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Electrochemotherapy of Spinal Metastases
Using Transpedicular Approach—
A Numerical Feasibility Study
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Abstract
Vertebral column is the most frequent site for bone metastases. It has been demonstrated in previous studies that bone
metastases can be efficiently treated by electrochemotherapy. We developed a novel approach to treat spinal metastases, that is,
transpedicular approach that combines electrochemotherapy with already established technologies for insertion of fixation
screws in spinal surgery. In the transpedicular approach, needle electrodes are inserted into the vertebral body through pedicles
and placed around the tumor. The main goal of our study was to numerically investigate the feasibility of the proposed treatment
approach. Three clinical cases were used in this study—1 with a tumor completely contained within the vertebral body and 2 with
tumors spread also to the pedicles and spinal canal. Anatomically accurate numerical models were built for all 3 cases, and
numerical computations of electric field distribution in tumor and surrounding tissue were performed to determine the treatment
outcome. Complete coverage of tumor volume with sufficiently high electric field is a prerequisite for successful electro-
chemotherapy. Close to 100% tumor coverage was obtained in all 3 cases studied. Two cases exhibited tumor coverage of >99%,
while the coverage in the third case was 98.88%. Tumor tissue that remained untreated was positioned on the margin of the
tumor volume. We also evaluated hypothetical damage to spinal cord and nerves. Only 1 case, which featured a tumor grown into
the spinal canal, exhibited potential risk of neural damage. Our study shows that the proposed transpedicular approach to treat
spinal metastases is feasible and safe if the majority of tumor volume is contained within the vertebral body. In cases where the
spinal cord and nerves are contained within the margin of the tumor volume, a successful and safe treatment is still possible, but
special attention needs to be given to evaluation of potential neural damage.
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Introduction

Bone cancers rarely originate from bone tissue or bone marrow

but are rather metastasized from a primary tumor elsewhere in

the body. Bone metastases usually develop in the later stages of

cancer disease, and due to prolonged cancer survival, the num-

ber of patients with painful bone metastases has significantly

increased in the modern day.1
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Vertebral column is the most frequent site for bone metas-

tases. The incidence of spinal metastases in patients with

cancer can reach up to 70% depending on primary tumor type.

The highest incidence was observed for primary breast can-

cer, followed by prostate and lung cancer.2,3 Bone metastases

lead to a considerable decrease in patient’s quality of life.

They cause severe pain, pathological fractures, decreased

mobility, neurological disorders as a consequence of hyper-

calcemia, and in case of spinal metastases, spinal cord, and

nerve compression.1,3

It is commonly accepted that bone metastases are an expres-

sion of a systemic disease and therefore require multidisciplin-

ary treatment. Several options to treat bone metastases are

available: radiotherapy, surgery, cryosurgery (as an alternative

to conventional surgery), chemotherapy, thermal (radiofre-

quency) ablation, and sometimes a combination of different

therapies is used to achieve better results. The most common

treatment option for bone metastases is radiotherapy. More

aggressive approaches, such as surgery, are used in case of

impending or pathological fractures, huge lesion, and in case

of spinal cord compression.1,4

Spinal metastases have different shapes and behavior related

to the large varieties of histotypes and spread modality of the

primary tumor. The choice of the most appropriate treatment is

of crucial importance for the patient who may be severely

disabled by the presence of untreated spinal metastases. More-

over, these lesions may not only be the cause of severe dete-

rioration in the quality of life but also direct or indirect cause of

death. The major goal of treating spinal metastases is restoring

spinal stability, cord decompression, and reducing pain. Treat-

ment of spinal metastases is especially complicated because of

the importance of vertebral column in bodily support and

movement and because of the involvement of spinal cord and

nerves. Controversy exists over the most appropriate treatment

and despite the evolution of anesthesiological techniques, sur-

gery remains a treatment with many risks and is not always

feasible.5 Therefore, novel and less aggressive treatments for

spinal metastases are required, especially for the treatment of

patients not responding to standard therapies (eg, radioresistant

tumors), providing patients’ relief from symptoms and improv-

ing their quality of life.

Electroporation is a technique that uses short intense elec-

trical pulses to induce temporary pores in the cell membrane

thus increasing its permeability. Electroporation can be con-

trolled and achieved without compromising cells’ viability.

Electroporation has become a widespread technique in medi-

cine, food, and biotechnology for facilitating transmembrane

transport of larger or low permeant molecules.6-10

Electrochemotherapy combines the use of chemotherapeutic

drugs with electroporation of the tumor volume, aiming at

increasing drug uptake into tumor cells and thus increasing the

cytotoxicity of some drugs, such as bleomycin and cisplatin.11-13

In order for electrochemotherapy to be successful, the whole

tumor volume needs to be covered in sufficiently high electric

field (reversible electroporation threshold).14 Various studies

have demonstrated that electrochemotherapy is a safe and

effective treatment and is minimally invasive and nontoxic to

nontarget tissue. Electrochemotherapy has already been intro-

duced into standard clinical practice and the increasing number

of studies confirms its importance in treating cancer disease.11

It has been demonstrated in preclinical and clinical studies

that bone metastases can be efficiently treated by electroche-

motherapy.15-18 A clinical study was presented by Bianchi

et al, in which 29 patients were treated with electrochemother-

apy in several skeletal sites.15 There are few human patients

with spinal metastases treated by electrochemotherapy, and to

our knowledge, only 1 published case, presented by Gasbarrini

et al.18 Both clinical studies reported a significant decrease in

pain and no adverse neural symptoms associated with the treat-

ment. Furthermore, several preclinical studies have shown that

electroporation causes no loss of bone density or cell organi-

zation and does not prevent new bone formation.16,17 There is

also evidence of possible bone and nerve tissue regeneration

even after irreversible electroporation of tissue (nonthermal

ablation).19,20

The study presented by Gasbarrini and colleagues18 is the

first reported clinical case using electrochemotherapy to treat

spinal metastases. In this case, a partial hemilaminectomy was

necessary in order to insert the electrodes directly into the

vertebral body. No electrochemotherapy-related adverse

events were observed during the procedure and overall

improvement in pain outcome and global function after the

treatment was excellent. The patient reported preoperative

pain intensity of 10 according to visual analog scale, which

dropped down to 2 already in the first month after treatment.

