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Background and Objectives: Irreversible Electroporation (IRE) is a focal ablation technique highly

address the challenge of predicting the ablation volume with IRE for pancreatic procedures.
Methods: In compliance with HIPAA and hospital IRB approval, we established a pre-treatment

planning methodology for IRE procedures in pancreas, which optimized treatment protocols for
individual cases of locally advanced pancreatic cancer (LAPC). A new method for confirming
treatment plans through intraoperative monitoring of tissue resistance was also proved feasible
in three patients.
Results: Results from computational models showed good correlation with experimental data

available in the literature. By implementing the proposed resistance measurement system
210 ± 26.1 (mean ± standard deviation) fewer pulses were delivered per electrode-pair.
Conclusion: The proposed physics-based pre-treatment plan through finite element analysis and

system for actively monitoring resistance changes can be paired to significantly reduce ablation
times and risk of thermal effects during IRE procedures for LAPC.
KEYWORDS
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1 | INTRODUCTION

Unlike IRE ablations in liver, IRE ablation volumes in pancreatic
tissue cannot be easily visualized using real time ultrasound imaging

Irreversible electroporation (IRE) is clinically used by delivering a series

because edema from IRE delivery obscures the field.7 A pre-treatment

of high-voltage, 70-90 μs pulses across pairs of needle-electrodes

planning model has potential to minimize uncertainties and unwanted

inserted directly around the target tumor and invaded vital

thermal injury. While numerical models have been developed for

structures.

1,2

Cell death occurs in the volume of tissue exposed to

monitoring electric field and temperature distribution for treatment

electric fields above a critical threshold resulting in a sharp transition

planning in kidney, liver, and brain,8–11 little to no work toward a

between ablated and viable tissue. IRE's non-thermal mechanism of

patient-specific IRE pancreatic cancer model has been done.12 This

action is ideally suited for the management of locally advanced

challenge could be further addressed by actively monitoring

pancreatic cancer (LAPC) and hepatic cancer co-located with major

electroporation-related changes in the electrical resistance of

blood vessels or the bile duct.3,4 In a comprehensive study by Martin et

tissue.8,13 Most recently, Dunki-Jacobs et al14 found that during IRE

al on their experience using IRE for the treatment of LAPC, from over

delivery if changes in tissue resistance across electrodes were above

200 patients only six patients developed local recurrence post-IRE

28 Ω, significantly better clinical outcomes were achieved. This change

5

delivery. Results for combined IRE with resection and in situ IRE

in resistance could be linked to electric field thresholds for ablation,

indicated great promise by extending median survival to 24.9 months.6

which lowers as pulse number increases.15,16
Here, we present a patient-specific pre-treatment planning

Institutions where study was performed: Virginia Polytechnic Institute and
State University, University of Louisville.
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methodology and a real-time resistance measurement system used
to track the clinical endpoint of 28 Ω in the operating room.
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Additionally, to better understand electric field threshold changes with

where σd is the electrical conductivity of the tissue, which is dynamic and

respect to pulse number, the IRE response of pancreatic adenocarci-

dependent of the electric field magnitude,8,17 and φ is the applied voltage.

noma cells in tumor mimics was characterized.

The following function was used to describe behavior of σd during IRE:
b*ðEEPth Þ

σd ¼ σ0 þ σΔ *ee

2 | M E TH O D S

ð2Þ

where σ0 is the pre-IRE conductivity, b is a constant defining the rate
at which σd changes (set to 0.2), E is the electric field magnitude, and

2.1 | Computational model
All relevant structures were reconstructed from axial, sagittal, and
coronal planes using Tri-phasic thin (0.75 mm) cut CT Images. The

EPth is the reversible electroporation threshold (400 V/cm). The
conductivity range, σΔ, (Table 1) was determined from previous
observations in kidney with similar pulse protocols where amperage

segmentation and reconstruction of the relevant anatomy was

values were comparable to those observed in pancreas.18 Boundary

acquired from Analogic Corp. (Peabody, MA), in which proprietary

conditions for the electrode-tissue interface were set to φ = V0 on

software was used. The geometry was later meshed using 3-matic
software (Materialise, Leuven, Belgium).

one electrode and φ = 0 at the counter electrode boundary. All other
boundaries were assumed electrically insulative.

