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Abstract: (1) Background: In the last two decades, anticancer treatment has been extensively
developed based on various physical methods, including electroporation (EP). On the basis of
many in vitro and in vivo studies, electroporation and further electrochemotherapy (ECT) have been
established as a treatment method for cutaneous and subcutaneous lesions. In this procedure, after
placing electrodes in the tumor mass and the generation of electrical pulses, a reversible or irreversible
rearrangement of the cell membrane occurs. Calcium electroporation has already been applied to
treat skin tumors and subcutaneous tissue tumors. Here, we demonstrate the first application of
irreversible electroporation (IRE) in combination with calcium ions and chemotherapy for patients
with cancer. (2) Methods: This study aimed to present and compare the findings and outcomes of
patients with locally advanced pancreatic adenocarcinoma who were qualified for the procedure.
Two patients were treated with IRE with calcium ions after chemotherapy (paclitaxel + Gemcitabine
(GCB) or FOLOX) or only FOLFOX (folinic acid calcium folinate, fluorouracil, and oxaliplatin). The
clinicopathological data, overall survival, and the safety of the procedure were analyzed. (3) Results:
Two patients were treated with calcium electroporation. One of the patients developed pancreatitis
and the second developed pancreatic fistula, but both of them continued standard systemic treatment.
Overall survival was 9 months in the first case and 21 months in the second case (and the patient is
still alive). Calcium electroporation had a good impact on QOL (Quality of Life). (4) Conclusions:
IRE accompanied chemotherapy, and intratumoral calcium ions administration might represent an
additional therapy to surgery and chemotherapy in patients with locally advanced pancreatic cancer
(LAPC), particularly in unresectable cases. However, further studies of randomized trials should be
undertaken to elucidate the role of chemotherapy in IRE protocols.

Keywords: pancreatic cancer; calcium electroporation; irreversible electroporation;
electrochemotherapy

1. Introduction

Pancreatic cancer remains one of the most difficult-to-treat cancers, and the overall survival of
patients with an advanced stage is low [1]. Pancreatic cancer is often diagnosed to be unresectable
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and the available therapeutic methods, including chemo- and radiotherapy, are not effective. Thus,
alternative methods such as electroporation (EP)-based treatments could be considered here. EP is
a physical method in which electrodes are placed within tissue, and short electrical impulses (from
picosecond up to milliseconds) with an electric field intensity in the range of 1000 to 3000 V/cm are
administered, which causes permeabilization of the cell membrane through lipid rearrangement [2].
Consequently, new transport pathways termed “nanopores” for ions and other hydrophilic particles,
including drugs, are created. Changes in the concentration of electrolytes such as potassium and
sodium lead to rapid changes in cell membrane potential. Destabilization of the cell membrane causes
disturbance in cell homeostasis, the relocation of calcium ions to inside of the cell, and death due to the
depletion of energy sources [3,4]. Disturbances in calcium metabolism and homeostasis, mitochondrial
damage, and depletion of ATP sources lead to a rapid necrotic type of cell death. However, overloading
cells with a subthreshold concentration of calcium ions may induce the apoptotic pathway wherein a
large number of damaged cells are removed by macrophages [5,6].

The changes induced in cells by electrical pulses can be reversible (Reversible Electroporation
[RE]) or irreversible (Irreversible Electroporation [IRE]) depending on the voltage and number of pulses
affecting the cell membrane. The effectiveness of this method for treating various types of cancers
was proved by several in vivo and in vitro preclinical studies [7–11]. The protocol of its application
has also been developed and described, in combination with chemotherapy (CTH), in ESOPE (The
European Standard Operating Procedures of Electrochemotherapy) for the treatment of cutaneous
and subcutaneous lesions [12,13]. Electrotherapy is an ablation method with low thermal effect, and
it is used for treating head and neck cancer, brain cancer, sarcoma, metastatic cancer, or primary
cancer of liver, lungs, breast, pancreatic, and prostate cancer [14–23]. The combination of these two
methods, established as electrochemotherapy (ECT), was applied the most to treat different solid
tumors and with different chemotherapeutics in in vitro studies. The simultaneous conduction of EP
and administration of a chemotherapeutic agent increase the cytotoxicity of a given drug against cancer
cells and decrease the dose of a drug necessary for intravenous administration, which in turn decreases
the drug toxicity affecting a patient. This leads to a higher “effectiveness’ of chemotherapeutics [24–29].
Some ECT research has been conducted on patients with pancreatic cancer who showed metastatic
changes. The studies were conducted using bleomycin, cisplatin, and doxorubicin [29–36]. ECT
using bleomycin was found to be most “effective”; this agent is 700 to 1000 times more toxic when
administered simultaneously with IRE application [24,36–38]. The effectiveness of ECT using bleomycin
was demonstrated only in an animal model with pancreatic cancer [39] or melanoma [26].

