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Abstract Pancreatic adenocarcinoma is an aggressive

tumour with an extremely poor prognosis, which has not

changed significantly during the last 30 years. Prolonged

survival is achieved only by R0 resection with macroscopic

tumour clearance. However, the majority of the cases are

considered inoperable at diagnosis due to local spread or

presence of metastatic disease. Chemoradiotherapy is not

tolerated by all patients and still fails to prolong survival

significantly; neoadjuvant treatment also has limited results

on pain control or tumour downstaging. In recent years,

there has been a growing interest in the use of ablation

therapy for the treatment of nonresectable tumours in

various organs. Ablation techniques are based on direct

application of chemical, thermal, or electrical energy to a

tumour, which leads to cellular necrosis. With ablation,

tumour cytoreduction, local control, and relief from

symptoms are obtained in the majority of the patients.

Inoperable cases of pancreatic adenocarcinoma have been

treated by various ablation techniques in the last few years

with promising results. The purpose of this review is to

present the current status of local ablative therapies in the

treatment of pancreatic adenocarcinoma and to investigate

on the efficiency and the future trends.
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Introduction

Pancreatic ductal adenocarcinoma is still one of the most

aggressive cancers and is the fourth most frequent tumour-

related cause of death in the Western world [1]. Locally

advanced disease is difficult to control, and no significant

improvement in outcomes has been achieved in the last

30 years despite the advance of diagnostic modalities and

therapeutic options. For all stages combined, the 1-year

survival rate is *20 %, and the overall 5-year survival rate

has remained dismally poor at\5 % [2]. Complete surgical

resection remains the only curative treatment for pancreatic

cancer. The advanced T-stage of pancreatic adenocarci-

noma is defined according to the involvement of the

superior mesenteric artery, the celiac axis, the portal vein,

or their combination on cross-sectional imaging, and this is

how the tumour is characterized as nonresectable [3, 4].

Pancreatic tumour becomes symptomatic at a very

advanced stage; therefore, a small percentage (15–20 %) of

patients may undergo therapeutic resection. In the rest of the

patients, there might be either advanced locoregional disease

without distant metastases (expected survival of

6–12 months) or locoregional disease with distal metastases

(expected survival of 3–6 months) [5]. Chemoradiation

therapy (CRT) provides minimal survival benefits in patients

with locally advanced pancreatic cancer. The majority of the

chemotherapeutic schemes fail completely to prolong sur-

vival, and only recently did gemcitabine-associated CRT

appear to offer a modest survival benefit of 3 months [6, 7].

Also recently, the combination of several drugs (5-fluoro-

uracil, leucovorin, irinotecan, and oxoplatin)—called the
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FOLFIRINOX combination—showed better response and

survival rates in specific groups of patients; however, long-

term results from ongoing trials are not yet available [8]. The

usefulness of radiation therapy was also tested; however, the

results were not significant [9, 10].

Considering the limited effect of CRT, there is a clear

need for a more effective local treatment to improve sur-

vival and pain control of patients with nonresectable pan-

creatic adenocarcinoma. Image-guided ablation techniques,

such as radiofrequency ablation (RFA), microwave abla-

tion (MWA), high-intensity focused ultrasound (HIFU),

and irreversible electroporation (IRE), have been proposed

as new treatment options in such cases.

Local Ablative Therapies

When local ablative therapies are applied, chemical, ther-

mal, or electrical energy is transferred to a specific area of

the body with the intent of tissue destruction. Chemical

ablation includes the use of ethanol or acetic acid, which

induces coagulation necrosis of the tumour mass after

direct contact with these agents. With chemical ablation,

there is always the risk of migration to the arterial system

with fatal consequences, and its application in the treat-

ment of pancreatic tumour is limited [11].

Thermal ablation may be based on the increase or the

decrease of tumour temperature. When heat is applied, a

target temperature [50 �C (particularly temperatures

ranging from 60 to 100 �C or more) results in significant

tissue ablation and a successful outcome. Cell death results

from apoptosis and eventually coagulative necrosis, which

occurs at temperatures [50 �C after 2 min. When cold is

applied (cryoablation), temperatures lower than the tissue

freezing edge are achieved; the target temperature is lower

than –40 �C, which in most is necessary to cause irre-

versible necrosis of target cells [12, 13]. There are several

thermal ablation studies on the treatment of pancreatic

cancer, mainly with the use of applied heat, and very

limited studies on cryoablation in the literature.