Electrode geometries were created using FreeCAD and imported
into 3-matic for electrode placement and meshing as stereolithography (.stl) files. During electrode placement, most of the patient
anatomy was kept as a reference. Once the electrodes were placed, all
structures that did not significantly affect electric field distribution
during treatment delivery were excluded.

2.1.2 | IRE thresholds
Electric field thresholds for pancreatic cell death post-delivery of IRE
pulses have not been characterized in vivo. As a surrogate of
pancreatic adenocarcinoma tissue and a guide toward understanding
the effects of sequentially increasing pulse delivery, electric field

2.1.1 | Electric field distribution and conductivity
considerations

thresholds for cell death were characterized on PANC1 tumor mimics

The 3D reconstruction was imported into a finite element analysis

2.1.3 | Thermal considerations

(n = 3) as described in other studies.19,20

(FEA) software package, COMSOL Multiphysics® (COMSOL, Stockholm, Sweden) to simulate the IRE protocol. The electric field
distribution was found by solving the following differential equation:
∇⋅ðσd ∇φÞ ¼ 0

TABLE 1

ð1Þ

Joule heating effects associated with IRE pulses were calculated by
solving the following modified Penne's bioheat equation:

∇⋅ðk∇TÞ þ

σj∇ϕj2 ⋅d _
∂T
þ Q met þ wb ρb cb ðTb  T Þ ¼ ρcp
τ
∂t

Tissue properties and constants used in computational model

Material

Property

Symbol

Value

Pancreas

Heat capacity, J/(kg · K)

cp

3164

21

1087

21

ρp

Density, kg/m3
Thermal conductivity, W/(m · K)

kp

0.51

21

Baseline electrical conductivity @1Hz, S/m

σ0

0.341

18

Delta electrical conductivity post-EP, S/m

σΔ

0.609

18

Metabolic heat source, W/m

_ met
Q

12924.43

22

Heat capacity, J/(kg · K)

cb

3840

22

Density, kg/m3

ρb

1060

22

Perfusion rate, 1/s

wb

0.2

23

Electrical conductivity, S/m

σe

2.22E6

11

Heat capacity, J/(kg · K)

ce

500

11

Density, kg/m3

ρe

7900

11

Thermal conductivity, W/(m · K)

ke

15

11

Electrical conductivity, S/m

σi

1.0E-5

11

Heat capacity, J/(kg · K)

ci

3400

11

Density, kg/m3

ρi

800

11

Thermal conductivity, W/(m · K)

ki

0.01

11

3

Pancreas

Electrode

Insulation

Ref.

ð3Þ
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2.2 | Treatment delivery and resistance monitoring
Three patients received IRE treatments for LAPC as described in.24
Open laparotomy allows for needle placement in caudal-cranial
fashion, which has been found to be safer and more effective than
percutaneous approach.25 Our group developed a resistance monitoring system that can interact with the commercially available IRE
device, the NanoKnife (Angiodynamics, Queensbury, NY). The highvoltage signal delivered to the tissue was passively measured through
a custom made device that connects to both the IRE electrodes and a
portable computer. The portable computer displayed a user interface
that allowed physicians to track changes in resistance real-time.