In studies, patients with nonresectable pancreatic cancer first received Folfrinox or Gemox
CTH, and when the tumor was stabilized according to RECIST (i.e. response evaluation criteria
in solid tumors) criteria, IRE alone was applied. Positive results were obtained, and the changes
in the tumor mass were not visible in computer tomography but only in MRI [40]. Another novel
approach is the combination of EP with intratumoral (IT) administration of calcium ions. Calcium is
an electrolyte involved in many cellular processes, including cell division, metabolism, and cell death,
and its intracellular concentration is strictly regulated [41–44]. When the level of intracellular calcium
increases, it induces a higher consumption of ATP. The production of ATP in mitochondria and its
loss through the damaged cell membrane also decreases. Ultimately, this causes the death of cells
due to ATP depletion, as demonstrated in in vitro and in vivo studies, which finally leads to tumor
necrosis [44–48].

The intratumoral administration of calcium ions causes the abscopal effect, which enables
destroying not only the primary lesion itself but also distant metastasis [39,48,49]. This effect is
analogous to the abscopal effect, which occurs during radiotherapy. The low cost, availability, and
low profile of adverse effects make the administration of calcium solutions very attractive. The
effectiveness of calcium electroporation (CaEP) has been confirmed by Plaschke et al. [50]. Moreover,
IRE in combination with CTH stimulates the immune response. Tc lymphocytes (cytotoxic T cells) are
stimulated, and the cancer cells undergo apoptosis. Probably, Tc cells that are responsible for the death
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of cancer cells are also involved in immunological memory. Several reports have shown that remission
occurs not only locally but also systemically, i.e., metastases in distant areas that were not subjected to
IRE are affected [51,52]. The advantages and simplicity of the IRE approach encourage the application
of this method and further research on it. Thus, in this article, we report the first application of IRE
supported by calcium ions in the treatment of three patients with unresectable pancreatic cancer.

2. Methods and Patient Representation

Our hypothesis is that calcium electroporation is a safe and sufficient method in locally advanced
pancreatic cancer. Two first cases are presented in the current paper. The cases were individually
discussed with an interdisciplinary team to ensure that all treating physicians agreed with the suggested
therapeutic plan. All patients signed a consent form in accordance with the institutional guidelines (acc.
Wroclaw Medical University, Poland). The study was approved by the Wroclaw Medical University
ethical committee (No.: KB-330/2018).

The patients considered eligible for IRE/ECT had stage III pancreatic cancer (irresectable, locally
advanced pancreatic cancer (LAPC) with no metastasis), which was histopathologically confirmed
(adenocarcinoma). The inclusion criteria for nonresectable cases were more than 180◦ infiltration of the
portal or mesenteric vein or infiltration of the mesenteric artery, celiac trunk, or hepatic artery. The
exclusion criteria were severe cardiac failure with a pacemaker.

The performance status of the patients was assessed according to the WHO (World Health
Organization) scale, additional comorbidities according to the Charlson Comorbidity Index, and pain
level according to the visual analog scale (VAS) (before the procedure, immediately after it, and three
months later). The level of Ca 19-9 before the procedure, after the procedure, and 3 months later and
the amylase and lipase levels directly after the procedure were also measured. The decrease in body
weight before the procedure and three months later was verified. The overall survival of the patients
was noted. Patients were qualified for the procedure and then were monitored using MRI (if possible)
and CT (computerized tomography). The IRE procedure was conducted using the open method, with
general anesthesia, under the guidance of intraoperative ultrasound with assistance from a radiologist.
Immediately after the procedure, surgical complications were assessed using the Clavien-Dindo scale.
The IRE device, NanoKnife®, was provided by AngioDynamics (Queensbury, NY, USA). The IRE
protocol was followed according to the manufacturer’s specifications and recommended parameters.