Electrical current ablation is a technology that is based

on the irreversible increase of permeability of the cellular

membrane with the use of electric currents. IRE is one of

the latest technological advances, and few studies have

been performed on its application in the local treatment of

pancreatic cancer.

Improvement in percutaneous guidance of probes, elec-

trodes, and ultrasound (US) beam enables the development

of accurate minimally invasive tumour treatment [14].

Ablation may be applied to patients who are not considered

suitable for surgical resection and cannot tolerate CRT or

who fail to respond to CRT, thus aiming to offer symptom

relief, control of pain, and downstaging of the lesion.

The pancreas per sè is a rather delicate organ, and

ablation of any form may cause damage to healthy tissue

and lead to complications such as pancreatitis. The ana-

tomical location of the organ is also challenging, and

ablation treatment may also lead to the injury of the duo-

denum, the distal bile ducts, and the vascular structures of

the area. Nevertheless, technical feasibility of the ablation

of pancreatic tumours has been confirmed by numerous

studies.

Radiofrequency Ablation

RFA of the pancreas was initially applied to animal

models. Goldberg et al. [15] studied the safety and efficacy

of RFA in experimental models and concluded that RFA

can be used in small neuroendocrine tumours and possibly

in the palliation of unresectable pancreatic adenocarci-

noma. Date et al. [16] showed the safety and efficacy of

RFA in the normal pancreas of a porcine model. Matsui

et al. [17] published the first clinical study of 20 patients in

2000. Since then, few studies and case reports have been

published from various groups of investigators [18–22].

The results of the main studies have been summarized in a

recently published systematic review on the use of RFA for

the treatment of locally advanced pancreatic cancer [18]. In

the review, five cohort studies (four prospective and one

retrospective) were included that were published in the

English language until 2012. The investigators did not

include studies with less than 5 cases because they were

considered as case reports, and they included only studies

that reported RFA on pancreatic adenocarcinoma. In total,

158 patients were treated with the use of four different

ablation devices: 100 patients using a 1500X generator

(RITA Medical Systems, Mountain View, CA), 28 patients

using a Radionics generator (Radionics Inc., Burlington,

MA), 10 patients using a generator manufactured by

Berchtold GmbH & Co., KG (Tuttlingen Germany), and 20

patients using a generator manufactured by Omron Co., Ltd

(Kyoto, Japan). In the study by Matsui et al. [17], the

median reported survival was 3 months. The benefit of the

survival rate offered by local tumour control was not clear

because patients with metastatic disease were also included

in the study, and no subgroup analysis was performed.

Median patient survival was also included in another two

studies among the five included in the systematic review,

and this was 20 months [19] and 33 months, respectively

[20]. In the study of Singh et al. [21], the investigators

reported survival range of 9–36 months. In the largest

among these studies, published by Girelli et al. [19], 100

patients were treated and procedure-related morbidity and

mortality were 15 and 3 %, respectively. The investigators

initially treated their first 25 patients with a target tissue

temperature of 105 �C, and thermal vein damage in
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conjunction with duodenal damage occurred. Their practice

was changed for the rest of the patients aiming for a target

temperature of 90 �C, and the morbidity rate was signifi-

cantly decreased. The highest procedure-related morbidity

and mortality were reported by Wu et al. [22] and were 38

and 19 %, respectively. The RFA margin threshold at this

study was only 5 mm from the porto-mesenteric vascular

structures, and 3 patients developed a pancreatic fistula, 3

had massive gastrointestinal bleeding after portal vein

thrombosis, and 3 with gastrointestinal bleeding died.

Girelli et al. [19] performed RFA with a [5-mm safety

margin from the porto-mesenteric vessel and a [10-mm

safety margin from the duodenum. An endoscopically

inserted cooling device may also be used in the duodenum

to prevent thermal damage [23]. Cooling devices may also

be used in an intraoperative setting as reported by Cavallini

et al. [24].