2.3 | Postoperative management
Postoperative management of patients treated for pancreatic lesions
F I G UR E 1

3D geometry involved in the pre-treatment planning
process. Vasculature (black), pancreas (gray), and tumor (red) were
reconstructed from stacked images of the patient's anatomy

with IRE follows guidelines for any type of pancreatic resection. More
details regarding follow-up of patients are provided by Martin et al.24

2.4 | Statistical analysis
where T is the temperature (initial value set to 37°C) wb , the blood

Data were analyzed using R statistical software (R Foundation for

perfusion rate (from adrenal gland), and Tb is temperature of blood (set

Statistical Computing, Vienna, Austria. 2015). A t-statistic was used to

to 37°C). The Joule heating term, σj∇ϕj was altered by a factor

test the difference between means for pulse delivery with and without

directly related to the ratio of pulse duration d and pulse interval τ

the implementation of the resistance measurement system. Resistance

2

Tumor tissue was

data were expressed as means ± standard deviation of samples. The

assigned the properties of healthy pancreas since this data are not

approach was implemented for IRE thresholds for cell death in collagen

readily available. Other variable nomenclature and values used in this

I matrices. For all tests, a one-tailed P < 0.01 was indicative of

model can be found in Table 1.

statistical significance.

11

which is used to reduce computational time.

2.1.4 | Protocol verification

3 | RE SULTS

Tumor geometry was set as a variable and assigned its expression as
the normal of the electric field. Once a solution was reached the ratio

Following segmentation and meshing of tumor, pancreas, superior

in between total tumor volume and the volume of tumor tissue

mesenteric vein, and superior mesenteric artery a patient-specific

exposed to a marginal electric field value (eg, 500 V/cm) was

geometry was obtained (Fig. 1). Figure 2a shows the fully

calculated. Protocols were modified until this ratio approached 1.

reconstructed anatomy, which was optimized for reduction of

F I G UR E 2 Electrode placement process with geometry optimization a) with electrodes positioned by surgeon. b) Geometry optimization of
anatomy for element reduction and c) final mesh used for finite element analysis and protocol development
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F I G UR E 3 IRE thresholds with respect to number of pulses in
pancreatic tumor mimics. Above, electric field isocontours overlaid
on a hydrogel post-IRE treatment with fifty 90 μs pulses at an
amplitude of 300 V. Below, experimental data (squares + standard
deviation)

computational time in Fig. 2b. The optimized mesh in Fig. 2c resulted
2-3X faster computational times (∼1 h) than the initial geometry.
IRE electric field thresholds for pancreatic cancer cells were
assessed using a three-dimensional tumor mimic as described in Arena
et al.19 A representative example of a treated tumor mimic is presented
in Fig. 3a. Ablations were not apparent when the treatment consisted
of only five pulses. Regions of dead cells were observed for treatments
consisting of 10-200 pulses with electric field thresholds decreasing
from approximately 900-500 V/cm over this range (Fig. 3). Changes in

F I G UR E 4 Simulation of IRE on patient-specific anatomy. Tumor,
pancreas, and major vasculature are shown in yellow, black, and red,
respectively. a) Area of ablation (blue) after delivery of 200 pulses.
Expected tumor (yellow) ablation delivering b) 10 and c) 200 pulses
through each electrode-pair. d) Temperature (°C) distribution postIRE (90 pulses). Maximum temperature at mid-point between
electrode-pair (45.2°C) is in good agreement with published
experimental results29

lethal thresholds with respect to pulse delivery were visualized using
the reconstructed patient geometry in Fig. 2. When examining
thresholds found in the tumor mimics, the solution for a single

The temperature at the midpoint is not sustained above 40°C for more

electrode-pair predicts a clinical ablation of 1.36 cm3 for 10 pulses,

than 1 min after the conclusion of a 90 pulse procedure.