Moreover, no spinal instability was reported after electroche-

motherapy treatment.

The promising results of the first clinical case drove us to

further investigate the possibilities for electrochemotherapy

treatment for spinal metastases. In this article, we introduce a

novel, minimally invasive approach that combines electroche-

motherapy with already established technologies for transpedi-

cular insertion of fixation screws in spinal surgery. In the

proposed treatment approach, hereinafter referred to as trans-

pedicular approach, needle electrodes are inserted into the ver-

tebral body through the pedicles and placed around the tumor.

The electrodes used in this approach have shorter conductive

parts (1 cm rather than 3 cm) and are gradually retracted from

the vertebral body, allowing to cover the tumor volume in

segments rather than all at once and to manipulate various

treatment parameters during procedure.

The goal of this study was to numerically investigate the

feasibility of the transpedicular approach to treat spinal metas-

tases. Three representative clinical cases, with different stages

of vertebral body, pedicle, and spinal canal involvement, were

used in the study. Anatomically accurate numerical models

were built for all 3 cases, and numerical computations of elec-

tric field distribution in tumor and surrounding tissue were

performed to determine the outcome of the proposed treatment.

In addition to tumor coverage, we also evaluated the hypothe-

tical risk of damage to the spinal cord and nerves.
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Materials and Methods

We conducted a numerical feasibility study of transpedicular

approach to treat spinal metastases. The study was approved by

the ethical committee of the Rizzoli Orthopedic Institute

(Prot.n.12458/15.05.2009—ES2IOR). All patients gave their

written, informed consent to participate in the study. Three

representative cases of spinal metastases were used for this

study including the case presented by Gasbarrini et al.18 An

anatomical model based on medical images was developed for

each case. Electrical properties of tissues were determined

through an experimental numerical study and applied to the

models. Applied voltages were optimized to ensure highest

possible tumor coverage. Electric field strength distributions

were calculated for each case in order to predict the outcome

of the proposed treatment approach.

Anatomical Models

Geometry for the anatomical models was obtained from com-

puted tomography (CT) and magnetic resonance (MR) scans of

patients. 3D Slicer software platform (https://www.slicer.org/,

Fedorov et al.21) was used to segment all relevant anatomical

structures—tumor tissue, cortical bone, cancellous bone, spinal

cord, cerebrospinal fluid, and intervertebral discs. All remain-

ing tissue was considered as background and was assigned the

properties of adipose tissue. An example of segmentation of the

5th lumbar vertebra with a tumor is presented in Figure 1.

Segmentation data were imported into Matlab R2016b

(MathWorks, Natick, Massachusetts, USA) computing envi-

ronment where three-dimensional models of the regions of

interest were built. The models were based on initial electrical

conductivity values and thresholds for reversible and irrever-

sible electroporation of specific tissues found in the litera-

ture,22-28 and numerically determined factors of electrical

conductivity increase after electroporation. All tissues were

considered homogeneous and isotropic. Osteoporosis effect

on dielectric properties of bone tissue is negligible, thus it has

not been accounted for in the models.29,30 The assigned con-

ductivity values before electroporation, that is initial conduc-

tivities, are presented in Table 1, along with the list of the

literature from which the data were acquired. In some cases,

a combination of different reported values was used due to

discrepancies in reported results.

During the delivery of electric pulses, the electrical conduc-

tivity of tissues increases due to electroporation. The first approx-

imation of factors of conductivity increase was set to 3.0 for all

tissue types22,25 except for cerebrospinal fluid, conductivity of

which was kept unchanged. Factors of conductivity increase

were later adjusted through a numerical optimization. The elec-

tric field strength threshold for all segmented tissue types was set

to 400 V/cm for reversible and 800 V/cm for irreversible electro-

poration.25,31-33 The threshold for reversible electroporation of

background (adipose) tissue was set to 100 V/cm.22

Numerical Computations

The models were imported into the finite element analysis

software Comsol Multiphysics 5.2 (Comsol Inc., Stockholm,

Sweden), where all numerical computations were per-

formed. A previously designed numerical framework for

treatment planning of deep seated tumors, described in more

detail in,22,34-36 was used for the numerical computations.

Live link for Matlab was used to control the method model

setup and solving.

Four virtual needle electrodes (1.2 mm diameter and 1 cm

conductive length) were inserted into each imported anatomi-

cal model as is shown in Figure 2. Two electrodes were inserted

through each pedicle and positioned so as to surround the tumor

volume. The upper 2 electrodes were parallel to the vertebral

body plane while the lower 2 electrodes were positioned at a

downward angle with respect to the upper electrodes. Electrode

positions were determined based on medical images (CT and

MR scans). Electrodes with shorter conductive parts than usual

(1 cm rather than 3 cm) are used in this approach allowing us to

target the tumor volume more precisely.

