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ABSTRACT 
Pulsed electric field (PEF) treatment can be used for non-thermal inactivation of 

microorganisms. The aim of this paper is to investigate PEF treatment of yeast, 

Saccharomyces cerevisiae, using three different field waveforms: square; non-oscillating 

exponential and oscillating exponential. The PEF system used in this paper consists of a 

pulsed power supply and a parallel-plane metallic electrodes treatment cell located in 

an air-pressurised chamber. PEF treatment of the yeast was conducted using electric 

field impulses with magnitudes of 67 kV/cm and 80 kV/cm. The efficacy of the PEF 

treatment for inactivation of the yeast cells was assessed by comparison of the PEF-

treated and untreated yeast populations. Results showed that 3-log10 reduction in the 

yeast population can be achieved with 100 impulses using all tested waveforms. 

Amongst all three tested waveforms non-oscillating exponential impulses demonstrated 

improved PEF performance. The effect of duration of treatment and peak magnitude of 

the field on the PEF process is discussed. 

   Index Terms — Pulsed electric field, inactivation, yeast, Saccharomyces cerevisiae¸ 

field waveforms. 

 

1 INTRODUCTION 

 HIGH voltage impulses can be used to generate electro-

mechanical stresses in biological membranes allowing pores to be 

formed in the membrane [1]. The pores become irreversible if the 

transmembrane potential exceeds a critical value, and this 

irreversible electroporation results in the dysfunction of the 

biological membrane and the death of biological cell [2]. 

Therefore, pulsed electric field (PEF) treatment which results in 

irreversible electroporation can be used for inactivation of 

microorganisms. PEF induced microbiological effects have been 

intensively investigated in recent decades, and pulsed electric 

fields have been used for inactivation of yeast and bacteria [3-5], 

processing of liquid foodstuffs such as juice and milk [6, 7] and 

extraction of lipids from microalgae [8-10]. 

A key parameter of the PEF treatment is the critical field 

strength which triggers irreversible electroporation. It was found 

that irreversible processes of pore formation occur when the 

electrical potential across a membrane exceeds 0.9-1 V [2]. In 

several papers a relationship between the transmembrane 

potential and the external electric field strength has been 

investigated [11-13]. It was found that for a microbiological cell 

of 1µm in size, an external field of 10 kV/cm is required to trigger 

the electroporation effect [11]. However, experimental results 

presented in [12] showed that inactivation of yeast can be 

observed at a lower critical field value of 4.7 kV/cm. In [3] a 

similar magnitude of the critical inactivation field was obtained: 

4 kV/cm for Escherichia  coli (bacteria), 6 kV/cm for Klebsiella 

pneumonia (bacteria) and 8 kV/cm for Candida albicans (yeast) 

and Pseudomonas aeruginosa (bacteria). However, in both [3] 

and [12], only 0.2-log10 reduction of the microbial population was 

observed using the minimum (critical) field strength. When the 

field was increased to 7 kV/cm, the population reduction of 

Saccharomyces cerevisiae increased to 5-log10 [12]. It is also 

shown in [3], when the field was increased to 10 kV/cm, the 

population reduction of E. coli increased to 3-log10 and the 

population reduction of C. albicans increased to 2-log10 when 

the field was increased to 12 kV/cm. These results indicate 

that the field strength should exceed 10 kV/cm in order to 

achieve useful levels of inactivation. It has been shown that 

further increase in the field strength could result in a more 

prominent inactivation effect. For example, PEF impulses with 

magnitudes up to 110 kV/cm [14], and 200 kV/cm [15], were 

used to inactivate E. coli and Bacillus subtilis (bacteria). Such 

high field magnitudes require reasonably short (typically sub-s) 

duration of PEF impulses in order avoid formation of spark 

breakdown in the treatment cell.  The results obtained in [14] 

demonstrate that for fields which exceed a value of 60 kV/cm, 

the viability of E. coli decreases significantly as compared with 

lower field magnitudes.  Manuscript received on 22 December 2014, in final form 28 February 2015, accepted 9 

April 2015. 



