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ABSTRACT 

The optimal application of Pulsed Electric Fields (PEF) technology, used by food industry to assist mass 

transfer processes, depends on the effectiveness of the induced electroporation. The present work aimed 

at exploring the application of Magnetic Resonance Imaging (MRI) combined with Computer Vision System 

(CVS) analysis to assess the spatial distribution of electroporation in apple tissue. PEF-treated apple 

samples were compared with Dipping (Dip) and Vacuum Impregnation (VI) to gain insight into the spatial 

distribution of mechanisms that lead to microstructural modifications over time. 

CVS showed that electroporation modified heterogeneously apple microstructure, causing enzymatic 

browning unevenly across the samples. MRI transverse relaxation times (T2) maps and longitudinal 

relaxation times (T1)-weighted images throughout apple tissue confirmed the inhomogeneous distribution 

and extent of the cell disruption, along with the release of intracellular content toward the external 

solution. 

Industrial relevance: The novel applications of pulsed electric fields require fast and reliable methods to 

detect and estimate the breakage of the membranes integrity in order to boost their industrial adoption 

and optimization. The present study provided analytical tools able to monitor the spatial distribution of 

electroporation in plant tissue samples within minutes and consequently to speed up and improve the 

assessment of different PEF treatments.  
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ABBREVIATIONS 

ANOVA, Analysis of variance 

BW, Bandwidth 

CIELab, International Commission on Illumination colour space 

CVS, Computer vision system 

Dip, Dipping 

DSV, Diameter spherical volume 

FLASH, Fast low angle shot 

FOV, Field of view 

GE, Gradient echo 

LUT, Lookup table 

MRI, Magnetic resonance imaging 

MSME, Multi slice multi echo 

NEX, Number of excitations 

NSPEC, Single pulse sequence 

PEF, Pulsed electric fields 

PPO, Polyphenol oxidase 

RARE, Rapid imaging with refocused echoes 

RAREVTR, Rapid imaging with refocused echoes with variable repetition time 

RF, Radio frequency 

ROI, Region of interest 
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T1, Longitudinal relaxation time 

T2, Transverse relaxation time 

TACQ, Total acquisition time 

TE, Echo time 

tp, Pulse length 

TR, Repetition time 

VI, Vacuum impregnation 
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1. Introduction

Pulsed electric field (PEF) technology is an innovative process with a growing interest in the food sector for 

many potential purposes, mainly related to the microbial inactivation and the enhancement of mass 

transfer. The application of high electric fields induces the breakage of plasma membranes, also known as 

electroporation, which can be exploited to increase the efficiency of several food processes, for instance 

juice extraction (Praporscic, Lebovka, Vorobiev, & Mietton-Peuchot, 2007), air and osmotic dehydration 

(Traffano-Schiffo, Tylewicz, Castro-Giraldez, Fito, Ragni, & Dalla Rosa, 2016; Wiktor, Iwaniuk, Śledź, 

Nowacka, Chudoba, & Witrowa-Rajchert, 2013) or extraction of valuable compounds (Luengo, Condón-

Abanto, Álvarez, & Raso, 2014; Parniakov, et al., 2015). In general, when the electric field exceeds a critical 

value, membranes break down and, in case the field strength is far higher than such threshold, 

electroporation becomes irreversible (Donsì, Ferrari, & Pataro, 2010). In fact, the extent of electroporation 

is strongly affected by several treatment parameters, the accurate control of which is fundamental for the 

correct implementation of PEF in food industry. Particularly, electric field strength, shape, duration, 

number and frequency of pulses have an effect on electroporation (Barba, et al., 2015). 

Screening methods based on several physical approaches have been proposed to directly estimate the 

extent of electroporation, especially in its irreversible form, and consequently to optimize the novel 

industrial PEF applications. Those procedures include the evaluation of the electrical impedance (Lebovka, 

Bazhal, & Vorobiev, 2002), optical (Fincan & Dejmek, 2002), acoustic (Wiktor, et al., 2016) or magnetic 

(Dellarosa, Ragni, Laghi, Tylewicz, Rocculi, & Dalla Rosa, 2016b) properties of the plant material. 

