; Bao, Q.R.; Al-Musawi, M.H.; Schulick, R.D.; Del Chiaro, M. Neoadjuvant Treatment in Pancreatic Cancer. Front. Oncol. 2020, 10, 245. [Google Scholar] [CrossRef]

	



Yao, W.; Maitra, A.; Ying, H. Recent insights into the biology of pancreatic cancer. eBioMedicine 2020, 53, 102655. [Google Scholar] [CrossRef]

	



Martin-Perez, E.; Dominguez-Munoz, J.E.; Botella-Romero, F.; Cerezo, L.; Matute Teresa, F.; Serrano, T.; Vera, R. Multidisciplinary consensus statement on the clinical management of patients with pancreatic cancer. Clin. Transl. Oncol. 2020, 22, 1963–1975. [Google Scholar] [CrossRef]

	



Lidsky, M.E.; Sun, Z.; Nussbaum, D.P.; Adam, M.A.; Speicher, P.J.; Blazer, D.G.I. Going the Extra Mile: Improved Survival for Pancreatic Cancer Patients Traveling to High-volume Centers. Ann. Surg. 2017, 266, 333–338. [Google Scholar] [CrossRef]

	



Datta, N.R.; Pestalozzi, B.; Clavien, P.A.; Siebenhuner, A.; Puric, E.; Khan, S.; Mamot, C.; Riesterer, O.; Knuchel, J.; Reiner, C.S.; et al. “HEATPAC”—A phase II randomized study of concurrent thermochemoradiotherapy versus chemoradiotherapy alone in locally advanced pancreatic cancer. Radiat. Oncol. 2017, 12, 183. [Google Scholar] [CrossRef]

	



Rogers, S.J.; Datta, N.R.; Puric, E.; Timm, O.; Marder, D.; Khan, S.; Mamot, C.; Knuchel, J.; Siebenhuner, A.; Pestalozzi, B.; et al. The addition of deep hyperthermia to gemcitabine-based chemoradiation may achieve enhanced survival in unresectable locally advanced adenocarcinoma of the pancreas. Clin. Transl. Radiat. Oncol. 2021, 27, 109–113. [Google Scholar] [CrossRef]

	



van der Horst, A.; Versteijne, E.; Besselink, M.G.H.; Daams, J.G.; Bulle, E.B.; Bijlsma, M.F.; Wilmink, J.W.; van Delden, O.M.; van Hooft, J.E.; Franken, N.A.P.; et al. The clinical benefit of hyperthermia in pancreatic cancer: A systematic review. Int. J. Hyperth. 2018, 34, 969–979. [Google Scholar] [CrossRef]

	



Fiorentini, G.; Sarti, D.; Gadaleta, C.D.; Ballerini, M.; Fiorentini, C.; Garfagno, T.; Ranieri, G.; Guadagni, S. A Narrative Review of Regional Hyperthermia: Updates From 2010 to 2019. Integr. Cancer 2020, 19, 1534735420932648. [Google Scholar] [CrossRef]

	



Chicheł, A.; Skowronek, J.; Kubaszewska, M.; Kanikowski, M. Hyperthermia—Description of a method and a review of clinical applications. Rep. Pract. Oncol. Radiother. 2007, 12, 267–275. [Google Scholar] [CrossRef]

	



Szasz, A.; Szasz, N.; Szasz, O. Oncothermia: Principles and Practices; Springer: Dordrecht, The Netherlands, 2011. [Google Scholar] [CrossRef]

	



Szasz, A. Thermal and nonthermal effects of radiofrequency on living state and applications as an adjuvant with radiation therapy. J. Radiat. Cancer Res. 2019, 10, 1–17. [Google Scholar] [CrossRef]

	



Krenacs, T.; Meggyeshazi, N.; Forika, G.; Kiss, E.; Hamar, P.; Szekely, T.; Vancsik, T. Modulated Electro-Hyperthermia-Induced Tumor Damage Mechanisms Revealed in Cancer Models. Int. J. Mol. Sci. 2020, 21, 6270. [Google Scholar] [CrossRef]