3.44 cm3 for 100 pulses, and 3.55 cm3 for 200 pulses. The temperature

Figure 5 presents a case in which the patient received 100 fewer

profile can be observed in Fig. 4. The solution of the bioheat model for

pulses through one probe pair than originally planned. This decrease

the proposed example resulted in a maximum temperature of 45.2°C.

in applied pulses was based on reaching a decline in tissue resistance
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F I G UR E 5 Changes in resistance during IRE treatment of locally advanced pancreatic adenocarcinoma. All probe pairs received an initial 200
pulses at 1500 V/cm voltage-distance ratio. Surgeon proceeded to reposition all electrodes by 1.2 cm in the axis of insertion towards the
surface of the tissue. For a) probe pair 1-3 treatment was stopped at 300 pulses based on resistance readings while b) probe pairs 1-2
received a total 400 pulses

of 28 Ω, which could not have been achieved without the

4 | DISCUSSION

implementation of a real-time resistance measurement system.
Overall, when delivering sets of 100 pulses, a more pronounced

Collagen type I matrices have been shown to enhance the morphology

change in resistance between electrode-pairs was observed during

and physiological-like behavior of cells, such as angiogenic factor

the first set of pulse delivery. For the cases presented in Fig. 6, an

secretion and drug responsiveness.26 This platform has proven helpful

estimate of 777 pulses were not delivered by following 28 Ω clinical

for testing different molecular and physics-based therapies, which

endpoint, which reduced the ablation time by approximately 29 min.

includes IRE.19,27 Figure 3 provides evidence that the change in IRE

Statistical analysis of pulse delivery showed that by implementing

threshold with respect to pulse number reaches clinical relevance

the proposed resistance measurement system 210 ± 26.1 less pulses

(∼500 V/cm) in pancreatic tumor mimics at 100 pulses. Unlike

could be delivered per electrode-pair during IRE ablations of

intraoperative resistance measurements where resistance changed

pancreatic tissue (P < 0.01).

significantly between 100 and 200 pulses, IRE thresholds in tumor

F I G UR E 6 MR images (two axials, one sagittal) of LAPC tumor before and after IRE using resistance monitoring system for 4-electrode array
in a 76-year-old male patient. a-c) Pre-IRE sequential MRIs, demonstrates abutment of SMA and PV/SMV occlusion, and SMV reconstitution
at end (arrows). d-f) Three months post-IRE, stable complete IRE with no evidence of worsening vascular arterial impingement, and no
evidence of pancreatic mass enhancement (arrows)
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mimics were stable between 100 and 200 pulses. It is possible that

through FEA coupled with monitoring of resistance changes allows for

ablations within the target volume do not fully develop in the first 100

optimization of probe location, output voltage, and number of pulses

pulses for in vivo procedures.28

while avoiding significant thermal damage.

The above-described procedure and parameters also provide a
tool that allows physicians to avoid substantial thermal insult to the
tissue of interest. The proposed Joule heating model agrees well with
experimentally recorded data by Dunki-Jacobs et al where temperature measurements were recorded at several points in the ablation
region as IRE pulses (1500 V/cm voltage-to-distance ratio and 90
100 μs pulses) were delivered to porcine pancreas.29 In Fig. 4, though
the model's separation across the two electrodes varies by 3 mm, the

D I S C L OS U R E S AN D F U N D I N G S O U R C E S
This study was performed in compliance with HIPAA and hospital IRB
approval. The corresponding author is a paid consultant for
AngioDynamics, Inc. and other authors have issued patents in IRE
technology.