 

The effect of pulse duration on the PEF process has also been 

investigated [5, 16]. It was shown that PEF impulses with a 

longer duration produce more efficient inactivation as compared 

with the same number of shorter impulses. Very few studies 

focused on the effect of pulse wave-shapes on the PEF process 

had been conducted [17, 18]. In [17] a comparison between 

square waveforms, exponential decaying waveforms and 

oscillatory decaying waveforms found the square waveforms 

resulted in the highest energy efficacy. The PEF impulses used in 

[17] had a peak field strength of 12 kV/cm and their duration was 

a few tens of µs, depending on the wave-shape. In [18] 

mathematical analysis was conducted to find a correlation 

between the frequency components of the pulse waveform and 

the survival fraction of the microorganisms. These results are in 

good agreement with the experimental results reported in [17], 

which indicated that square waveforms with longest duration 

produce the strongest inactivation. 

In the present study, PEF treatment of the yeast S. cerevisiae 

has been conducted using PEF impulses with magnitudes of 

67 kV/cm and 80 kV/cm (which are above the threshold value of 

60 kV/cm identified in [14]) and with three different wave-shapes:  

square, non-oscillating exponential and oscillating exponential 

wave-forms. The aim of this work is to provide a better 

understanding of the processes involved in the PEF inactivation 

of yeast at higher levels of electric field using mono-polar 

impulses with different wave-shapes, and with no reverse-polarity 

oscillations. This information can help in further optimisation of 

PEF wave-forms for practical applications.   The yeast S. 

cerevisiae was selected for the present study as this type of yeast 

is commonly used in the food industry and in bio-medical 

applications. Also, the spherical shape of the S. cerevisiae cell is 

desirable for analytical modelling of the interaction of pulsed 

electric field with this microorganism which is planned in the 

future. 

 
Figure 1.  Schematic diagram of the PEF treatment cell. 

 
Figure 2. Pressurised chamber, (left), and the PEF treatment cell inside the 

chamber, (right). 

2 EXPERIMENTAL PROCEDURES 

2.1 PEF SYSTEM AND WAVEFORM  

A schematic diagram of the PEF treatment cell is shown in 

Figure 1. The 50 mm  60 mm rectangular parallel-plane 

electrodes were made of stainless steel. The 1 mm inter-

electrode gap is maintained by a 1mm PTFE spacer. The 

electrodes and the spacer are clamped tight by 7 sets of nylon 

screws. The yeast suspension is transferred into the cell 

through the open top of the treatment cell. Due to the small 

gap between the electrodes, an electric breakdown is likely to 

occur across the liquid-air interface under atmospheric 

pressure. In order to avoid this undesirable breakdown, the 

PEF treatment cell was placed inside a sealed metallic 

chamber as shown in Figure 2, which is pressurised to 7.5 bars 

using an air compressor. Thus, the PEF treatment takes place 

at elevated air pressure which suppresses development of 

interfacial spark breakdowns. 

Three different voltage waveforms (square waveform, 

exponential waveform and oscillating exponential waveform), 

were used in this PEF study. Figure 3 shows the actual wave 

shapes across the PEF test cell. The square high voltage 

impulses were generated using a transmission line pulse 

generator (SAMTECH Ltd., UK) described elsewhere, [8]. 

This transmission line based system produces negative 

impulses of a magnitude up to 30 kV with duration of 1 μs, 

and can operate with a pulse repetition rate from 0.1 to 10 

pulses per second (pps). The exponential waveforms were 

generated by a RC pulse discharge circuit which consists of a 

HVDC charging unit (Glassman, EH50P2), a HV capacitor 

with capacitance of 40 nF, a self-breakdown spark gap, and a 

high voltage cable which connects the output terminal of the 

capacitor with the PEF test cell. The magnitude of the voltage 

across the load is regulated by the inter-electrodes gap 

distance of the plasma closing switch and the pulse repetition 

rate is controlled by the current regulator of the HV DC 

source. A 50 Ω resistor was connected in parallel with the PEF 

treatment cell in order to achieve the non-oscillating 

exponential waveform. The oscillating exponential waveform 

was formed when the 50 Ω resistor was removed. The voltage 

across the test cell was measured using a Tektronix HV probe 

with a bandwidth of 75 MHz, and the waveforms were 

recorded using a Tektronix TDS2024 oscilloscope with a 

bandwidth of 200 MHz and a sampling rate of 2 GS/s. 

 
Figure 3.  Actual waveforms obtained during the PEF treatment experiments. 