	



Alshaibi, H.F.; Al-Shehri, B.; Hassan, B.; Al-Zahrani, R.; Assiss, T. Modulated Electrohyperthermia: A New Hope for Cancer Patients. Biomed. Res. Int. 2020, 2020, 8814878. [Google Scholar] [CrossRef] [PubMed]

	



Jeung, T.S.; Ma, S.Y.; Yu, J.; Lim, S. Cases That Respond to Oncothermia Monotherapy. Conf. Pap. Med. 2013, 2013, 392480. [Google Scholar] [CrossRef]

	



Minnaar, C.A.; Szigeti, G.P.; Kotzen, J.A. Modulated electro-hyperthermia as a monotherapy: A potential for further research? Oncothermia J. 2018, 24, 303–317. [Google Scholar]

	



Pang, C.L.K.; Zhang, X.; Wang, Z.; Ou, J.; Lu, Y.; Chen, P.; Zhao, C.; Wang, X.; Zhang, H.; Roussakow, S.V. Local modulated electro-hyperthermia in combination with traditional Chinese medicine vs. intraperitoneal chemoinfusion for the treatment of peritoneal carcinomatosis with malignant ascites: A phase II randomized trial. Mol. Clin. Oncol. 2017, 6, 723–732. [Google Scholar] [CrossRef]

	



Falk, R.E.; Moffat, F.L.; Lawler, M.; Heine, J.; Makowka, L.; Falk, J.A. Combination therapy for resectable and unresectable adenocarcinoma of the pancreas. Cancer 1986, 57, 685–688. [Google Scholar] [CrossRef]

	



Szasz, A. Towards the Immunogenic Hyperthermic Action: Modulated ElectroHyperthermia. Clin. Oncol. Res. 2020, 3, 2–6. [Google Scholar] [CrossRef]

	



Chi, K.-H. Tumour-Directed Immunotherapy: Clinical Results of Radiotherapy with Modulated Electro-Hyperthermia. In Challenges and Solutions of Oncological Hyperthermia; Szasz, A., Ed.; Cambridge Scholars: Newcastle upon Tyne, UK, 2020; pp. 206–226. [Google Scholar]

	



Fiorentini, G.; Sarti, D.; Casadei, V.; Milandri, C.; Dentico, P.; Mambrini, A.; Nani, R.; Fiorentini, C.; Guadagni, S. Modulated Electro-Hyperthermia as Palliative Treatment for Pancreatic Cancer: A Retrospective Observational Study on 106 Patients. Integr. Cancer 2019, 18, 1534735419878505. [Google Scholar] [CrossRef]

	



Volovat, C.; Volovat, S.; Scripcaru, V.; Miron, L. Second-line chemotherapy with gemcitabine and oxaliplatin in combination with loco-regional hyperthermia (EHY-2000) in patients with refractory metastatic pancreatic cancer—Preliminary results of a prospective trial. Rom. Rep. Phys. 2014, 66, 166–174. [Google Scholar]

	



Dani, A.; Varkonyi, A.; Magyar, T.; Kalden, M.; Szasz, A. Clinical study for advanced pancreas cancer treated by oncothermia. Oncothermia J. 2012, 6, 11–25. [Google Scholar]

	



Douwes, F.R. Thermo-chemotherapy of the advanced pancreas carcinoma. Biol. Med. 2006, 35, 126–130. [Google Scholar]

	



Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009, 45, 228–247. [Google Scholar] [CrossRef]

	



Busing, F.M.; Weaver, B.; Dubois, S. 2 × 2 Tables: A note on Campbell’s recommendation. Stat. Med. 2016, 35, 1354–1358. [Google Scholar] [CrossRef]

	