Although there is a great heterogeneity in the obtained

results from the various pancreatic RFA studies consider-

ing that tumours of different stages (III–IV) were treated,

and considering that different RFA settings and protocols

were used, RFA appears to be a feasible option for the local

control of pancreatic adenocarcinoma. However, the ther-

mal damage of the surrounding organs and the inevitable

‘‘heat-sink’’ effect still limit the application of this method.

Microwave Ablation

Microwave radiation lies between infrared radiation and

radio waves with frequencies from 900 to 2,450 MHz.

Heating of the tissue is based on the agitation of water

molecules inducing cellular death by way of coagulation

necrosis; electrical charge on the water molecule flips

back and forth 2–5 billion times a second depending on

the frequency of the microwave energy [25, 26]. The

main advantages of MWA include the following: greater

intratumoural temperatures, greater tumour ablation vol-

umes, faster ablation times, reproducible ablation zones,

ability to use simultaneously multiple applicators, opti-

mal heating of cystic masses and tumours close to the

vessels without heat-sink effect, and less procedural pain

[25–28].

The MWA system resembles the RFA system and is

principally formed by a generator and a needle, which in

this specific case is called the ‘‘antenna.’’ The results of the

application of MWA in pancreatic tumours was published

by Lygidakis et al. [29] in a study of 15 patients in whom

microwave antennas were inserted intraoperatively. The

results of the study showed partial necrosis in all treated

cases without major complications. However, in 40 % of

cases, minor complication occurred (mild pancreatitis,

pancreatic ascites, asymptomatic hyperamylasia, and minor

bleeding). The average size of the treated lesions was 6 cm,

and the lesions were mainly located in the head of the

organ and the uncinate process. The longest survival

reported in this series was 22 months.

Carrafiello et al. [30], in a short communication,

reported a case of a 42-mm pancreatic head adenocarci-

noma that was treated under computed tomography (CT)

guidance with the use of two microwave antennas. No local

recurrence was noticed during the follow-up period; a

pseudocyst developed 3 months after the procedure and

was drained percutaneously. A limitation of some MWA

generators is the morphology of necrotic area that is ‘‘drop-

shaped’’ with the presence of a comet tail proximally

directed along the needle. A development in this area is

‘‘mini-choke’’ technology, which is expected to produce a

more spherical ablation zone and thus limit the ‘‘comet-

tail’’ effect.

High-intensity Focused Ultrasound

One of the most innovative and revolutionary techniques in

the field of ablation is HIFU. The main advantage of HIFU

is that it does not require percutaneous placement of nee-

dles. It is based on the use of a US beam that is focused and

creates a thermal effect. HIFU transducers deliver US with

intensities in the range of 100–10,000 W/cm2 to the focal

region (an effect known as ‘‘sonication’’) with peak com-

pression pressures B30 MPa and peak rarefaction pressures

B10 MPa. The acoustic energy is absorbed by the tissue

and transformed to thermal energy with a result of an

increase in the tissue’s temperature; when the temperature

exceeds the threshold of 60 �C, this leads to coagulative

necrosis. With HIFU, this effect is achieved in few sec-

onds. The beam is precisely focused either under magnetic

resonance imaging (MRI) or real-time US imaging to avoid

thermal damage to adjunct structures. With the use of MRI,

a thermal map of the tissue may also be obtained. With the

use of US guidance, the acoustic pathway may be checked

before treatment [31].

Results from an open-label study in China of 251

patients with advanced pancreatic cancer (TNM stages II–

IV) suggested that HIFU treatment could decrease the size

of pancreatic tumours without causing pancreatitis and thus

prolong survival [32]. An interesting result was that 84 %

of patients with pain due to pancreatic cancer obtained

significant pain relief after treatment with HIFU. Nonran-

domized open-label studies from China also suggested that

HIFU treatment of pancreatic tumours significantly

relieves tumour-related pain [33, 34]. Similar results were

obtained by some small case series and case reports from

Europe [35–38]. However, there are no published pro-

spective randomized studies on the use of HIFU for the

treatment of pancreatic tumours.
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Irreversible Electroporation

Nonthermal ablation with IRE offers the advantage of

decreasing the risk of thermal damage to structures adja-

cent to pancreatic tissue. The technique uses a series of

short, high-voltage pulses that are applied to tissues and

increase the permeability of the cell membranes. Revers-

ible electroporation is a commonly used technique that

offers access for electro-transfection of genetic material or

intracellular delivery of drugs [39–41]. There is a certain

threshold above which the energy of the applied pulses

leads to irreversible permeabilization, thus leading to cel-

lular apoptosis [42]. This technique influences only the

intracellular environment and not the extracellular matrix;

hence, the effect of ablation is strictly intracellular [43–46].