 

2.2 PREPARATION OF THE YEAST SAMPLES 

The yeast used in this study was Saccharomyces cerevisiae 

MUCL 28749, obtained from The Belgian Co-ordinated 

Collections of Microorganisms. The yeast sample was 

cultured in 100 ml Malt Extract Broth (Oxoid Ltd, UK) for 20 

hours in a shaking incubator (120 rpm) at 30°C. Post-

incubation, the yeast suspension was centrifuged at 4300 rpm 

for 10 minutes and re-suspended in 100 ml 0.05% 

Mycological Peptone (Oxoid Ltd, UK) solution. The resulting 

yeast suspension had a population density of ~107 colony-

forming units per millilitre (CFU/ml). To investigate the PEF 

inactivation of different concentrations of yeast, the yeast 

suspension was serially diluted to prepare populations from 

104 to 107 CFU/ml. 1.5 ml yeast suspensions were then 

transferred into the test cell by sterile syringe. The 

conductivities of yeast suspensions measured at room 

temperature by a portable conductivity meter, Jenway 4150, 

are given in Table 1. The resistance of the load (PEF test cell), 

R, and the peak conduction current through the cell during the 

PEF treatment, Ipeak, were calculated using following equations: 

AdR /                                     (1) 

RUI peakpeak                                   (2)  

where d is the distance between the electrodes, σ is the 

conductivity of the yeast suspension, A is the surface area of 

the electrode and Upeak is the peak voltage during the PEF 

treatment. The results of this analysis for the peak field of 80 

kV/cm (which corresponds to the highest values of the 

conduction current during PEF tests) are shown in Table 1. 

 

Table. 1  Conductivity of yeast suspension,  resistance   the PEF test cell 

and the peak conduction current. 

Population (CFU/ml) ~ 107 ~ 106 ~ 105 ~ 104 

Conductivity (µS/cm) 182 156 137 124 

Test cell resistance (Ω) 36.6 42.7 48.7 53.8 

Peak current (A) 218 187 164 149 

 

2.3 ASSESSMENT OF PEF PERFORMANCE 

Yeast samples with different initial populations were 

stressed with 25, 50 and 100 HV impulses of different 

waveforms. Two voltage levels were used in the study, 6.7 kV 

and 8 kV, with a pulse repetition rate of 1 pps. In the cases of 

the smooth and oscillating exponential waveforms, the peak 

voltages were set to the above values. The resulting peak 

electric field strength across the 1 mm inter-electrodes gap 

inside the PEF treatment cell was 67 kV/cm and 80 kV/cm 

respectively. In the case of the oscillating exponential 

waveform average peak fields were also calculated using an 

adjacent-averaging function in the Origin Pro 8 software 

package. These average field values for the two tested 

charging voltage peak levels are 47 kV/cm and 59 kV/cm. 

PEF treated and untreated (control) yeast samples were plated 

onto Malt Extract Ager (Oxoid Ltd, UK) using spiral and 

spread plating methods. The populations of PEF treated and 

untreated yeast samples were enumerated and compared in 

order to assess the performance of the PEF impulses. The 

results are presented as the mean of surviving populations 

(log10 CFU/ml) and its standard deviation obtained from 3 

independent PEF tests, in which fresh yeast samples were 

treated with pulsed electric field. Temperature of the yeast 

samples was measured before and after the treatment to 

identify any noticeable thermal effects. 

 

3 RESULTS AND DISCUSSIONS 

3.1 TEMPERATURE EFFECTS 

 Measurements of the temperature of yeast samples before 

and after the PEF treatment indicated that there was no 

significant temperature change during the PEF treatment. It 

was reported in [8] that low conductivity of liquid samples can 

reduce the heating effect. In the present study, in order to 

reduce thermal effects 0.05% Mycological Peptone was used 

as the suspending media, which provided a maximum 

conductivity of 182 µS/cm (in the case of 107 CFU/ml yeast 

sample). This resulted in a minimal change in temperature of 

the treated sample of 1.5 °C. In contrast, the sample solutions 

with significantly higher conductivities in the range of a few 

tens of mS/cm were used in [5] and [17] in PEF tests (0.9% 

NaCl solution and apple juice, respectively). As a result, a 

significant heating effect of the PEF treatment was reported: 

temperature of the PEF treated samples increased by a few 

tens of ºC. Therefore, the insignificant temperature rise 

observed in the present paper is likely explained by the low 

conductivity of liquid solutions used in the tests. 