Kampinga, H.H. Cell biological effects of hyperthermia alone or combined with radiation or drugs: A short introduction to newcomers in the field. Int. J. Hyperth. 2006, 22, 191–196. [Google Scholar] [CrossRef]

	



Rao, W.; Deng, Z.S.; Liu, J. A review of hyperthermia combined with radiotherapy/chemotherapy on malignant tumors. Crit Rev. Biomed. Eng. 2010, 38, 101–116. [Google Scholar] [CrossRef]

	



Datta, N.R.; Ordonez, S.G.; Gaipl, U.S.; Paulides, M.M.; Crezee, H.; Gellermann, J.; Marder, D.; Puric, E.; Bodis, S. Local hyperthermia combined with radiotherapy and-/or chemotherapy: Recent advances and promises for the future. Cancer Treat. Rev. 2015, 41, 742–753. [Google Scholar] [CrossRef]

	



Dong, Y.; Wu, G. Analysis of short and long term therapeutic effects of radiofrequency hyperthermia combined with conformal radiotherapy in hepatocellular carcinoma. J. BUON 2016, 21, 407–411. [Google Scholar]

	



Kakehi, M.; Ueda, K.; Mukojima, T.; Hiraoka, M.; Seto, O.; Akanuma, A.; Nakatsugawa, S. Multi-institutional clinical studies on hyperthermia combined with radiotherapy or chemotherapy in advanced cancer of deep-seated organs. Int. J. Hyperth. 1990, 6, 719–740. [Google Scholar] [CrossRef] [PubMed]

	



Marmor, J.B.; Hahn, G.M. Combined radiation and hyperthermia in superficial human tumors. Cancer 1980, 46, 1986–1991. [Google Scholar] [CrossRef]

	



Szasz, A.M.; Minnaar, C.A.; Szentmartoni, G.; Szigeti, G.P.; Dank, M. Review of the Clinical Evidences of Modulated Electro-Hyperthermia (mEHT) Method: An Update for the Practicing Oncologist. Front. Oncol. 2019, 9, 1012. [Google Scholar] [CrossRef] [PubMed]

	



Bakshandeh-Bath, A.; Stoltz, A.S.; Homann, N.; Wagner, T.; Stolting, S.; Peters, S.O. Preclinical and clinical aspects of carboplatin and gemcitabine combined with whole-body hyperthermia for pancreatic adenocarcinoma. Anticancer Res. 2009, 29, 3069–3077. [Google Scholar]

	



Bull, J.M.; Scott, G.L.; Strebel, F.R.; Nagle, V.L.; Oliver, D.; Redwine, M.; Rowe, R.W.; Ahn, C.W.; Koch, S.M. Fever-range whole-body thermal therapy combined with cisplatin, gemcitabine, and daily interferon-alpha: A description of a phase I-II protocol. Int. J. Hyperth. 2008, 24, 649–662. [Google Scholar] [CrossRef]

	



Robins, H.I.; Cohen, J.D.; Schmitt, C.L.; Tutsch, K.D.; Feierabend, C.; Arzoomanian, R.Z.; Alberti, D.; d’Oleire, F.; Longo, W.; Heiss, C.; et al. Phase I clinical trial of carboplatin and 41.8 degrees C whole-body hyperthermia in cancer patients. J. Clin. Oncol. 1993, 11, 1787–1794. [Google Scholar] [CrossRef]

	



Robins, H.I.; Rushing, D.; Kutz, M.; Tutsch, K.D.; Tiggelaar, C.L.; Paul, D.; Spriggs, D.; Kraemer, C.; Gillis, W.; Feierabend, C.; et al. Phase I clinical trial of melphalan and 41.8 degrees C whole-body hyperthermia in cancer patients. J. Clin. Oncol. 1997, 15, 158–164. [Google Scholar] [CrossRef]

	