Bower et al. [47] reported the use of IRE in porcine

pancreatic tissue. Six swine underwent a general anaes-

thesia procedure, and a ventral midline incision was per-

formed. A 19-gauge monopolar and a 16-gauge bipolar

electrode were used. The electrodes were placed within the

pancreatic tissue in a distance of 1 mm from the portal vein

or the mesenteric artery under US guidance. The mono-

polar electrodes were located with a variety of intervals

between 1.5 and 2 cm. The generator used was the Nano-

Knife (AngioDynamics, Queensbury, NY), which offers an

energy output of 3 kV and current up to 50 amp. The

generator was synchronized to deliver electrical pulses

according to the swine’s cardiac rhythm to prevent cardiac

arrhythmias. The goal of treatment was to deliver 90 ls

pulses at groups of 10 with pulse duration of 100 ms and a

pulse interval of 250 ms. All animals tolerated the proce-

dure, and only a transient increase in pancreatic enzymes

was reported. Two swine were killed at each of the fol-

lowing intervals: 72 hours, 7 days, and 14 days after the

procedure. Pathology analysis showed satisfactory ablation

areas with necrosis of pancreatic cells adjacent to vascular

structures. There was no heat injury in vessels or bile ducts.

The results of this preliminary animal study suggested that

IRE might be used in the ablation of pancreatic tissue

without significant risk of pancreatitis or vascular throm-

bosis. However, there is a threshold above which IRE may

result to thermal injury, and this must be controlled within

the ablation parameters.

Martin et al. [48] reported the results of 54 patients who

underwent IRE for local treatment of pancreatic cancer. All

patients were considered inoperable due to encasement of

the superior mesenteric artery or the celiac axis. The results

obtained were compared with standard treatment (chemo-

therapy or chemoradiotherapy). IRE was not performed

percutaneously but rather intraoperatively through an open

supine midline incision or in a laparoscopic fashion. In 19

patients, surgical down staging was performed, and IRE

was used for surgical margin accentuation after the

excision of the tumour; however, the investigators do not

distinguish these patients as a separate group. After a

median follow-up time of 15 months, 15 of the 54 patients

appeared to have local disease recurrence. The adverse

events that were IRE-related were two cases of bile leakage

and two cases of duodenal leakage. However, the duodenal

leaks occurred after the removal of a duodenal stent and

placement of the IRE needle. The IRE group appeared to

have a longer survival (14 vs. 6 months) compared with the

standard group; however, randomization was not per-

formed, and selection of the group was physician related.

The investigators concluded that IRE appears to be safe for

local control of pancreatic cancer precluding that standard

chemotherapy was administered for a minimum of

4 months.