3. Results

3.1. Case 1: With Intratumoral Administration of Calcium Ions

A 58-year-old patient with no significant medical history was qualified for an ablation procedure
after stabilization during CTH of pancreatic cancer. The patient was primarily operated due to food
intake disorder, and gastric bypass and biliary intestinal bypass were performed. After pancreatic
cancer was confirmed by a histopathological examination, the patient was referred for CTH and
received preoperatively 5 cycles of nab-paclitaxel + GCB with poor tolerance. Finally, after 3 months of
CTH, the patient was qualified for IRE treatment. CT and MRI images of the patient are presented
in Figure 1A,B. Preoperative CT revealed a hypodense tumor mass at the head of the pancreas
(61 × 49 mm) infiltrating the mesenteric and portal vein. The clinical parameters of the patient are
shown in Table 1. Analgesics (NSAIDs) i.e. nonsteroidal anti-inflammatory drugs were taken only
on demand, and the VAS score was 2. The patient was qualified for the IRE procedure by the open
method under the guidance of intraoperative ultrasound. The patient was recommended an option
of intraprocedural administration of one dose of cisplatin and/or injecting the tumor with calcium
solution. The patient agreed only for the injection of the tumor with calcium solution because of his
poor CTH tolerance. The tumor was injected intraoperatively with calcium ion solution (10 mM), and
after the injection, the ablation procedure was performed. IRE was performed intraoperatively with
4 needles according to the manufacturer’s instruction. The needles were placed around the tumor
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tissue to treat the adjacent regions with 6 series first and later for another 8 cycles. The surgical time
was 2 h 50 min without the bypass procedure. During the procedure, it was found that after calcium
administration, the tissue conductivity changed, which required a decrease in voltage, leading to
stopping the procedure, so there was a need to decrease the voltage.
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Figure 1. Patients’ imaging before the irreversible electroporation (IRE) procedure (A) Case 1. CT
(computerized tomography) examination after the administration of the contrast agent showed a
hypodense tumor mass at the head of the pancreas (61 × 49 mm) infiltrating the mesenteric and portal
vein (not visible in the image); (B) Case 1. MRI (magnetic resonance imaging) examination (sequence
T2-dependent) before electrochemotherapy showed the presence of a tumor of size 52 × 52 mm at the
head of the pancreas and a heterogeneous signal; (C) Case 2. CT examination after the administration of
the contrast agent revealed a pancreatic tumor of size 20× 30 mm with infiltration of the mesenteric vein.

Postoperatively, the patient developed acute necrotizing pancreatitis with an increase in amylase
level to 478 U/L. Symptoms of pancreatic fistula were found (amylase level in the drain fluid was
51,280 U/mL). Postoperatively, there was no increase in the Ca 19-9 level (28 U/mL). The VAS score of
the pain level was 8. The patient was treated intensively according to the recommendations related to
necrotic hemorrhagic pancreatitis, which was also confirmed by CT examination: in the head and the
uncinate process of the pancreas, a hypodense lesion (4 cm) was found with features of lysis along
with free fluid in the peritoneal cavity. The patient responded well to the conservative treatment and
was discharged 10 days after the surgical procedure, with drain and drainage of around 100 mL of
clear fluid. The complication was assessed at the level of III/IV in the Clavien-Dindo scale.
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Table 1. Patients’ comparison at the time of qualification for the procedure and immediately after the
procedure. VAS: visual analog scale.