Cho, C.; Wust, P.; Hildebrandt, B.; Issels, R.D.; Sehouli, J.; Kerner, T.; Deja, M.; Budach, V.; Gellermann, J. Regional hyperthermia of the abdomen in conjunction with chemotherapy for peritoneal carcinomatosis: Evaluation of two annular-phased-array applicators. Int. J. Hyperth. 2008, 24, 399–408. [Google Scholar] [CrossRef]

	



Ohguri, T.; Imada, H.; Yahara, K.; Narisada, H.; Morioka, T.; Nakano, K.; Korogi, Y. Concurrent chemoradiotherapy with gemcitabine plus regional hyperthermia for locally advanced pancreatic carcinoma: Initial experience. Radiat. Med. 2008, 26, 587–596. [Google Scholar] [CrossRef]

	



Zhang, L.P.; Nie, Q.; Kang, J.B.; Wang, B.; Cai, C.L.; Li, J.G.; Qi, W.J. Efficacy of whole body gamma-knife radiotherapy combined with thermochemotherapy on locally advanced pancreatic cancer. Ai Zheng 2008, 27, 1204–1207. [Google Scholar]

	



Ishikawa, T.; Kokura, S.; Sakamoto, N.; Ando, T.; Imamoto, E.; Hattori, T.; Oyamada, H.; Yoshinami, N.; Sakamoto, M.; Kitagawa, K.; et al. Phase II trial of combined regional hyperthermia and gemcitabine for locally advanced or metastatic pancreatic cancer. Int. J. Hyperth. 2012, 28, 597–604. [Google Scholar] [CrossRef]

	



Hamazoe, R.; Maeta, M.; Murakami, A.; Yamashiro, H.; Kaibara, N. Heating efficiency of radiofrequency capacitive hyperthermia for treatment of deep-seated tumors in the peritoneal cavity. J. Surg. Oncol. 1991, 48, 176–179. [Google Scholar] [CrossRef]

	



Ishikawa, T.; Kokura, S.; Oyamada, H.; Inui, T.; Okita, M.; Isozaki, Y.; Nagao, Y.; Takagi, T.; Handa, O.; Ando, T.; et al. Effects of a Sequential Combination of Hyperthermia and Gemcitabine in the Treatment of Advanced Unresectable Pancreatic Cancer: A Retrospective Study. Therm. Med. 2008, 24, 131–139. [Google Scholar] [CrossRef]

	



Maebayashi, T.; Ishibashi, N.; Aizawa, T.; Sakaguchi, M.; Sato, T.; Kawamori, J.; Tanaka, Y. Treatment outcomes of concurrent hyperthermia and chemoradiotherapy for pancreatic cancer: Insights into the significance of hyperthermia treatment. Oncol. Lett. 2017, 13, 4959–4964. [Google Scholar] [CrossRef]

	



Maluta, S.; Schaffer, M.; Pioli, F.; Dall’oglio, S.; Pasetto, S.; Schaffer, P.M.; Weber, B.; Giri, M.G. Regional hyperthermia combined with chemoradiotherapy in primary or recurrent locally advanced pancreatic cancer: An open-label comparative cohort trial. Strahlenther. Onkol. 2011, 187, 619–625. [Google Scholar] [CrossRef]

	



Iyikesici, M.S. Long-Term Survival Outcomes of Metabolically Supported Chemotherapy with Gemcitabine-Based or FOLFIRINOX Regimen Combined with Ketogenic Diet, Hyperthermia, and Hyperbaric Oxygen Therapy in Metastatic Pancreatic Cancer. Complement. Med. Res. 2020, 27, 31–39. [Google Scholar] [CrossRef]

	



Bonucci, M.; Pastore, C.; Ferrera, V.; Fiorentini, C.; Fabbri, A. Integrated Cancer Treatment in the Course of Metastatic Pancreatic Cancer: Complete Resolution in 2 Cases. Integr. Cancer 2018, 17, 994–999. [Google Scholar] [CrossRef]

	