The electrodes were connected in pairs resulting in 6 com-

binations. Electric pulses were applied to each electrode pair.

The applied voltage was adjusted based on the distance

between centers of electrode tips and was later optimized to

ensure highest possible tumor coverage. The minimum applied

Figure 1. An example of tissue segmentation performed on a CT scan

of fifth lumbar vertebra with a tumor. All tissues that were not directly

included into segmentation were considered as background tissue and

were assigned the properties of adipose tissue. CT indicates computed

tomography.

Table 1. Electrical Conductivities of Tissues in the Vertebral Column.

Tissue

Initial Electrical

Conductivity (S/m) List of References

Tumor 0.35 22,25,26

Cortical bone 0.02 24,27

Cancellous bone 0.07 23,24

Spinal cord 0.23 27

Cerebrospinal fluid 1.50 23

Intervertebral disc 1.00 28

Background (adipose tissue) 0.02 22
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voltage was set to 500 V and the maximum to 3000 V since this

is the possible range of output voltages provided by currently

available devices.37,38

Electric field distribution in all tissues and electric cur-

rents were calculated after application of pulses to each

active electrode pair as previously described.34,36,39 The

model was simplified so that the calculations for each elec-

trode pair were performed independently from other pairs. A

train of 8 pulses, delivered to each electrode pair, was mod-

eled as a single pulse; otherwise the conductivity changes

between each consecutive pulse in the train would need to

be known and modeled.22 At the beginning of the calcula-

tions for each pair, the initial electrical conductivity of all

modeled tissues was considered homogenous. The dynamics

of conductivity changes and electric fields during each pulse

train were then approximated by a sequential model.39 In

each sequence of the model, electric field distribution in

tissues was calculated and electrical conductivity values

were increased accordingly. Tissue conductivity dependency

on electric field distribution was approximated by a sigmoid

function. Electrical conductivities defined in each sequence

were used to calculate the electric field distribution in the

following sequence, thus gradually increasing the total con-

ductivity of tissues throughout the calculation. Our model

was based on 6 sequences for each train of pulses. The final

electric field distribution at the end of each train of pulses

was calculated using the highest values from all previous

sequences. Total electric current after the application of

pulses was also calculated for each electrode pair.

The transpedicular approach assumes that the tumor volume

is covered in segments, with electrodes being retracted a short

distance after the application of pulses to all pairs. Upon com-

pletion of computations for all 6 active pairs (ie, all possible

activations of 4 electrodes), the electrodes were retracted for a

distance of 1 cm and computations were performed again. The

number of retractions varies from case to case depending on the

tumor and vertebra size.

Optimization of Tissue Conductivity Values

Although there are studies on electrical conductivities of

human tissues, the data are scarce and reported results differ

between individual studies. In order to develop a numerical

model that reflects the conditions in the vertebral column as

close as possible, we conducted a numerical study to determine

the increase in electrical conductivity due to electroporation for

bone and tumor tissue. Two sets of experimental data, pub-

lished in previous studies,17,18 were used for this purpose.

Electrical properties of bone tissue. Radiological images, acquired

during the study of irreversible electroporation of sheep verteb-

rae,17 enabled us to delineate a well-defined geometry of the

sheep lumbar vertebra with 2 inserted electrodes. Combined

with accurate current and voltage measurements for different

electroporation protocols used in the procedure, we were able

to fine tune the initial values of electrical conductivity and fac-

tors of conductivity increase for cortical and cancellous bone.

We designed an algorithm that iteratively changed the factor

of conductivity increase for specific bone tissue in order to

minimize the absolute error between measured and calculated

current. The absolute (Iabs) and relative (Irel) errors were cal-

culated according to:

Iabs ¼ jImeas � Icalcj

Irel ¼ j
Imeas � Icalc

Imeas
j

where Imeas is electric current measured during the procedure

and Icalc is numerically calculated electric current.

Current measurements of the protocol, that caused little or

no electroporation of bone tissue (10 pulses, 100 ms, 1000 V),17

were used to validate the initial conductivity values of bone

tissue before electroporation. Current measurements of a sec-

ond protocol (10 pulses, 100 ms, 3000 V), that caused electro-

poration of bone tissue, were used to determine the factors of

conductivity increase.

Electrical properties of tumor tissue. In order to determine electrical

conductivity values for tumor tissue, we numerically reconstructed

the case presented previously.18 For this purpose, we used the set of

intraoperative images, fluoroscopic guidance images, treatment

parameters (electrode pairs, distances between electrode tips), and

currents and voltages measured during the procedure.

An anatomical model of the 5th lumbar vertebra, which was

initially designed for evaluation of electrochemotherapy in

case of transpedicular access, was reused for this purpose and

adapted accordingly. Two electrodes were inserted through the

left pedicle, the other 2 were inserted medially, directly into the

vertebral body. Intraoperative images and fluoroscopic control

images were used to determine approximate electrode posi-

tions. Further optimization of positioning was performed so

that the distances, between electrode tips used in computation,

matched the distances measured during the procedure as

closely as possible (Figure 3). Since it was not registered which

Figure 2. An example of electrode placement in the three-dimensional

anatomical model of 11th thoracic vertebra in case of transpedicular

approach in (A) axial and (B) sagittal view. LL indicates lower left

electrode; LR, lower right electrode; UL, upper left electrode; UR,

upper right electrode.
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distance corresponded to which electrode pair during opera-

tion, we determined the corresponding pairs for computation

based on voltages and currents provided. The designed anato-

mical model with inserted electrodes is presented in Figure 3A

and B, next to the fluoroscopic guidance images, which were

taken from the study by Gasbarrini et al18 and used for valida-

tion of electrode positions (Figure 3C and D).