 

3.2 PEF INACTIVATION OF YEAST 

 Figures 4-6 show the results of the PEF treatment using 

different field strengths and different waveforms: square, non-

oscillating exponential and oscillating exponential wave 

shapes. Only two initial populations, the highest, ~ 

107CFU/ml, and the lowest, ~ 104 CFU/ml, are shown in these 

figures in order to provide clear viewing of the results.  There 

were no significant differences in the behavior of the reaction 

kinetics for populations of 106 and 105 CFU/ml which are not 

shown in these Figures. In all cases, the PEF treatment with a 

higher field strength provided superior inactivation 

performance. As shown in Figures 4-6, the PEF treatment with 

80 kV/cm provided 1-log10 more efficient inactivation as 

compared with 67 kV/cm treatment by the same number of 

pulses.  

    The results of the PEF treatment shown in Figures 4-6 

demonstrate that impulses with a higher field strength 

(80 kV/cm) provide on average 1-log10 more efficient 

inactivation as compared with 67 kV/cm impulses for all 

initial populations. However, as the conductivity of the yeast 

solution depends on its initial yeast concentration, it is also 

interesting to evaluate the energy efficacy of the PEF process 

(population reduction as a function of specific energy, J/l) 

which is done in Section 3.4 of this paper. 

 



 

 
Figure 4. Surviving population of yeast (log10 CFU/ml) as a function of 

number of impulses. PEF treatment with square waveform of different initial 
populations. Solid line, 67 kV/cm; Dash line, 80 kV/cm. Error bars show 

standard deviation. 

 
Figure 5. Surviving population of yeast (log10 CFU/ml) as a function of 

number of impulses. PEF treatment with non-oscillating exponential 

waveform of different initial populations. Solid line, 67 kV/cm; Dash line, 80 
kV/cm. Error bars show standard deviation. 

 
Figure 6. Surviving population of yeast (log10 CFU/ml) as a function of 

number of impulses. PEF treatment with oscillating exponential waveform of 
different initial populations. Solid line, 67 kV/cm; dashed line, 80 kV/cm. 

Error bars show standard deviation. 

3.3 COMPARISON BETWEEN DIFFERENT 
WAVEFORMS 

This section of the paper is focused on the analysis of the 

PEF process depending on the pulse waveform. The results of 

PEF inactivation using different field waveforms with the 

peak field of 67 kV/cm and 80 kV/cm are presented in Figure 

7 and Figure 8 respectively. Again, only two initial 

populations, ~ 107 CFU/ml and ~ 104 CFU/ml, are presented in 

these figures. As shown in Figures 7 and 8, the PEF treatment 

using the simple exponential waveform provided the best 

inactivation performance, while the PEF treatment using the 

oscillating exponential waveform had the lowest inactivation 

performance. 

3.4 TAILING EFFECT  

During the PEF trials, it was noticed that 3-log10 reductions 

were achieved after 50 or 100 impulses regardless of the initial 

yeast population and the PEF waveform, resulting in a 

‘tailing’ effect in the inactivation curves, as can be seen in 

Figures 7 and 8. To investigate this effect, PEF treatment with 

an increased number of impulses (up to 250) was conducted 

and the results of these tests, shown in Figure 9, confirm the 

‘tailing’ effect. This undesirable phenomenon was also 

observed in [17] and [19] but no explanation of the causes of 

this tailing effect has been reported in these papers. 

In the present work, the tailing effect was examined using 

all waveforms and initial populations in order to identify the 

causes and to find possible solutions which would eliminate or 

reduce this undesirable effect. Figure 9 shows that an initial 

population of ~ 104CFU/ml can be reduced to ~ 101 CFU/ml 

by 100 PEF impulses. However the inactivation curves for the 

samples with an initial population of 107 CFU/ml saturated at 

104 CFU/ml after 50 impulses. In this work it was observed 

that there was significant sedimentation of the yeast during the 

twenty minute period associated with pressurising the test 

chamber, applying the PEF treatment and depressurising the 

test chamber. 

 

 
 

Figure 7. Surviving population of yeast (log10 CFU/ml) as a function of pulse 

number for 67 kV/cm waveforms: square waveform (star), non-oscillating 
exponential waveform (circle) and oscillating exponential waveform (square). 