Furthermore, the assessment of effects induced by electroporation, for instance changes of colour and 

texture (Lebovka, Praporscic, & Vorobiev, 2004), release of specific compounds (Luengo, Álvarez, & Raso, 

2013) or metabolic response (Dellarosa, Tappi, Ragni, Laghi, Rocculi, & Dalla Rosa, 2016), aims at indirectly 

evaluating the extent of electroporation by means of appreciable variations of relevant food features. 

The above-mentioned tools are able to detect quantitatively the effects of electroporation in various 

matrices, but, unfortunately, they are not capable to monitor its spatial distribution through the treated 

tissue. Indeed, the assessment of the spatial distribution of the electric field strength is fundamental to 
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assure the effectiveness of the process, especially when the enhancement of mass transfer is the main 

target of the PEF treatment. Generally, two approaches are considered, and often combined, to overcome 

this lack of knowledge. On one hand, the simulation of the process by means of finite element methods is 

particularly tailored to design the treatment chambers for liquids (Buckow, Schroeder, Berres, Baumann, & 

Knoerzer, 2010). On the other hand, the use of non-destructive imaging techniques, such as magnetic 

resonance imaging (MRI), can provide indirect information to spatially characterize the electroporation 

through solid plant tissues. In the latter case, a recent innovative work focusing on potato (Kranjc, Bajd, 

Serša, de Boevere, & Miklavčič, 2016) showed that magnetic resonance electrical impedance tomography 

technique can detect the electric field distribution during the application of the pulses, while quantitative 

information on the induced membrane breakage could be obtained by observing the modification of the 

transverse relaxation time (T2). 

The present work aims at exploring the spatial distribution of electroporation in apple tissue by combining 

computer vision system (CVS) analysis with MRI methods. PEF treatment parameters (60 pulses, 10 µs 

pulse width, 100 Hz, from 100 to 400 V/cm) were chosen according to earlier studies in apple (Dellarosa, 

Ragni, Laghi, Tylewicz, Rocculi, & Dalla Rosa, 2016a) to obtain reversible and irreversible electroporated 

apple samples. MRI analysis was aided with the use of a FeCl3 contrast agent solution which demonstrated 

to passively diffuse through plasma membranes only if electroporation took place (Dellarosa, Ragni, et al., 

2016b). An initial optimization step was required to establish suitable MRI sequences and parameters in 

order to both optimise the spatial resolution and simultaneously reduce the experimental acquisition time 

to few minutes. This led to observe, for the first time, kinetic alterations of apple tissue as a function of the 

electroporation from 15 to 60 minutes after PEF treatments. Afterward, to understand finely the effects of 

pulsed electric fields on mass transfer mechanisms, T2 maps and T1-weighted MRI images were acquired. 

The obtained images were finally compared to untreated dipped apple tissue and vacuum impregnated 

tissues, in order to clarify the tissue alterations induced by the application of PEF technologies (Donker, Van 

As, Snijder, & Edzes, 1997). 
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2. Material and methods

2.1 Raw material 

Apples (Malus domestica, cv Cripps Pink) were acquired at a local market and stored at 2 ± 1 °C for no 

longer than 6 weeks until utilization. The average moisture and soluble solid contents of apples were, 

respectively, 85.2 ± 0.3 g and 12.6 ± 0.3 g per 100 g of fresh product (gfw). Parenchyma apple tissue samples 

were manually cut with a sharp cork borer and a knife to obtain cylindrical samples of 14 mm diameter and 

25 mm length. 

2.2 Pulsed electric field (PEF) treatments and samples processing 

PEF treatments were applied to the samples by means of an in-house developed pulse generator based on 

metal-oxide-semiconductor field-effect transistor technology. The equipment provides monopolar pulses of 

near-rectangular shape at adjustable voltages, pulse width, frequency and duration, thus resulting in a 

variable number of delivered pulses and energy input. Treatments were run at 25 °C within a chamber 

equipped with two stainless steel electrodes with an active contact surface of 20 × 20 mm2 and a distance 

between them fixed at 30 mm. Each treatment included the placement of an apple cylinder into the 

chamber with the two circular bases parallel to the electrodes. The chamber was filled up with tap water, 

having an electrical conductivity of 314 ± 4 μS/cm at 25 °C in order to match the electrical conductivity of 

the apple samples. This prevented further electric field inhomogeneity (for instance insulation or interface 

effects) due to the different material placed between the electrodes. The process parameters and 

conditions were chosen according to previous experiments (Dellarosa, Ragni, et al., 2016a). Briefly, 300, 

750 and 1200 V were applied to give rise to average electric field strengths between the electrodes of 100, 

250 and 400 V/cm, respectively. Pulse width was fixed at 100 ± 2 μs, repetition time at 10.0 ± 0.1 ms (100 

Hz) and 60 pulses were delivered in each treatment. The current and voltage values were monitored using 
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a digital oscilloscope (PicoScope 2204a, Pico Technology, UK) connected to the PEF generator and a 

personal computer. 