Electrodes used in this model had a 3-cm-long conductive

part and 1.8 mm diameter, mimicking the electrodes used in the

actual treatment. The 4 electrodes formed 6 active pairs. The

voltage applied to each pair was set to match the voltages used

during treatment. Electrical properties of cortical and cancel-

lous bone tissue determined in the sheep experimental study

were used in this model.

Electric current and electric field distribution in tissues were

calculated for all 6 electrode pairs. Calculated electric currents

were then compared to measured electric currents and the mean

square error (MSE) between the 2 currents was calculated.

Mean square error was calculated according to:

MSE ¼ 1

n

Xn

i¼1
ðImeas � IcalcÞ2;

where Imeas is electric current measured during the procedure

and Icalc is numerically calculated electric current and n is the

index of the active electrode pair.

The algorithm developed for the sheep experimental study

was used to calculate the factor of conductivity increase for

tumor tissue by means of minimizing the MSE between

the currents.

Optimization of Applied Voltage Values

The developed numerical models for 3 selected cases with

different stages of vertebral body, pedicle, and spinal canal

involvement were subjected to further optimization with

respect to voltage values delivered to each electrode pair. The

first approximation of voltage amplitudes, applied to the elec-

trode pairs, was based on distance between centers of electrode

tips. Each value was then optimized using a genetic algo-

rithm.36,40 The optimization algorithm was set to maximize the

volume of the tumor tissue covered with electric field above the

reversible threshold and minimize the volume of spinal cord

tissue covered with electric field above the irreversible thresh-

old. Applied voltages were varied in 5 steps of 100 V in both

directions (lower and higher) from the initially assigned value,

resulting in 10 possible values for each electrode pair. The

minimum and maximum allowed values were set to 500 V and

3000 V.

First a population of possible candidates for all electrode

pairs was generated. Candidates for optimal solution were

selected from the population and evolved through 100 genera-

tions using operations of the genetic algorithm (crossover,

mutations) and the fitness function:

F ¼ Vrev
T � V irr

SC

where F is fitness, Vrev
T is the volume of tumor tissue in

F ¼ Vrev
T � V irr

SC cubic centimeters covered in electric field

above the reversible threshold and V irr
SC is the volume of spinal

cord tissue in cubic centimeters covered in electric field above

the irreversible threshold.

Results

In this section, we present numerical results of tissue properties

fitting, numerically calculated outcome of the reconstruction of

the clinical case, and outcomes of the newly proposed transpe-

dicular approach in 3 different cases of spinal metastases.

Electrical Properties of Tissues

Electrical properties of tissues, which were defined through the

literature survey and numerical optimization, are presented in

Table 2. So defined parameters minimized the errors between

numerically calculated and actual measured currents for both

reconstructed cases—sheep vertebra and Gasbarrini et al case.

In case of sheep vertebra, the absolute error between calculated

and measured current was 0.07 A for the first delivered proto-

col and 0.02 A for the second delivered protocol. The maxi-

mum relative error was 5.68%. Measured and calculated

electric currents for both protocols and the absolute and relative

errors are presented in Table 3.

Figure 3. (A and B) Numerical reconstruction of the first clinical case

of electrochemotherapy of spinal metastases18—three-dimensional

model of fifth lumbar vertebra with inserted needle electrodes in (A)

coronal and (B) sagittal view; (C and D) Fluoroscopic guidance

images used in reconstruction of electrode positions. B indicates lower

electrode; L, left electrode; R, right electrode; U, upper electrode.

Cindrič et al 5



For the clinical case, presented by Gasbarrini et al, the MSE

for calculated and measured electric currents was 2.61 A.

Applied voltages, calculated electric currents, actual measured

electric currents, and the absolute and relative errors between

currents are presented in Table 4. The maximum relative error

between measured and calculated current was 16%.

The reconstructed clinical case was also used to validate the

adequacy of the designed numerical framework for planning

electroporation-based treatments of spinal metastases. The

numerical reconstruction predicted 100% (2.13 cm3) coverage

of tumor tissue with electric field strength equal or greater than

the reversible threshold. The cumulative coverage curves for

tumor tissue are presented in Figure 4. Each curve represents a

volume fraction of tumor tissue with respect to electric field

exposure for a single active electrode pair. It can be observed

that complete coverage of the tumor with electric field of at

least 400 V/cm, that is, reversible threshold, was achieved

already after the third applied pulse sequence. After the deliv-

ery of pulse sequences to all 6 pairs of electrodes, 0.12 cm3 of

the total spinal cord volume modeled (7.29 cm3) was covered

with electric field strength above the reversible threshold and

0.016 cm3 above irreversible threshold.

Transpedicular Approach

The outcome of the proposed treatment with transpedicular

approach has been calculated for 3 cases of spinal metastases

with different stages of vertebral body, pedicle, and spinal canal

involvement. The cases featured tumors in fifth lumbar vertebra

and in the sixth and 11th thoracic vertebrae, respectively.