Solid lines, 107CFU/ml initial population; dashed line, 104 CFU/ml initial 

population. Error bars show standard deviation. 



 

 
Figure 8. Surviving population of yeast (log10 CFU/ml) as a function of pulse 

number for 80 kV/cm waveforms: square waveform (star), non-oscillating 
exponential waveform (circle) and oscillating exponential waveform (square). 

Solid lines, 107CFU/ml initial population; dashed line, 104 CFU/ml initial 

population. Error bars show standard deviation. 

 

 

Figure 9. Surviving population of yeast (log10 CFU/ml) as a function of pulse 

number for larger numbers of impulses. 80 kV/cm square impulses. Error bars 

show standard deviation. 

 

Figure 10. Comparison of the PEF performance between treatments with and 

without sample mixing after 100 pulses. Solid line and closed symbols 

represent the PEF treatment with mix process; Dash line and hollow spot 

represents PEF treatment without mix process. Error bars show standard 
deviation. 

In [17] and [19], the batch PEF treatment process was 

used, which potentially may result in the tailing observed. In 

study [20] the tailing effect was reduced by using continuous 

PEF treatment (liquid flow through the PEF test cell), however 

no direct comparison between efficiencies of the batch and 

flow PEF processes of the same microorganisms was 

provided. Other factors, such as potential penetration of liquid 

with microorganisms in gaps between the electrodes and 

dielectric spacer (areas with reduced electric field) and 

clumping of microorganisms, might also contribute to the 

“tailing” effect in the inactivation process. More detailed 

analysis of actual causes of this “tailing” is required in future. 

3.5 SPECIFIC ENERGY CONSUMPTION    

Each impulse waveform delivers a different amount of 

energy to the liquid sample, and in order to determine the 

energy efficacy of the PEF process, specific energy has 

calculated using the following equation: 

 

                         dttEVE vol  
2                        (1) 

 

where Vvol is the volume of the PEF treatment cell,  is 

electrical conductivity of the yeast sample, and E(t) is the time 

varying electric field strength across the PEF treatment cell.  

Using equation (1), experimental impulsive waveforms 

obtained during the PEF treatment and conductivities of the 

yeast samples, the specific energies delivered by each impulse 

have been calculated. These energies are listed in Table 2. 

From here it can be seen that the largest amount of specific 

energy was delivered by a single square impulse, while the 

minimum amount of specific energy was delivered by a single 

oscillating exponential impulse.  Figure 11 shows surviving 

population of yeast as a function of specific energy delivered 

to the test cell during the PEF treatment for three tested 

waveforms: non-oscillating exponential, oscillating 

exponential and square with peak field of 67 kV/cm and 

80 kV/cm. All three waveforms provided similar PEF 

inactivation tendencies: the surviving population of yeast 

reduces gradually as the specific energy increases. Non-

oscillatory wave form shows larger reduction in surviving 

population for the same specific energy as compared with two 

other wave-forms.  However, it was reported in [17] and [18] 

that the square voltage waveform was more energy efficient 

than exponentially decaying waveforms in the PEF process. In 

[17], both waveforms produced the same peak field strength 

and delivered the same amount of energy per impulse. It was 

found that the PEF treatment using a square-wave required a 

lower number of impulses to achieve the same inactivation 

Table 2. Specific energy delivered by the different PEF waveforms. 

Waveform 
Field 

Strength 

Initial Population (CFU/ml) 

~107 ~106 ~105 ~104 

Square 
67 kV/cm 1.13 J 0.97 J 0.85 J 0.77 J 

80 kV/cm 1.66 J 1.41 J 1.24 J 1.12 J 

Non-Oscillating 
exponential 

67 kV/cm 0.90 J 0.77 J 0.64 J 0.60 J 

80 kV/cm 1.13 J 1.04 J 0.96 J 0.83 J 

Oscillating 

exponential 

67 kV/cm 0.61 J 0.69 J 0.58 J 0.55 J 

80 kV/cm 0.96 J 0.96 J 0.83 J 0.80 J 

 



 

result. However, the peak field used in [17] was 12 kV/cm, 

which only slightly exceeded the critical value assumed to be 

10 kV/cm. For the waveforms reported, the field strength was 

above 10 kV/cm for only ~20 µs in the case of a single 

exponential impulse, while in the case of a single square 

impulse the field strength was above 10 kV/cm for ~50 µs. 
 