After PEF treatments, samples were quickly removed from the treatment chamber and immersed into an 

isotonic sucrose solution for 60 min, during which the analysis were carried out. Those used for MRI 

analysis were immersed into an isotonic sucrose solution with the addition of 10 mM iron (III) chloride, as 

contrast agent. The total amount of iron in the apple samples was determined after 60 min from immersion 

using the method described by Adams (1995). Briefly, 0.1-0.5 g of freeze-dried samples obtained from the 

whole cylinders were dissolved in 10 mL of 2.0 M HCl. After 5 min, 1 mL of filtered (0.45 µm) supernatant 

was collected, mixed with 1 mL of 1.5 M KSCN and the absorbance at 480 nm measured (UV-1601, 

Shimadzu, Japan). A 5-points calibration curve was built using iron (III) chloride solution in water to obtain 

concentrations spanning from 0.1 to 1 mM, which resulted in a coefficient of determination R2 = 0.997; the 

analysis was performed in triplicate. 

2.3 Dipping (Dip) and vacuum impregnation (VI) treatments, as references 

Dipping and vacuum impregnation treatments were used as control samples applying a similar isotonic 

solution up to 60 min. According to a previous vacuum impregnation protocol (Betoret, Sentandreu, 

Betoret, Codoñer-Franch, Valls-Bellés, & Fito, 2012), samples were immersed into the solution and the 

pressure was lowered in a single vacuum step to the absolute value of 60 ± 10 mbar and maintained for 10 

min. Afterward, the atmospheric pressure was restored and the samples were maintained immersed for 60 

min. 

2.4 Computer vision system (CVS) 

Apple cylinders were collected after 15, 30, 45 and 60 min from PEF treatments, split into two equal parts 

and images were directly acquired by the computer vision system. Digitalized images were obtained by 

introducing the samples inside a black box under controlled lighting condition with a digital camera D7000 
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(Nikon, Shinjuku, Japan) equipped with a 105-mm lens AF-S VR Micro-Nikkor (Nikon, Shinjuku, Japan). 

Images were acquired at 16.2 megapixels with fixed exposition time 1/8 s, F-stop f/8 and ISO 100. For each 

electric field strength, at least 18 apple cylinders were sampled, along with dipping as control. Digitalized 

images were manually pre-elaborated by using GIMP 2.8 software (GNU Image Manipulation Program, 

1995-2014) to obtain a centred circular region of interest (ROI) of 500-pixels diameter. ImageJ (Schneider, 

Rasband, & Eliceiri, 2012) was then employed to follow the effect of electroporation on the browning 

kinetic by evaluating the L* (lightness), a* (red and green, for positive and negative values, respectively), 

and b* (yellow and blue, for positive and negative values, respectively) parameters of the CIELab colour 

space (CIE International Commission on Illumination, 1976). A 16 colours Lookup Table (LUT) was finally 

applied to each parameter of the colour space to illustrate the spatial distribution of the L*, a* and b* 

channels upon treatments throughout the tissue. In this respect, it is worth noticing that CIELab values 

calculated from the CVS may differ from those obtained by standard methods based on tristimulus 

colorimeters due to the different acquisition tools. Variations of the L*, a* and b* values, in the present 

work, should therefore be considered in a relative scale, by comparing PEF treated and untreated samples. 

2.5 Magnetic resonance imaging (MRI) 

Fig. 1 

Apple samples that underwent MRI analysis included PEF pre-treatment at 400 V/cm along with VI and Dip 

samples, as references. Figure 1 displays the experimental setup used for the MRI trials and examples of 

acquired T2-weighted images. Briefly, each apple cylinder was fixed in the centre of a 50 mL falcon tube 

that was filled up with the isotonic solution containing 10 mM of FeCl3 contrast agent. A small 0.5 mL falcon 

tube filled up exclusively with the isotonic solution containing the same contrast agent was placed aside, as 

external standard, in order to make it appear in the same field of view (FOV). 
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MRI experiments were carried out with a 2.35 T Biospec scanner (Bruker, Germany) comprising a 

superconducting magnet BC24/40 with a free bore of 400 mm and static field homogeneity in a 60 mm 

diameter spherical volume (DSV) of 0.05 ppm (half height). A gradient system BGA26 with a free bore of 

257 mm provided a maximum gradient strength of 50 mT/m and a linearity better than 3 % in a 60 mm 

DSV. A shim set BS40 provided up to eight spherical harmonic terms with a maximum error less than 3 %. 