Case 1—fifth lumbar vertebra. The case, which was presented

previously18 and also reconstructed for optimization purposes,

presented a solid tumor completely contained within the body

of fifth lumbar vertebra. Total volume of tumor tissue in the

model was 2.13 cm3. Electrodes were retracted once to cover

the whole tumor volume with electric field above reversible

threshold of 400 V/cm. Figure 5A shows the cumulative cov-

erage curves for tumor tissue. Each curve represents a volume

fraction of tumor tissue with respect to electric field exposure

for a single active electrode pair (total 12). It can be observed in

Figure 5A that approximately 90% of total tumor volume has

been covered in sufficiently high electric field already after the

third applied sequence of pulses. The remaining part of tumor

tissue, positioned in the posterior area of vertebral body, has

been covered with application of pulses to the remaining 9

electrode pairs resulting in 99.68% tumor coverage. None of

the spinal cord tissue was exposed to electric field high enough

to cause electroporation of tissue. The maximum delivered

voltage used in this case was 2700 V and the maximum calcu-

lated current was 6.96 A.

For this case, we also calculated the outcome of treatment if

electrodes with conductive part length of 3 cm were used since

this length is common for treating bones. We used the same

geometry and electrode positions but without electrode retrac-

tion. This treatment plan was submitted to the same optimiza-

tion algorithm for voltage values as before. Table 5 shows

compared results for both treatment plans. Tumor coverage is

the same in both cases. No spinal cord tissue was electroporated

in either case although the maximum electric field in spinal

cord is higher in the case with 3 cm electrodes. The maximum

calculated current in case of 3 cm electrodes is almost twice the

value of maximum current in the case with 1 cm electrodes.

Case 2—11th thoracic vertebra. The second case featured a

tumor in the 11th thoracic vertebra that had already grown out

of vertebral body, into surrounding tissue, left pedicle, and

posterior lamina. Total volume of tumor tissue in the model

was 15.53 cm3. Electrodes were retracted twice, each time for a

distance of 1 cm, covering the tumor volume in 3 segments

(deep, medial, and posterior). Coverage of tumor tissue at the

end of all 18 applied pulse sequences was 98.88%. The cumu-

lative coverage curves for tumor tissue are shown in Figure 5B.

Tumor tissue that remained untreated was positioned on the

margin of the tumor near the pedicle area (Figure 6B). The

total volume of spinal cord tissue in the model was 7.31 cm3,

of which 1.228 cm3 of tissue was exposed to electric field high

above reversible threshold and 0.0002 cm3 above irreversible

threshold. The maximum delivered voltage used in this case

was 2900 V and the maximum calculated current was 21.33 A.

Case 3—sixth thoracic vertebra. In the third case, the tumor was

positioned in the posterior part of sixth thoracic vertebral body

and had already grown into the pedicles and the spinal canal,

compressing the spinal cord. Total volume of tumor tissue in the

model was 15.33 cm3. Electrodes were retracted twice, each time

for a distance of 1 cm, covering the tumor volume in 3 segments.

Table 3. Comparison of Measured and Calculated Currents for the

Preclinical Case Presented Previously.17

Electroporation

Protocol

Mean Measured

Current

(A)

Calculated

Current

(A)

Absolute

Error

(A)

Relative

Error

(�)

10 � 100 ms pulses;

1000 V

1.1859 1.1185 0.0674 0.0568

10 � 100 ms pulses;

3000 V

5.9515 5.9714 0.0199 0.0033

Table 2. Electrical Properties of Tissues Used in the Numerical

Model.

Tissue

Initial Electrical

Conductivity

(S/m)

Factor of Conductivity

Increase After

Electroporation (�)

Tumor 0.30 2.80

Cortical bone 0.02 3.00

Cancellous bone 0.07 2.90

Spinal cord 0.23 3.00

Cerebrospinal fluid 1.50 1.00

Intervertebral disc 1.00 3.00

Background 0.02 300
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The total coverage of tumor tissue was 99.42%. The cumulative

coverage curves for tumor tissue are shown in Figure 5C. The

total volume of spinal cord tissue in the model was 7.48 cm3, of

which 1.191 cm3 of tissue was covered with electric field above

the reversible threshold and 0.0124 cm3 above irreversible

threshold. The maximum delivered voltage used in this case was

3000 V and the maximum calculated current was 24.32 A.

Table 6 summarizes the outcomes (total tumor coverage)

and other significant parameters for all 3 cases studied, using

transpedicular approach. An example of numerically calculated

electric field distribution in tumor and bone tissue for all 3

cases is shown in Figure 6. Blue areas represent electroporated

tumor tissue while the orange areas represent electroporated

bone tissue.

Discussion

In our study, we investigated feasibility of a novel approach for

electrochemotherapy of spinal metastases with the insertion of

electrodes through the pedicles, that is, transpedicular

approach. For this purpose, we reworked the numerical frame-

work, which was previously designed for planning of

electroporation-based treatments of deep seated tumors, so that

it can now also be used for planning of electrochemotherapy of

spinal metastases.22,34 We also investigated the spinal canal

involvement and possible risk of neural damage.

Three representative cases have been used in this feasibility

study, each showing a different stage of vertebral body, pedi-

cle, and spinal canal involvement. In order for electroche-

motherapy to be successful, an adequate concentration of a

chemotherapeutic drug and sufficiently high electric field

needs to be present in the whole tumor volume.35 The focus

of our study was to investigate the electric field distribution in

tumor tissue in case of transpedicular electrode insertion. For

this purpose, an individual treatment plan was prepared for

each of the 3 cases.