 

 

Figure 11. Energy efficacy of PEF treatment using non-oscillating 

exponential (square), Square (triangle) and Oscillating (star) waveforms with 

67 kV/cm (solid) and 80 kV/cm (empty). Initial population of yeast was 
107 CFU/ml. Error bars show standard deviation. 

In the present study, the duration of the non-oscillating 

exponential and square parts of impulses which exceeded 

10 kV/cm were 2.5 µs and 1 µs respectively. Therefore, a 

correlation between the effective impulse duration (period 

where the field strength is above 10 kV/cm) and the PEF 

performance exists in the results reported in [17] and the 

present study.  Thus, the difference in time during which the 

field exceeded the critical value may explain the advantage of 

the square impulses over the exponential waveform used in 

[17]. The waveform with the longer effective duration results 

in a better PEF performance. 

In the present study, in spite of a longer effective duration, 

the oscillating exponential impulses demonstrated lower PEF 

performances compared with the non-oscillating exponential 

impulses. This can be explained by lower average peak fields 

and deep field oscillations at the peak of the former waveform.  

As is indicated in Section 2.3 the average peak fields in the 

case of the oscillating exponential wave form are 47 kV/cm 

and 59 kV/cm for the two levels of charging voltage. These 

values are lower than the peak field magnitudes of the 

exponential and square waveforms, 67 kV/cm and 80 kV/cm 

correspondingly.  This may help to explain inferior PEF 

inactivation results achieved with the oscillating exponential 

impulses as the average peak fields of 47 kV/cm and 59 

kV/cm are close or below the 60 kV/cm threshold which was 

identified in [14] as being the magnitude below which electric 

fields demonstrate noticeably lower PEF performance. 

Also, the oscillating exponential wave-forms have deep 

field oscillations at their peaks, duration of the ¼ period of 

these oscillations is ~ 30 ns. However, according to the model 

of transient  membrane charging developed in [13], time 

required to achieve the maximum field across yeast membrane 

is ~ 1  µs and during ~ 30 ns the field across  the membrane 

can reach only ~ 10% of its potential maximum value.  

Therefore, in order to achieve high efficacy in the PEF 

inactivation process it is desirable to increase duration of 

exposure to the maximum field and to the critical field. 

However, it is not clear which of these two factors play a 

dominant role and further investigation is required to clarify 

their contribution to pulsed electric field inactivation. 

 

4 CONCLUSION 

The present study is focused on investigation of the PEF 

inactivation process of the yeast Saccharomyces cerevisiae 

using three types of field impulses (square, non-oscillating 

exponential and oscillating exponential impulses) with pulse 

duration of a few µs and two levels of field strength of 

67 kV/cm and 80 kV/cm. The results of this study show that  

PEF performance depends on multiple factors.  

It was established that measures which minimise the 

sedimentation of the yeast during the batch PEF treatment, 

(either by using continuous flow PEF system, [20], or by 

applying a mixing procedure), improves PEF performance. 

It was shown that surviving population of yeast depends on 

the magnitude of the PEF pulses: pulses with a higher peak 

field magnitude produce a greater inactivation effect as 

compared with the same number of pulses with a lower field 

peak magnitude. However, the specific energy delivered by 

the same number of pulses with different field magnitudes is 

different. Therefore, further analysis of the obtained PEF 

inactivation curves has been conducted in order to establish 

the dependency of PEF performance on the specific energy 

delivered to the test cell. It was demonstrated that surviving 

population of yeast reduces with an increase in the specific 

energy delivered to the cell and the rate of this decrease does 

not depend on the peak field magnitude (for pulses with 

magnitudes of 67 kV/cm or 80 kV/cm).  

Three types of waveforms were used in the PEF tests and it 

was shown that non-oscillating exponential impulses provided 

better PEF performance: higher decrease in surviving yeast 

population for the same number of impulses and the same 

specific energy as compared with two other waveforms. It was 

also shown that lower effective duration of the waveform may 

result in lower PEF performance. Therefore, in order to 

optimise PEF inactivation of yeast all these factors (the 

maximum field strength, the critical pulse duration and the 

specific energy) should be taken into account. However, 

further investigations are required in order to establish 

individual role of each of these factors in the PEF treatment. 
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