Werthmann, P.G.; Inter, P.; Welsch, T.; Sturm, A.K.; Grutzmann, R.; Debus, M.; Sterner, M.G.; Kienle, G.S. Long-term tumor-free survival in a metastatic pancreatic carcinoma patient with FOLFIRINOX/Mitomycin, high-dose, fever inducing Viscum album extracts and subsequent R0 resection: A case report. Medecine 2018, 97, e13243. [Google Scholar] [CrossRef]

	



Seufferlein, T.; Bachet, J.B.; Van Cutsem, E.; Rougier, P.; Group, E.G.W. Pancreatic adenocarcinoma: ESMO-ESDO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2012, 23 (Suppl. 7), vii33–vii40. [Google Scholar] [CrossRef]

	



Von Hoff, D.D.; Ervin, T.; Arena, F.P.; Chiorean, E.G.; Infante, J.; Moore, M.; Seay, T.; Tjulandin, S.A.; Ma, W.W.; Saleh, M.N.; et al. Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine. N. Engl. J. Med. 2013, 369, 1691–1703. [Google Scholar] [CrossRef]

	



Barreto, S.G.; Shukla, P.J.; Shrikhande, S.V. Tumors of the Pancreatic Body and Tail. World J. Oncol. 2010, 1, 52–65. [Google Scholar] [CrossRef]








[image: Diseases 09 00081 g001 550] 





Figure 1. Overall survival of inoperable pancreatic ductal adenocarcinoma (PDAC) patients in case-control pairs matched for age (±5 years), sex, and chemotherapy receiving during modulated electro-hyperthermia (mEHT) treatment. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. The p-value of log-rank test was drawn. 
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Figure 2. Modulated electro-hyperthermia (mEHT) treatment has a significant beneficial effect if the tumor is located in the body/tail of the pancreas (B). If the tumor is in the head of the pancreas (A), a partly similar trend can be observed. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. p-value of log-rank test was drawn. PDAC: pancreatic ductal adenocarcinoma. 






Figure 2. Modulated electro-hyperthermia (mEHT) treatment has a significant beneficial effect if the tumor is located in the body/tail of the pancreas (B). If the tumor is in the head of the pancreas (A), a partly similar trend can be observed. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. p-value of log-rank test was drawn. PDAC: pancreatic ductal adenocarcinoma.



[image: Diseases 09 00081 g002]







[image: Diseases 09 00081 g003 550] 





Figure 3. Inoperable pancreatic ductal adenocarcinoma (PDAC) patients treated with adjuvant modulated electro-hyperthermia (mEHT) had significantly better survival if no ascites was present (A). However, with the emergence of ascites (B) only a slight trend could have been observed in favor of mEHT treatment. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. 
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[image: Diseases 09 00081 g003]







[image: Diseases 09 00081 g004 550] 





Figure 4. Progression-free survival of inoperable pancreatic ductal adenocarcinoma (PDAC) patients in case-control pairs matched for age (± 5 years), sex, and chemotherapy received during modulated electro-hyperthermia (mEHT) treatment. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. 
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Figure 5. Differences in progression-free survival of inoperable pancreatic ductal adenocarcinoma (PDAC) patients who have been treated with (A) or without (B) adjuvant modulated electro-hyperthermia (mEHT) with or without the presence of metastases. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. 
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Figure 6. The emergence of ascites had a negative effect on the survival times after both the first (A) and the last (B) modulated electro-hyperthermia (mEHT) treatment. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. 
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Figure 7. The emergence of metastases had a negative effect on the survival times after the first (A) modulated electro-hyperthermia (mEHT) treatment, while only a trend can be observed in the case of survival times after the last mEHT treatment (B). The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. 
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Figure 8. The emergence of metastases had a negative effect on progression-free survival both if the progression was investigated until (A) the end of the study and (B) until the end of the mEHT treatment. The dotted line and the lighter colored intervals represent median survival and the asymmetrical 95% confidence interval, respectively. 
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Table 1. Data of modulated electro-hyperthermia (mEHT) treatment applied to the case group.
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	Parameter
	Value