Case 1 IRE with Calcium
Electroporation

Case 2 IRE with Calcium and Cisplatin
Electroporation

Sex Male Male

Age 58 years 60 years

WHO/ECOG
performance status * 1 1

Body weight 83 kg 62 kg

BMI 23.67 19.6

Comorbidities according
to the Charslon

Comorbidity Index
2 2

The VAS scale ** 2 6

Analgesics taken NSAIDs, periodically Opioids

Tumor size in [mm] CT 61 × 49
MR 52 × 52

After 3 months CT 52
× 56 MRI 56 × 59

CT 20 × 30 mm MR
not done

After 3 months CT 20 ×
30 mm MR not done

Chemotherapy before 5 cycles of nab-paclitaxel + GCB with
poor tolerance 12 cycles of FOLFOX chemotherapy

Ca 19-9 (U/mL) level *** Before the
procedure 14

After the procedure
28.36

Before the
procedure 35 After the procedure 28.36

Amylase level (U/L) Before the
procedure 48

After the procedure
478

Before the
procedure 48 After the procedure 478

Postoperative
complications (the

Clavien-Dindo scale)
Acute pancreatitis level III/IV Pancreatic fistula type B level II

* WHO/ECOG performance status—World Health Organization/Eastern Cooperative Oncology Group performance
status to evaluate patient’s level of functioning in the normal life functioning. ** VAS scale—the visual analog
scale is a validated, subjective measure for acute and chronic pain. *** Carbohydrate antigen 19-9, marker of
pancreatic cancer.

3.2. Case 2: With Intratumoral Administration Calcium Ions and Intravenous, Simultaneous CTH

A 60-year-old male without comorbidities was qualified to undergo ablation after stabilization
of the size of the pancreatic tumor according to RECIST criteria. The patient had been operated
on 9 months before admission and underwent a palliative, bypass procedure later with FOLFOX
(folinic acid calcium folinate, fluorouracil, and oxaliplatin) chemotherapy. A CT image of the patient
is presented in Figure 1C. CT before ablative treatment revealed a pancreatic tumor of size 2 × 3 cm
with infiltration of the mesenteric vein. The mesentery showed high density. There was no sign of
metastatic disease. The patient experienced pain (VAS score was 6) and was treated with opioids and
paresthesia of the hand and legs. Preoperative MRI was not performed because of the metal prosthesis
of the common bile duct (SEMS, i.e. self-expandable metal stent).

The clinical parameters of the patient are shown in Table 1.
The patient agreed to an intratumoral administration of calcium ions and intravenous,

intraoperative administration of cisplatin. The open procedure under general anesthesia with an
intraoperative US was performed. The metal prosthesis was removed before the ablative procedure.
The operating time was 3 h 10 min. The procedure consisted of 11 sessions, one replacement of the
needles, intratumoral administration of calcium ions after the ablative procedure, and intravenous
cisplatin administration before the ablative procedure.

Postoperatively, the patient showed no severe complications. The amylase level was 61 U/L,
and it decreased to 33 U/L. The VAS score after the procedure decreased to 4. Two weeks after the
procedure, the patient developed pancreatic fistula type B with approximately 10–20 mL secretion
per 24 h. However, this did not affect the further “treatment plan”. Necrosis of the tumor was
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apparent “immediately after” the CT scan. There were no signs of pancreatitis. Complications after the
procedure were assessed at grade II in the Clavien-Dindo scale. Table 2 shows the IRE conditions and
pharmacological treatment applied during all sessions.

Table 2. Electroporation protocols, anesthesia, and additional drug data.

Case 1 (IRE with CaCl2
Administered before

the Procedure)

Case 1 (IRE with CaCl2
Administered before the

Procedure Second Session)

Case 2 (IRE with Chemotherapy
and CaCl2 Administered after

the Procedure)