change in maximum temperature at the midpoint between
the electrode-pairs used is comparable (10.3°C vs. 8.2°C for the
experimental and the proposed model, respectively). This difference
could be attributed to longer electrode exposures used in the
experimental procedure which should result in higher amperage levels.
Real-time resistance measurement during IRE procedures is
currently the only method available for feedback mainly because it
can be incorporated seamlessly to the surgical workflow. The proposed
measurement system can save a significant amount of OR time by
avoiding unnecessary pulses while ensuring that the therapy reaches a
clinical endpoint, which has been set at a delta value of 28 Ω. Images of
three patients receiving ablations under real-time measurement system
showed complete tumor ablation while avoiding unnecessary energy
delivery (Figs. 5 and 6). For therapies incorporating four electrodes a
potential 800 or more pulses could be avoided. As observed in Fig. 4,
electrode-pair 1-2 exhibits a higher change in resistance, which can be
attributed to this pair being the first set to receive IRE pulses.
Additionally, the exponential decay in resistance observed in probe pair
1-2 agrees with the trend for IRE thresholds found in tumor mimics.
While computational models showed good agreement with experimental data, it is important that future work characterizes the bulk
electrical response of malignant and healthy pancreatic tissue to IRE. A
study similar to those described in Neal et al8 and Bonakdar et al15 in
which biopsied tissue samples undergo an impedance analysis before and
after ablation would add significant value to the proposed pre-treatment
planning protocol. When IRE pulses are delivered without adequate pretreatment planning significant temperature increases near the electrodes
may compromise the quality of electrical resistance measurements.
Moving forward, the proposed real-time measurement system could be
implemented on an individual basis through collaborations between
clinicians and engineers, or at a broader scale by modifying the software of
the commercially available device to allow real-time data display.

5 | C ONC LU SI ON
The established treatment planning methodology for IRE procedures
in pancreas proved a helpful tool for optimization of ablation
parameters and has potential to improve clinical outcomes on a
patient-specific basis. Lastly, a method for confirming complete
ablation per electrode-pair through intraoperative monitoring of tissue
resistance proved useful by significantly reducing ablation times and
risk of thermal effects. The proposed physics-based treatment plan

REFERENCES
1. Martin RC, Philips P, Ellis S, et al. Irreversible electroporation of
unresectable soft tissue tumors with vascular invasion: effective
palliation. Bmc Cancer. 2014;14:540.
2. Bhutiani N, Doughtie CA, Martin RC. Ultrasound validation of
mathematically modeled irreversible electroporation ablation areas.
Surgery. 2015;159:1032–1040.
3. Scheffer HJ, Nielsen K, de Jong MC, et al. Irreversible electroporation
for nonthermal tumor ablation in the clinical setting: a systematic
review of safety and efficacy. J Vasc Interv Radiol. 2014;25: 997–1011.
4. Cannon R, Ellis S, Hayes D, et al. Safety and early efficacy of
irreversible electroporation for hepatic tumors in proximity to vital
structures. J Surg Oncol. 2013;107:544–549.
5. Martin RC, II, Kwon D, Chalikonda S, et al. Treatment of 200 locally
advanced (stage III) pancreatic adenocarcinoma patients with
irreversible electroporation: safety and efficacy. Ann Surg. 2015;
262:486–494.
6. Martin RC, Hayes D, Goodwin W, et al. Image guided irreversible
electroporation in locally advanced pancreatic cancer: improved
overall survival. Ann Surg Oncol. 2012;19:S11.
7. Rubinsky B, Onik G, Mikus P. Irreversible electroporation: a new
ablation modality—clinical implications. Technol Cancer Res T. 2007;6:
37–48.
8. Neal RE, Garcia PA, Robertson JL, Davalos RV. Experimental
characterization and numerical modeling of tissue electrical conductivity during pulsed electric fields for irreversible electroporation
treatment planning. Ieee T Bio-Med Eng. 2012;59:1076–1085.
9. Davalos RV, Rubinsky B. Temperature considerations during irreversible electroporation. Int J Heat Mass Tran. 2008;51:5617–5622.
10. Pavliha D, Kos B, Županič A, et al. Patient-specific treatment planning
of electrochemotherapy: procedure design and possible pitfalls.
Bioelectrochemistry. 2012;87:265–273.
11. Garcia PA, Rossmeisl JH, Neal RE, et al. A parametric study delineating
irreversible electroporation from thermal damage based on a
minimally invasive intracranial procedure. Biomed Eng Online.
2011;10:34.
12. Wimmer T, Srimathveeravalli G, Gutta N, et al. Comparison of
simulation-based treatment planning with imaging and pathology
outcomes for percutaneous CT-guided irreversible electroporation of
the porcine pancreas: a pilot study. J Vasc Interv Radiol. 2013;24:
1709–1718.
13. Son RS, Smith KC, Gowrishankar TR, et al. Basic features of a cell
electroporation model: Illustrative behavior for two very different
pulses. J Membr Biol. 2014;247:1209–1228.
14. Dunki-Jacobs EM, Philips P, Martin RCG. Evaluation of resistance as a
measure of successful tumor ablation during irreversible electroporation of the pancreas. J Am Coll Surgeons. 2014;218:179–187.