Close to 100% tumor coverage with electric field above rever-

sible threshold value was obtained in all 3 cases. Two cases, fifth

lumbar vertebra and sixth thoracic vertebra, exhibited tumor cov-

erage of >99%, while the coverage in 11th thoracic vertebra was

98.88%. In both cases in the thoracic vertebra, the percentage of

irreversibly electroporated tumor tissue was quite high, 45% and

63% for the 11th and sixth thoracic vertebra, respectively. It has

been revealed in a recent study, however, that threshold value for

Table 4. Comparison of Measured and Calculated Electric Currents for the Clinical Case Presented Previously.18

Electrode Pair Applied Voltage (V) Measured Electric Current (A) Calculated Electric Current (A) Absolute Error (A) Relative Error (�)

U-L 1100 8.84 9.89 1.05 0.12

U-R 1000 11.91 10.05 1.86 0.16

U-B 1500 12.88 14.99 2.12 0.16

R-L 1500 14.11 12.79 1.31 0.09

B-L 1700 15.39 17.44 2.05 0.13

B-R 800 7.10 7.91 0.81 0.11

Abbreviations: B, lower electrode; L, left electrode; R, right electrode; U, upper electrode.

Figure 4. Cumulative coverage curves for tumor tissue for the numerically reconstructed clinical case18 (5th lumbar vertebra). Each curve

represents a volume fraction of tumor tissue with respect to electric field strength for a single active electrode pair. B indicates lower electrode;

L, left electrode; R, right electrode; U, upper electrode.
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Figure 5. Cumulative coverage curves for tumor tissue for 3 studied cases; (A) fifth lumbar vertebra, (B) 11th thoracic vertebra, and (C) sixth

thoracic vertebra. Each curve represents a volume fraction of tumor tissue with respect to electric field strength for a single active electrode pair.

B indicates lower electrode; L, left electrode; R, right electrode; U, upper electrode.
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irreversible electroporation of tumor tissue is in fact much higher

than threshold values reported in the literature and used in our

numerical model (800 V/cm)41; therefore, it is likely that the

actual percentage of irreversibly electroporated tissue would be

lower than that predicted by the model. Preclinical studies have

demonstrated that in contrast to other ablative techniques, irre-

versible electroporation does not affect bone structure in the long

term.16,17,19 It only affects the cell membrane, while the tissue

scaffold remains intact, thus preserving the mechanical compe-

tence of treated bone. Furthermore, irreversible electroporation

does not affect or prevent osteogenic activity. On the contrary,

there is emerging evidence that apoptotic cell death caused by

electroporation even promotes bone growth and renewal.20 Nev-

ertheless, further limitations, such as percentage of irreversibly

electroporated tumor and bone tissue, could be introduced into the

constructed optimization algorithm to prevent unnecessarily high

exposure of tissue to electric fields above irreversible threshold.

This might result in lower tumor coverage in some cases, but it has

been demonstrated in a study on ablation of brain tumors with

irreversible electroporation that a complete response is possible

even if a fraction of tumor tissue remains untreated.42 Further-

more, it is also reported in the same study that electric field thresh-

olds that produced good treatment outcomes were lower than the

values commonly reported in the literature.

We would also like to point out that although an optimiza-

tion algorithm was used for applied voltages, electrode posi-

tions were determined manually and were not subjected to

optimization algorithm. Therefore, a similar algorithm, as was

used for optimization of applied voltages, could also be used to

optimize electrode positions and would perhaps result in even

better tumor coverage. Furthermore, it can be observed in Fig-

ure 5 showing cumulative coverage curves for all 3 cases that

some electrode pairs do not significantly contribute to total

tumor coverage when compared to preceding electrode pairs.

An optimization algorithm could identify and exclude such

electrode pairs; therefore, it would not only optimize electrode

positions to ensure highest tumor coverage but would also

minimize exposure of tissues to high electric fields.

An important feature of the transpedicular approach are

electrodes with shorter conductive parts. The length of the

conductive part of electrodes used in this study was 1 cm

instead of 3 cm, which is currently used for electroporation

of bones.15 Our study on the fifth lumbar vertebra demonstrates

that lower maximum currents are delivered when electrodes

with shorter conductive parts are used. Furthermore, lower

electric field was observed in the spinal canal, which is due

to more precise targeting of tumor volume. Also, the overall

percentage of electroporated surrounding tissue was lower in

case of electrodes with shorter conductive parts.

In constructing numerical models, some limitations need to

be acknowledged. The numerical models are based on electri-

cal conductivity values for tissues and factors of conductivity

increase due to electroporation. Although there are reports on

electrical conductivities of human tissue in the low frequency

range needed for electroporation, the data are scarce and

the reported results differ considerably between individual

studies.23,24,27,28 The impact of electroporation on conductivity

increase is even harder to come by. We thus used 2 sets of

experimental data acquired during preclinical and clinical stud-

ies of electroporation in vertebra to fine-tune factors of electri-

cal conductivity increase for bone and tumor tissue. Results of

the fitting show good agreement between measured and calcu-

lated electric currents in tissue, however, further validation is

needed. Namely, the data size on which this fitting was per-

formed was small and not acquired specifically for this pur-

pose. More accurate measurements with the exact purpose of

investigating the behavior of tissue conductivity subjected to

electroporation are thus needed.