Voltage 1.09–1.2 kV 2.8–1.35 kV 1.05–1.47 kV

Electrode type Single Single Single

Electrode spacing 1.1–1.9 cm 1.1–1.9 cm 1.2–1.4 cm

Number of pulses per
electrode pair 10 10 10

Number of electrode
replacement None None 1

Operating time 2 h 50 min 3 h 10 min

Anesthesia Epidural and general anesthesia Epidural and general anesthesia

Administered
additional drugs Calcium ions intratumoral before the procedure

Calcium ions intratumoral after the
procedure Cisplatin intravenous

before the procedure

3.3. Three Months Observations and Overall Survival Post IRE

Case 1 (IRE with intratumoral administration of calcium ions). CT and MRI images of the patient
are presented in Figure 2A,B. In the follow-up CT examination, the size of the pancreatic tumor was
found to be reduced, with features of internal lysis. The presence of air inside the tumor was related to
a fistula between the pancreatic ducts and the tumor, and inflammation was also detected.
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Figure 2. Patients’ imaging after the IRE procedure: (A) Case 1. In the follow-up CT examination,
3 months after electroporation, a slight reduction in the size of the pancreatic tumor was found, with the
presence of features of internal lysis. The presence of air inside the tumor was related to fistula between
the pancreatic ducts and the tumor, and inflammation was also found; (B) Case 1. In the follow-up
MRI examination (T1 images, contrast-dependent) 3 months after the electroporation procedure, an
area of necrosis lysis in the tumor (no enhancement and low signal) was found, (C) Case 2. The CT
examination after the administration of the contrast agent showed necrosis of the tumor (visible in
the image).
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In the follow-up MRI (T1 images, contrast-dependent), a necrotic area in the tumor was also
found. However, the patient was discharged in good condition and referred for further CTH. The
patient was admitted for follow-up examination after the ablation procedure. After the procedure, he
did not receive CTH due to persistent pancreatic fistula. The drain was removed, and the patient’s
WHO performance status was I. He did not report impaired food intake; however, he did report
appetite disorders, which was most likely related to acute pancreatitis, immediately after the procedure.
A further decrease in body weight to 75 kg (8 kg since the procedure) occurred; however, at present,
the patient does not report further weight loss. The patient periodically takes analgesics (NSAIDs),
and the VAS level periodically equals to 1. The Ca 19-9 level was 408 U/L. The patient was discharged
in good condition and referred for further CTH. Unfortunately, the patient did not respond well to the
chemotherapy. The patient refused treatment after another 3 months and died after 9 months from
diagnosis and 6 months from calcium electroporation.

Case 2 (IRE with intratumoral administration of calcium ions and intraoperative chemotherapy).
CT image of the patient after the procedure is presented in Figure 2C. In a short time after IRE-Ca
administration, the patient continued with CTH (for 2 months). The pancreatic fistula had ceased to be
active. Moreover, the patient gained 5 kg weight, and the VAS score was 1. The patient has stopped
the intake of opioids, and his quality of life is currently significantly better.

After 21 months from diagnosis and 12 months from calcium electroporation and
electrochemotherapy, the patient is well. He gained another 15 kg, has no fistula sign, and has
no pain. He continued CTH, but to date has had a 2-month break. In CT, there is a stabilization of the
tumor mass. He is still under observation and planning another procedure if there is any progression
of the tumor.

Table 3 presents the comparison of clinical data between the cases.

Table 3. Patient comparison 3 months post treatment.

Case 1 Case 2

Progression/regression/stabilization in CT
after 3 months according to RECIST criteria stabilization stabilization

Ca 19-9 [U/mL] after 3 months 408 35.46

Continuation of chemotherapy Yes Yes

Weight 75 kg 68 kg after 3 months 77 kg now

Pain in VAS scale 8 0

Overall survival 9 months 21 months and counting

Survival after electroporation procedure 6 months 12 months and counting

RECIST: response evaluation criteria in solid tumors.

4. Discussion

The use of electroablation for nonresectable pancreatic tumors is controversial, and the largest
groups of patients include 200–300 individuals. Patients qualified for ablation are most often treated
with CTH, which impedes the determination of the effectiveness of IRE alone. However, for patients
with nonresectable pancreatic cancers, electroablation often remains the last treatment option, and at
this stage of cancer, every attempt to extend life expectancy or, at least, improve the quality of life (for
example, by decreasing pain) seems legitimate.