The MRI scanner was equipped with a transmit/receive birdcage radio frequency (RF) volume coil (8 rungs, 

internal diameter 62 mm, external diameter 120 mm, length 111 mm, Doty Scientific Inc. USA) tuned at the 

proton frequency of 100.33 MHz and with impedance matching better than -15 dB. This condition was 

checked for each sample by means of a network analyser Agilent E5061A (Agilent, USA). The RF amplifier 

provided a peak power of 1 kW capable of generating the 90° and 180° RF pulses. The scanner was 

interfaced with an HP XW4600 workstation, running a Linux operating system (RH WS4), and comprising 

the Bruker Paravision 4.0 software for data acquisition and processing (Brandolini et al., 2015).  

First, a single pulse sequence (NSPEC) was applied to observe the Nuclear magnetic resonance (NMR) signal 

from the whole apple sample and the external reference with the aim to optimize magnetic field shimming 

(repetition time, TR = 8000 ms; flip angle = 10°; pulse length, tp = 100 μs; bandwidth, BW = 13 kHz; 2048 

points; spectral width = 30 ppm; number of excitations, NEX = 1; total acquisition time, TACQ = 8 s). After 

the auto-shim procedure the NMR linewidth of the whole sample was about 6 ppm. Afterward, to check 

the position of the samples, three perpendicular fast scout gradient echo (GE) images (fast low angle shot, 

FLASH) were acquired with the following parameters: TR = 35 ms; echo time (TE) = 5 ms; tp = 1 ms; BW = 

5.4 kHz; flip angle = 90°; FOV = 251 mm; 256 × 256 pixels; slice thickness = 3 mm; NEX = 1; TACQ = 9 s. 

Axial T1-weigthed Rapid imaging with refocused echoes with variable repetition time (RAREVTR) images 

were acquired to visualise the apple sample structure and to map the longitudinal relaxation time T1 using 

the following parameters: TR = [100, 280, 480, 700, 960, 1300, 1700, 2200, 3000, 4600] ms, TE = 10 ms; tp = 

2.25 ms; BW = 2.5 kHz; flip angle = 90°; FOV = 628 mm; 128 × 128 pixels; spatial resolution 0.5 mm/pixel, 

slice thickness = 3 mm; NEX = 1; TACQ = 30 min. 
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An asymmetric axial T2-weigthed Multi slice multi echo (MSME) sequence was chosen to acquire MR 

images using a variable TE: 2D FOV of 125.7 × 31.4 mm2, 256 × 64 pixels, spatial resolution=0.491 mm/pixel, 

3 mm slice thickness. This gave rise to a signal evolution described by Eq. 1 (Brown, Cheng, Haacke, 

Thompson, & Venkatesan, 2014): 

𝑆 = 𝜌 (1 − 𝑒𝑥𝑝
−𝑇𝑅

𝑇1 ) 𝑒𝑥𝑝
−𝑇𝐸

𝑇2 (Eq. 1) 

where, ρ is the proton density, T1 and T2 are the longitudinal and transverse relaxation time, respectively, 

while TR and TE are the adjustable acquisition parameters. To obtain the T2 mapping, each MSME sequence 

included 52 equally spaced echoes with TE = k × 9.23 ms (k = 1, …, 52), TR = 10 s, NEX = 1 and TACQ = 8 min. 

Additional fast T1-weigthed Rapid imaging with refocused echoes (RARE) images were also acquired to 

better visualise the apple sample structure and to study the percolation in the surrounding solution (TR = 

10 s, TE = 9.23 ms, NEX = 1, TACQ = 1 min). The optimization of the two MRI pulse sequences resulted in 

relatively short total acquisition time: approximately 8 min for the T2-map analysis and 1 min for the T1-

weigthed images, allowing studying the time course after treatments. The intensity of the T1-weigthed 

images was scaled, by taking the average intensity of the external standard equal to 0.5, to allow a 

comparison of the apple samples treated with the different technologies (Dip, VI, PEF). 