The next major uncertainty of the designed model are elec-

troporation thresholds for the treated tumor and surrounding

tissues. There are extensive studies on electroporation thresh-

olds for specific tissues, such as liver, muscle, and brain, and on

tumors present in these tissues,25,26,32,43,44 but only a few pre-

clinical studies on the effect of electroporation on bone and

nerve tissue.17,19,27,45,46 Thresholds for bone, bone tumors, and

spinal cord have not yet been determined. Reported results on

thresholds for electroporation of tumor tissue vary, depending

on tumor histology and pulse parameters.22,25,31,32,43,47 Since

there are no reported results on bone tumors, the highest

reported threshold for reversible electroporation of tumor tis-

sue was used in this model to prevent overly optimistic pre-

diction of electroporated area. For spinal cord tissue,

however, the lowest threshold for irreversible electroporation

was used in order to alert of potential risk of neural damage.

Further limitations of the model are mostly related to tissue

structure and segmentation complexity. All tissue was consid-

ered homogenous and isotropic, although it is known that the

actual situation is much more complex—for example, bone

tissue, especially cortical bone, is distinctively anisotropic and

so is its electrical conductivity.23 Furthermore, only the most

relevant tissues were segmented for the anatomical model.

However, previous studies that used a similar modeling

approach showed good agreement between calculated and

measured data.25,35

Upon completion of the model and numerical method

setup, the outcome of the reconstructed clinical case presented

previously18 was calculated. Numerical computations

Table 5. Comparison of Treatment for Electrodes With Different

Conductive Part Length.

Parameter Description

Electrode

Conductive

Part Length:

3 cm

Electrode

Conductive

Part Length:

1 cm

Tumor coverage (%) 99.68 99.68

Maximum delivered voltage (V) 2600 2700

Maximum calculated current (A) 13.44 6.97

Volume of spinal cord tissue above

reversible threshold (cm3)

0 0

Maximum electric field in spinal cord

tissue (V/cm)

230 140
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predicted 100% tumor electroporation already after the third

applied pulse sequence. On the first glance, this result might

contradict the actual outcome of the treatment, where a pos-

itive positron emission tomography/computed tomography

(PET/CT) scan was found at 6-month follow-up which indi-

cated a possible recurrence. However, it has been demon-

strated in previous studies that electroporation does not

prevent new bone synthesis.16,19 Moreover, osteogenesis was

observed also after irreversible electroporation of the bone.19

It is thus possible since bone regeneration is associated with

increased cell metabolism, that in the Gasbarrini et al case,

new bone formation was shown in the PET/CT scans rather

than cancer recurrence. But since electrochemotherapy treat-

ment of bone metastases is not yet in clinical practice, pre-

ventive measures needed to be taken.

When treating spinal metastases, the potential damage to

spinal cord and nerves needs to be considered, especially

because both structures are commonly located within the mar-

gin of the tumor. Our study showed no electroporation of spinal

cord tissue when tumor was located in the anterior part of

vertebral body. Both cases in the thoracic vertebra, where the

tumor was located also in the posterior part of vertebral body

and the pedicles, indicated however some electroporation of

spinal cord tissue and possibly some irreversible

Figure 6. Visualization of numerically calculated electric field distribution overlaid onto the corresponding CT images of (A) fifth lumbar

vertebra, (B) 11th thoracic vertebra, and (C) sixth thoracic vertebra. The colored areas represent tumor and bone tissue covered in electric field

above the reversible electroporation threshold. The arrow indicates some of the untreated tumor tissue in the 11th thoracic vertebra. CT indicates

computed tomography; IRE, irreversible electroporation; REP, reversible electroporation; UT, untreated tissue.

Table 6. Calculated Treatment Outcomes and Other Significant Parameters.

Patient Case

Total Tumor Cov-

erage (%)

Tumor Coverage

Above Irreversible

Threshold (%)

Volume of Spinal Cord

Tissue Above Reversible

Threshold (cm3)

Volume of Spinal Cord

Tissue Above Irreversible

Threshold (cm3)

Maximum Electric Field

in Spinal Cord Tissue

(V/cm)

Case 1: fifth lumbar

vertebraa
99.68 34.01 0 0 140

Case 2: 11th

thoracic vertebra

98.88 44.93 1.228 0.0002 821

Case 3: sixth

thoracic vertebra

99.42 63.26 1.191 0.0124 953

aThe case presented by Gasbarrini et al.18
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electroporation. In both cases, approximately 1 cm3 of spinal

cord tissue was covered with electric field above the assumed

threshold for reversible electroporation. It has been demon-

strated in a study of single-cell electroporation of neurons that

electric properties of recovered cells were indistinguishable

from nonelectroporated cells.48 These findings are also in

agreement with the preclinical studies17,27 and the clinical out-

come of the Gasbarrini et al case18 where no long-term adverse

effects associated with reversible electroporation were

reported. The numerical reconstruction of the clinical case pre-

dicted that some of the spinal cord tissue was subjected to

electric field high enough to cause reversible and even irrever-

sible electroporation, nevertheless no neural symptoms were

observed in the patient. Study of the case in the 11th thoracic

vertebra showed that less than 1 mm3 of spinal cord tissue was

exposed to electric field above irreversible threshold. Given the

conservative threshold values used in our study, it is probably

safe to presume that no neural damage occurred in this case. On

the other hand, the case in the sixth thoracic vertebra showed

that approximately 12 mm3 of spinal cord tissue was covered

with electric field above the assumed irreversible threshold.