Narayanan et al. [49] performed a study of 14 patients

who received CT-guided percutaneous treatment with IRE

for locally advanced pancreatic cancer. The indications for

treatment were down staging of the locally advanced can-

cer, control of local recurrence after previous Whipple

procedure, and intolerance to systemic chemotherapy. The

patients had received previous cycles of chemotherapy and

10 of 14 also received previous radiation therapy. The

median time from diagnosis to IRE was 16.6 months. The

median tumour size treated was 3.3 cm (range 2.5–7). In

six cases, the tumour was located in the pancreatic head; in

seven cases it was located in the body, and in one case it

was located in the uncinate process. In three cases, small-

volume metastatic disease was present, whereas patients

with extensive metastatic disease were not included in the

study. In one case, a peritoneal deposit was also treated

with IRE in the same setting as the pancreatic lesion. The

investigators also used the NanoKnife IRE device (An-

gioDynamics, Queensbury, NY), which was set up to

produce 70-ls direct-current (25 to 45 A) electric pulses at

high voltage (1,500–3,000 V). No severe complications

occurred after the procedure. Complications included

pneumothorax, a small subcutaneous hematoma, and self-

limiting pancreatitis. There were four deaths during the

course of the follow-up; however, no deaths were attributed

to the procedure. There were no cases of vessel thrombosis

after the procedure. Two patients underwent margin-free

tumour resection after IRE. Three other patients with

intolerance to chemotherapy showed stable disease and did

not require any further treatment. In another patient, pain

relief was obtained 4 weeks after the procedure. The

investigators concluded that patients with metastatic dis-

ease do not appear to benefit from IRE and that patients

with extensive varices probably also need to be excluded,

thus indicating that a safe CT ‘‘window’’ is not enough for

percutaneous IRE of locally advanced pancreatic cancer.

However, the procedure appears to be well-tolerated; fea-

sible for percutaneous approach, even though several
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(usually four) needles must be inserted; and represents an

option for patients in whom disease appears to be pro-

gressing even though chemoradiotherapy is administered.

Conclusion

To summarize, RFA, MWA, HIFU, and IRE have a clear

role in the local control of pancreatic adenocarcinoma.

RFA and high-intensity US could ablate large volumes of

tumour with high precision. Many specialist units are using

RFA for ablation of liver tumours, and such expertise may

be used for the ablation of pancreatic tumours in some

cases. MWA is a promising modality; however, further

improvements may be required for the locoregional treat-

ment of pancreatic tumours. Some groups use IRE; how-

ever, it is very expensive at the moment and not available

in many centres. All methods offer a cytoreductive measure

in an adjuvant setting with the aim of better palliation in

locally advanced pancreatic cancer. Thermal ablation is

universally recognized as effective and intentionally radi-

cal when a ‘‘safety halo’’ of necrosis is achieved around the

target lesion. The difficulty to obtain that without running

excessive risks of perioperative complications is the most

important limitation of any thermal ablative technique in

the pancreas. Further studies of ablative therapy with or

without chemotherapy and chemoradiation are warranted

to study the benefit of all available techniques on survival

and quality of life in patients with unresectable pancreatic

cancer. During the next several years, we expect more

substantial research efforts comparing various ablation

techniques. The desired advances include the following:

improvements in image guidance for targeting tumours to

be ablated, better detection of residual disease, increased

efficacy on celiac ganglion ablation, and making the ther-

apy more straightforward by decreasing device complexity

and overall time required to ablate a given tumour.
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10. Huguet F, André T, Hammel P, Artru P, Balosso J, Selle F et al

(2007) Impact of chemoradiotherapy after disease control with

chemotherapy in locally advanced pancreatic adenocarcinoma in

GERCOR phase II and III studies. J Clin Oncol 25:326–331

11. Jurgensen C, Schuppan D, Neser F, Ernstberger J, Junghans U,

Stolzel U (2006) EUS-guided alcohol ablation of an insulinoma.

Gastrointest Endosc 63:1059–1062

12. Goel R, Anderson K, Slaton J, Schmidlin F, Vercellotti G, Bel-

cher J et al (2009) Adjuvant approaches to enhance cryosurgery.

J Biomech Eng 131(7):074003

13. Robinson D, Halperin N, Nevo Z (2001) Two freezing cycles

ensure interface sterilization by cryosurgery during bone tumor

resection. Cryobiology 43:4–10

14. Habash RW, Bansal R, Krewski D, Alhafid HT (2007) Thermal

therapy, part III: ablation techniques. Crit Rev Biomed Eng

35(1–2):37–121

15. Goldberg SN, Mallery S, Gazelle GS, Brugge WR (1999) EUS-

guided radiofrequency ablation in the pancreas: results in a por-

cine model. Gastrointest Endosc 50:392–401

16. Date RS, Biggins J, Paterson I, Denton J, McMahon RF, Siri-

wardena AK (2005) Development and validation of an experi-

mental model for the assessment of radiofrequency ablation of

pancreatic parenchyma. Pancreas 30:266–271

17. Matsui Y, Nakagawa A, Kamiyama Y, Yamamoto K, Kubo N,

Nakase Y (2000) Selective thermocoagulation of unresectable

pancreatic cancers by using radiofrequency capacitive heating.