	Number of mEHT sessions
	59.18 ± 26.22

(64 (21–154))



	Elapsed time from diagnosis to mEHT treatment (days from pathological diagnosis)
	99.56 ± 147.88

(46 (2–718))



	Applied applicator (cm)
	30



	Average duration of sessions (min)
	59.5



	Frequency of treatments/patients (/week)
	2–3



	Protocol (fit to patient’s tolerability)
	Step-up



	Power (W)
	From 60 to 150
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Table 2. Basic demographic and clinical characteristics are summarized of the case and control groups (mean ± SD (median and range)). Unit of frequency data is the number of observations (percentage).
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	Parameter
	mEHT Treated

(n = 39)
	Control

(n = 39)
	p-Value





	Age (years)
	65.90 ± 9.90

(67 (45–84))
	66.02 ± 8.73

(67 (45–78))
	0.8927 1



	Male gender
	18 (46.2)
	18 (46.2)
	matched



	Location of the tumor



	-

	
Head of the pancreas




	-

	
Body of the pancreas




	-

	
Tail of the pancreas






	

20 (51.3)

14 (35.9)

5 (12.8)
	

26 (66.7)

8 (20.5)

5 (12.8)
	0.3030 2



	Chemotherapy protocol:



	-

	
GEM monotherapy




	-

	
FOLFORINOX




	-

	
GEM + cisplatin




	-

	
GEM + 5-fluorouracil + leucovorin




	-

	
GEM + oxaliplatin






	

24 (61.5)

8 (20.5)

5 (12.8)

1 (2.6)

1 (2.6)
	

24 (61.5)

8 (20.5)

5 (12.8)

1 (2.6)

1 (2.6)
	

matched

matched

matched

matched

matched



	Without radiologically detected ascites
	21 (53.8)
	26 (66.7)
	0.2504 2



	Without distant metastasis
	19 (48.7)
	15 (38.4)
	0.3642 2



	Overall survival (month)
	16.96 ± 8.72

(17.02 (4.4–47.1))
	14.19 ± 10.86

(10.58 (2.4–48.8))
	0.0301 1



	Progression-free survival (month)
	11.87 ± 7.05

(10.45 (4.2–34.8))
	8.53 ± 5.37

(8.25 (1.6–26.0))
	0.0258 1



	One-year OS
	26 (66.7)
	16 (41.0)
	0.0240 2



	Two-year OS #
	6 (15.4)
	5 (12.8)
	0.6761 2



	Three-year OS #
	1 (2.6)
	3 (7.7)
	0.3481 2



	One-year PFS
	15 (38.5)
	7 (17.9)
	0.0455 2



	Two-year PFS
	1 (2.6)
	2 (5.1)
	0.5585 2



	OS after the first mEHT treatment (month)
	13.69 ± 7.11

(12.75 (2.3–26.7))
	–
	–



	OS after the last mEHT treatment (month)
	6.57 ± 5.83

(4.17 (0.3–20.6))
	–
	–



	PFS after the first mEHT treatment (month)
	8.60 ± 5.45

(6.60 (1.8–23.0))
	–
	–



	PFS after the last mEHT treatment (month) *
	1.48 ± 4.88

(0.72 (−9.0–15.8))
	–
	–







1 Wilcoxon–Mann–Whitney rank sum test, 2 N-1 chi-squared test. # 2 and 4 right-censored case patients had lower observation time than 24 and 36 months, respectively, and one censored control patient had a censor time between 24–36 months. * Negative values in ‘PFS after the last mEHT treatment’ means that progression developed during the mEHT treatments. mEHT: modulated electro-hyperthermia, GEM: Gemcitabine; FOLFORINOX: leucovorin (FOL) + 5-fluorouracil (F) + irinotecan (IRIN) + oxaliplatin (OX), OS: overall survival, PFS: progression-free survival.
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