LATOUCHE

ET AL.

15. Bonakdar M, Latouche E, Mahajan R, Davalos R. The feasibility of a
smart surgical probe for verification of IRE treatments using electrical
impedance spectroscopy. IEEE Trans Biomed Eng. 2015;62:
2674–2684.
16. Ben-David E, Appelbaum L, Sosna J, et al. Characterization
of irreversible electroporation ablation in in vivo porcine liver.
AJR Am J Roentgenol. 2012;198:W62–W68.
17. Ivorra A, Rubinsky B. In vivo electrical impedance measurements
during and after electroporation of rat liver. Bioelectrochemistry.
2007;70:287–295.
18. Neal RE, Garcia P, Kavnoudias H, et al. In vivo irreversible
electroporation kidney ablation: experimentally correlated numerical
models. IEEE Trans Biomed Eng. 2015;62:561–569.
19. Arena CB, Szot CS, Garcia PA, et al. A three-dimensional in vitro tumor
platform for modeling therapeutic irreversible electroporation.
Biophys J. 2012;103:2033–2042.

|

717

24. Martin RC. Irreversible electroporation of stage 3 locally advanced
pancreatic cancer: optimal technique and outcomes. J Vis Surg.
2015;1.
25. Martin RC, Durham AN, Besselink MG, et al. Irreversible electroporation in locally advanced pancreatic cancer: a call for standardization of
energy delivery. J Surg Oncol. 2016;114:865–871.
26. Fischbach C, Chen R, Matsumoto T, et al. Engineering tumors with 3D
scaffolds. Nat Methods. 2007;4:855–860.
27. Ivey JW, Bonakdar M, Kanitkar A, et al. Improving cancer therapies by
targeting the physical and chemical hallmarks of the tumor
microenvironment. Cancer Lett. 2015;380:330–339.
28. Garcia PA, Davalos RV, Miklavcic D. A numerical investigation of the
electric and thermal cell kill distributions in electroporation-based
therapies in tissue. PLoS ONE. 2014;9:e103083.

20. Ivey JW, Latouche EL, Sano MB, et al. Targeted cellular ablation based
on the morphology of malignant cells. Sci Rep. 2015;5:17157.

29. Dunki-Jacobs E, Philips P, Martin I. Evaluation of thermal injury
to liver, pancreas and kidney during irreversible electroporation
in an in vivo experimental model. Br J Surg. 2014;101:
1113–1121.

21. Mcintosh RL, Anderson V. A comprehensive tissue properties
database provided for the thermal assessment of a human at rest.
Biophys Rev Lett. 2010;5:129–151.

How to cite this article: Latouche EL, Sano MB, Lorenzo MF,

22. Hasgall P, Neufeld E, Gosselin M, et al. IT’IS database for thermal and
electromagnetic parameters of biological tissues. Version 2.4,
July 30th, 2013. Zurich, Switzerland: IT'IS Foundation www itis
ethz ch/database [Last accessed January 9, 2015]; 2013.
23. Shargel L, Yu ABC. Applied Biopharmaceutics & Pharmacokinetics, 7th
ed. New York: McGraw-Hill Education; 2016.

Davalos RV, MartinII RCG. Irreversible electroporation for
the ablation of pancreatic malignancies: A patient-specific
methodology. J Surg Oncol. 2017;115:711–717.
https://doi.org/10.1002/jso.24566