Pancreas 20:14–20

18. Fegrachi S, Besselink MG, van Santvoort HC, van Hillegersberg

R, Molenaar IQ (2013) Radiofrequency ablation for unresectable

locally advanced pancreatic cancer: a systematic review. HPB

(Oxford). doi:10.1111/hpb.12097

19. Girelli R, Frigerio I, Salvia R, Barbi E, Tinazzi Martini P, Bassi C

(2010) Feasibility and safety of radiofrequency ablation for

locally advanced pancreatic cancer. Br J Surg 97:220–225

20. Spiliotis JD, Datsis AC, Michalopoulos MV, Kekelos SP,

Vaxevanidou A, Rogdakis AV et al (2007) Radiofrequency

ablation combined with palliative surgery may prolong survival

of patients with advanced cancer of the pancreas. Langenbecks

Arch Surg 392:55–60

21. Singh V, Varshney S, Sewkani A, Varshney R, Deshpande G,

ShajiPJat A (2001) Radiofrequency ablation of unresectable

590 M. Rossi et al.: Ablation Treatment for Pancreatic Adenocarcinoma

123

http://dx.doi.org/10.1111/hpb.12097


pancreatic carcinoma: 10-year experience from single centre.

Pancreatology 11(Suppl 1):52

22. Wu Y, Tang Z, Fang H, Gao S, Chen J, Wang Y et al (2006) High

operative risk of cool-tip radiofrequency ablation for unresectable

pancreatic head cancer. J Surg Oncol 94:392–395

23. Fegrachi S, Molenaar IQ, Klaessens JH, Besselink MG, Offer-

haus JA, van Hillegersberg R (2013) Radiofrequency ablation of

the pancreas with and without intraluminal duodenal cooling in a

porcine model. J Surg Res. doi:10.1016/j.jss.2013.04.068

24. Cavallini M, La Torre M, Citone M, Rossi M, Rebonato A, Nava

AK et al (2010) A novel approach in surgical palliation for un-

resectable pancreatic cancer with untreatable chronic pain:

Radiofrequency ablation of pancreatic mass and celiac plexus.

Am Surg 76(8):E108–E109

25. Lubner MG, Brace CL, Hinshaw JL, Lee FT Jr (2010) Microwave

tumor ablation: mechanism of action, clinical results, and devi-

ces. J Vasc Interv Radiol 21(8 Suppl):S192–S203

26. Simon CJ, Dupuy DE, Mayo-Smith WW (2005) Microwave

ablation: principles and applications. Radiographics 25:S69–S83

27. Wright SA, Lee FT, Mahvi DM (2003) Hepatic microwave

ablation with multiple antennae results in synergistically larger

zones of coagulation necrosis. Ann Surg Oncol 10:275–283

28. Shock SA, Meredith K, Warner TF (2004) Microwave ablation

with loop antenna: in vivo porcine liver model. Radiology

231:143–149

29. Lygidakis NJ, Sharma SK, Papastratis P, Zivanovic V, Kefalou-

rous H, Koshariya M et al (2007) Microwave ablation in locally

advanced pancreatic carcinoma—a new look. Hepatogastroen-

terology 54(77):1305–1310

30. Carrafiello G, Ierardi AM, Piacentino F, Lucchina N, Dionigi G,

Cuffari S et al (2012) Microwave ablation with percutaneous

approach for the treatment of pancreatic adenocarcinoma. Car-

diovasc Interv Radiol 35:439–442

31. Dubinsky TJ, Cuevas C, Dighe MK (2008) High-intensity

focused ultrasound: current potential and oncologic applications.

AJR Am J Roentgenol 190:191–199

32. He SX, Wang GM (2002) The noninvasive treatment of 251 cases

of advanced pancreatic cancer with focused ultrasound surgery.