These findings could indicate possible neural damage. How-

ever, the thresholds used in our numerical study were purpose-

fully conservative in order to prevent overly optimistic

outcomes since the effect of reversible and irreversible electro-

poration of spinal cord tissue has not yet been thoroughly

investigated. Recent preclinical studies have shown that the

actual threshold for irreversible electroporation of spinal cord

and nerve tissue is much higher (at least 1000 V/cm) than the

threshold used in our study (800 V/cm), and there is also pos-

sible evidence of neural regeneration even after irreversible

electroporation.45,46 Also, a recent study of a direct irreversible

electroporation ablation of the spinal canal in pigs49 showed

that irreversible electroporation can be performed directly adja-

cent to the spinal cord with minimal adverse effects, possibly

due to the structure of the spinal canal. The epidural fat sur-

rounding the spinal cord namely acts as a protective layer also

in electrical sense. Due to the low electrical conductivity of

adipose tissue, the major voltage drop and consequently elec-

tric field strength occur in epidural space not in the spinal cord.

Based on our study, we can conclude that with a careful

selection of patients, the proposed method to treat spinal metas-

tases with the insertion of electrodes through the pedicles is a

feasible approach that should be further investigated. If the

majority of tumor volume is contained within vertebral body,

the method is minimally invasive and poses minimal risk for

neural damage. If the tumor has grown outside of the vertebral

body and somewhat into the pedicle area, a successful treat-

ment is still possible but more extensive planning is needed

with special attention given to possible involvement of spinal

cord and nerves. There is evidence, however, that if the tumor

has grown too much into the region of the vertebral arch, we

might not be able to cover these regions of tumor volume with

sufficiently high electric field without risking damage to the

spinal cord tissue. When using needle electrodes, electric field

strength drops rapidly with distance from the electrode

surface.14 In case of transpedicular access, the distance

between the electrodes usually increases as we approach inser-

tion point; therefore, it is ever harder to produce electric field

high enough to electroporate the tumor volume positioned in

the area of vertebral arch. Ever higher voltage amplitudes are

needed, which are limited by currently available devices.

Another limitation of the approach is our ability to completely

surround the tumor with electrodes inserted through the pedi-

cles. The pedicles are mechanically the strongest part of a

vertebra but are also the narrowest, and since the electrodes

must not penetrate the vertebral wall, we are very limited in

terms of positions and angles of the electrodes. Another draw-

back of electrochemotherapy in bone tissue in general is a

difficult follow-up of the treated lesion with standard imaging

techniques. Considering that the tumor volume will decrease

over time, a close monitoring with MR imaging, CT, or PET/

CT becomes necessary to evaluate tumor shrinking.

However, due to many advantages, electrochemotherapy

with transpedicular approach could prove to be a successful

minimally invasive alternative to other already established

treatments of spinal metastases. For example, in the case pre-

sented by Gasbarrini et al, temporal dislodging of the cauda on

the right side after a partial hemilaminectomy was necessary in

order to achieve correct electrode positions. In case of transpe-

dicular approach, all 4 electrodes could be inserted through the

pedicles and not directly into vertebral body; therefore, lami-

nectomy would not be necessary, thus keeping the treatment

minimally invasive. Furthermore, in contrast to other treatment

modalities, such as radiotherapy and thermal ablation, electro-

poration does not cause tissue necrosis and does not compro-

mise bone stability. Neural structures, eventually included in

the treatment area, are also far less susceptible to damage

caused by electroporation than, for example, to thermal dam-

age. Electrochemotherapy could therefore potentially also be

used for the treatment of patients not amenable to other treat-

ments or not responding to standard therapies. The use of elec-

trodes with shorter conductive parts enable targeting tumor

tissue more precisely, resulting in minimal damage to the sur-

rounding tissue, and reducing maximum delivered electric cur-

rents therefore reducing negative side effects of the treatment.

Finally, the transpedicular approach combines electroche-

motherapy, which has already proved to be successful in treat-

ing other malignancies as well as bone metastases, with

insertion of electrodes through the pedicles, which is a similar

technique to already established orthopedic procedures. Inser-

tion of fixation screws is the most frequent technique in ver-

tebral fixation surgery.50 The technology developed for

automated screw insertion trajectory planning and intraopera-

tive guidance could thus, with some adaptation, also be used for

electrode insertion for electrochemotherapy purpose.50-52

Further studies on electrical properties of tissues and effects

of reversible and irreversible electroporation on vital anatomi-

cal structures are needed to fully understand the limitations and

risks of electrochemotherapy to metastases in the vertebrae.

However, the results of this numerical feasibility study provide

the basis and evidence that should encourage further analysis

Cindrič et al 11



and experiments, either additional numerical computations on

more samples or experimental studies on animal models. We

have shown that electrochemotherapy with transpedicular

approach could prove to be a safe and minimally invasive

treatment of spinal metastases.
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Robustness of treatment planning for electrochemotherapy of

deep-seated tumors. J Membr Biol. 2010;236(1):147-153.

doi:10.1007/s00232-010-9274-1.

23. Gabriel C, Peyman A, Grant EH. Electrical conductivity of tissue

at frequencies below 1 MHz. Phys Med Biol. 2009;54(16):4863.

doi:10.1088/0031-9155/54/16/002.

24. Gabriel C, Gabriel S, Corthout E. The dielectric properties of

biological tissues: I. Literature survey. Phys Med Biol. 1996;

41(11):2231-2249.
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Cindrič et al 13

https://www.itis.ethz.ch/virtual-population/tissue-properties/database/low-frequency-conductivity/
https://www.itis.ethz.ch/virtual-population/tissue-properties/database/low-frequency-conductivity/
https://www.itis.ethz.ch/virtual-population/tissue-properties/database/low-frequency-conductivity/
http://vestnik.szd.si/index.php/ZdravVest/article/view/1747
http://vestnik.szd.si/index.php/ZdravVest/article/view/1747


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