Here, we have presented two cases: the IRE method was combined with calcium chloride as a
cytostatic drug. Irreversible and reversible electroporation occurs simultaneously during the procedure,
and it is impossible to know the range of each. There are some simulation and predictive studies
estimating the IRE range [53,54]. Thus, the application of chemotherapeutic agent seems reasonable.
In the first case, changes in the tissue conductivity were observed with the intratumoral administration
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of calcium ions before the IRE procedure. This required an adjustment of the device and the application
of lower voltage doses. Immediately after the procedure, the patient developed acute pancreatitis. The
patient was hospitalized for a longer period of time, and the complication, namely pancreatic fistula,
persisted up to one month after the procedure, delaying chemotherapeutic treatment according to
the protocol. The patient lost weight and experienced significantly more severe pain related to the
complication. Two months after the procedure, the patient was feeling fine; there was no impairment
of food intake and no further weight loss. The patient qualified for systemic treatment, which was
inefficient, and the patient died 9 months after diagnosis. In the second case, IRE was conducted
with intraoperative chemotherapy and calcium electroporation, which was administered after the
ablative procedure. The patient recovered well, developed pancreatic fistula with low secretion, which
did not require any treatment, and his chemotherapy protocol was continued. After three months of
observation, the patient did not feel any pain; hence, neurolysis during the ablative procedure might
have occurred. The patient discontinued opioid treatment, gained weight, and is still alive 21 months
after a pancreatic cancer diagnosis.

Currently, there are no standards for combining IRE or ECT with chemotherapeutic treatment
protocols for pancreatic tumors. The present clinical data indicate a positive effect of IRE alone in
pancreatic cancer [52], including LAPC [55]. Clinical trials in which pancreatic ductal adenocarcinoma
(PDAC) was treated by IRE combined with anti-programmed cell death protein 1 (anti-PD1) have
shown promising results [56]. However, to date, our study is the first one in which the IRE method
was combined with intratumoral administration of the calcium ions. Although the question of whether
IRE alone should be applied as a palliative method has been responded to positively, the appropriate
positioning of IRE application remains to be clarified. Studies on the use of calcium electroporation
in skin cancers have shown no strong rationale for the application of IRE electrochemotherapy to
treat pancreatic cancer, and the effect of the application of calcium ions in visceral tumors remains
unknown. Based on the patient selection and the frequency of examination, it is necessary to conduct
multicenter studies.

5. Conclusions

The cases presented in this study revealed that the IRE protocol can be applied for the treatment
of LAPC. The IRE procedure with calcium ion administration was also effective (more extended tumor
necrosis was visible), despite complications after the surgery. It is difficult to state whether the acute
pancreatitis that developed in the first case and pancreatic fistula in the second case were caused by
the IRE procedure alone or administration of calcium ions or too high concentration, and to what
extent pancreatitis influenced the occurrence of necrosis. Therefore, the cause of pancreatitis and the
reason for the larger necrosis visible in the imaging of the abdominal cavity are unknown. It remains
unclear whether the administration of calcium ions is safe for the pancreas, which is a chimeric and
delicate organ, and it requires studies on the animal model. However, this treatment option should be
considered for chemoresistant patients. The determination of calcium ion concentration necessary for
this procedure and the time of administration (administration after the IRE procedure seems to be
safer) also requires further study. It seems that the administration of calcium ions may increase the
effectiveness of the procedure itself.

In the first case, the general condition of the patient delayed the initiation of systemic treatment,
which is a standard method of palliative pancreatic cancer treatment.

The implications of this procedure in terms of overall survival of the patient remain unknown
because it is a case report. In the first case, overall survival was 9 months from diagnosis, but in the
second case, it is already 21 months, and the patient is in very good condition (WHO 0). It is hard to
say that this is due to calcium electroporation or electrochemotherapy (patient received an intravenous
dose of cisplatin during the IRE procedure), but it seems promising for longer survival in palliative
pancreatic cancer patients. Considering these two cases, it is certain that electroporation and systemic
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treatment should be used together as in the second case (the first one resigns twice from the CTH
because of poor tolerance).

Summarizing, we conclude that IRE is a safe method for treating LAPC. The administration of
calcium ions before the procedure changes tissue conductivity; therefore, calcium ions should be
delivered after the IRE procedure rather than before it. Furthermore, the administration of calcium
ions may increase the effectiveness of IRE for treating pancreatic cancer. However, further clinical
studies are required to determine the influence and concentration of calcium ions in combination with
the ablation procedures for treating pancreatic cancer to confirm the hypothesis about the safeties of
this method, but calcium electroporation seems to be efficient in pancreatic cancer treatment.
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