In: Andrew MA, Crum LA, Vaezy S (eds) Proceedings from the

2nd international symposium on therapeutic ultrasound. Univer-

sity of Washington, Seattle, pp 51–56

33. Wu F, Chen WZ, Bai J, Zou JZ, Wang ZL, Zhu H et al (2001)

Pathological changes in human malignant carcinoma treated with

high-intensity focused ultrasound. Ultrasound Med Biol

27:1099–1106

34. Yuan C, Yang L, Yao C (2003) Observation of high intensity

focused ultrasound treating 40 cases of pancreatic cancer [in

Chinese]. Chin J Clin Hepatol 19:145–146

35. Orgera G, Krokidis M, Monfardini L, Arnone P, Bonomo G,

Della Vigna P et al (2012) Ultrasound-guided high-intensity

focused ultrasound (USgHIFU) ablation in pancreatic metastasis

from renal cell carcinoma. Cardiovasc Intervent Radiol

35(5):1258–1261

36. Orgera G, Monfardini L, Della Vigna P, Zhang L, Bonomo G,

Arnone P et al (2011) High-intensity focused ultrasound (HIFU)

in patients with solid malignancies: evaluation of feasibility, local

tumour response and clinical results. Radiol Med 116(5):734–748

37. Orgera G, Krokidis M, Monfardini L, Bonomo G, Della Vigna P,

Fazio N et al (2011) High intensity focused ultrasound ablation of

pancreatic neuroendocrine tumours: report of two cases. Car-

diovasc Intervent Radiol 34(2):419–423

38. OrgeraG, Della Vigna P, Bonomo G, Monfardini L, Curigliano G,

Orsi F (2010) High-intensity focused ultrasound treatment in

patients with advanced pancreatic cancer: assessment of local

tumor response and clinical results. Original scientific research

(abstract no. 303). Society of interventional radiology 35th annual

scientific meeting, Tampa, FL, USA

39. Granot Y, Rubinsky B (2008) Mass transfer model for drug

delivery in tissue cells with reversible electroporation. Int J Heat

Mass Transf 51:5610–5616

40. Escobar-Chavez JJ, Bonilla-Martinez D, Villegas-Gonzalez MA,

Revilla-Vázquez AL (2009) Electroporation as an efficient

physical enhancer for skin drug delivery. J Clin Pharmacol

49:1262–1283

41. Prud’homme GJ, Glinka Y, Khan AS, Draghia-Akli R (2006)

Electroporation enhanced nonviral gene transfer for the preven-

tion or treatment of immunological, endocrine and neoplastic

diseases. Curr Gene Ther 6:243–273

42. Lee RC (2005) Cell injury by electric forces. Ann N Y Acad Sci

1066:85–91

43. Davalos RV, Mir IL, Rubinsky B (2005) Tissue ablation with

irreversible electroporation. Ann Biomed Eng 33:223–231

44. Rubinsky B, Onik G, Mikus P (2007) Irreversible electroporation:

a new ablation modality—clinical implications. Technol Cancer

Res Treat 6:37–48

45. Edd JF, Horowitz L, Davalos RV, Mir LM, Rubinsky B (2006)

In vivo results of a new focal tissue ablation technique: irre-

versible electroporation. IEEE Trans Biomed Eng 53:1409–1415

46. Maor E, Ivorra A, Leor J, Rubinsky B (2007) The effect of

irreversible electroporation on blood vessels. Technol Cancer Res

Treat 6:307–312

47. Bower M, Sherwood L, Li Y, Martin R (2011) Irreversible

electroporation of the pancreas: definitive local therapy without

systemic effects. J Surg Oncol 104:22–28

48. Martin RC 2nd, McFarland K, Ellis S, Velanovich V (2012)

Irreversible electroporation in locally advanced pancreatic can-

cer: potential improved overall survival. Ann Surg Oncol. doi:10.

1245/s10434-012-2736-1

49. Narayanan G, Hosein P, Arora G, Barbery K, Froud T, Living-

stone A et al (2012) Percutaneous irreversible electroporation for

down staging and control of unresectable pancreatic adenocar-

cinoma. J Vasc Interv Radiol 23:1613–1621

M. Rossi et al.: Ablation Treatment for Pancreatic Adenocarcinoma 591

123

http://dx.doi.org/10.1016/j.jss.2013.04.068
http://dx.doi.org/10.1245/s10434-012-2736-1
http://dx.doi.org/10.1245/s10434-012-2736-1

	Minimally Invasive Ablation Treatment for Locally Advanced Pancreatic Adenocarcinoma
	Abstract
	Introduction
	Local Ablative Therapies
	Radiofrequency Ablation
	Microwave Ablation
	High-intensity Focused Ultrasound
	Irreversible Electroporation

	Conclusion
	References