The RARE images at variable TR were fitted to obtain T1-maps by means of the Bruker Paravision 4.0 

software using a 3 parameters mono-exponential fitting. Finally, raw MSME data at variable TE, which are 

function of the 2D spatial coordinates and time, were fitted to obtain T2-maps by means of an in-house 

developed R script (R Foundation for Statistical Computing, Austria) based on the Levenberg–Marquardt 

nonlinear least-squares’ algorithm.  

2.6 Statistical analysis 

Significant differences between the treatments were studied by means of analysis of variance (ANOVA), 

followed by Tukey's multiple comparisons, implemented in R statistical software, at the significance level of 
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95% (p < 0.05). All the experiments were repeated at least three times and results were expressed as 

means ± standard deviation of replications. 
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3. Results and discussion

3.1 Visual changes detected by CVS 

Fig. 2 

CVS analysis was performed on the samples treated at 100, 250 and 400 V/cm PEF electric fields (n=18) and 

on a control sample, obtained by dipping an apple cylinder into an isotonic solution without any pre-

treatment. Fig. 2 reports the three CIELab parameters obtained by image analysis along time after 

treatment, together with examples of their spatial distribution throughout the entire area covered by the 

apple sample. Untreated apple samples (time = 0) showed CIE values equal to L* = 85.0 ± 0.2, a* = -1,9 ± 0.1 

and b* = 25.8 ± 0.6. Dipping in isotonic solution did not affect those values significantly over 60 min after 

immersion, as well as applying a PEF pre-treatment at 100 V/cm. Previous work (Dellarosa, Ragni, et al., 

2016a, 2016b) demonstrated that electroporation occurred only in its reversible form at this relatively low 

electric field strength. In addition, that work demonstrated that the redistribution of water within 

subcellular organelles enhanced mass transfer. However, the present work highlighted no change in the 

visual quality. This double observation suggests that PEF can be adopted to increase mass transfer in 

processes coupled with reduced alteration of sensorial qualities, as in the case of fresh-cut productions.  

Differently from samples untreated or subjected to 100 V/cm, a marked browning of the apple tissue was 

observed immediately after PEF treatments at 250 and 400 V/cm. From the first sampling point, acquired 

15 min after PEF treatments, significant changes in all CIELab parameters were noticed, that progressed 

throughout the entire observation time. The browning resulted in a lower luminosity (L* value) and in an 

increase of redness (a* value) and yellowness (b* value). According to Dellarosa et al. (Dellarosa, Ragni, et 

al., 2016b),  PEF treatments at 250 and 400 V/cm lead to the irreversible electroporation of the 

membranes, with the consequent loss of compartmentalization and release of the intracellular content. 

This includes intracellular enzymes, i.e. polyphenol oxidase (PPO), which promote the oxidation of phenolic 
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molecules leading to the enzymatic browning (Rocha & Morais, 2003). By considering both L* and a* values 

throughout the first hour after the application of PEF, it was possible to observe that 250 and 400 V/cm had 

different consequences on browning kinetics, probably due to a direct relationship between impact of the 

enzymatic process and applied energy. This suggests that the colour changes could be employed as an 

index of the extent of irreversible electroporation across the samples.  

It is worth highlighting that all the tested PEF treatments gave rise to inhomogeneous colour distributions 

throughout the apple tissue over time, especially when monitored by means of the a* and b* parameters. 

This source of inhomogeneity could be ascribed to the different local conductivity of the apple parenchyma, 

leading to a heterogeneous electric field distribution within the tissue. Two considerations reinforce this 

conclusion. First, in a previous study (Kranjc, et al., 2016) authors found a patchy distribution of the electric 

field in potato tubers as a function of the tissue features, which could not be predicted by numerical 

simulation. Second, to minimize the sources of irregularity due to the electrodes configuration, in the 

present work relatively large parallel plates were used instead of needle electrodes (Raso, et al., 2016). 

About the configuration of the electrodes it is also noteworthy noticing that the tissue pieces were 

positioned in the treatment chamber with the cylinder axis orthogonal to the two plate electrodes in order 

to minimize any field inhomogeneity during treatments. 

A second explanation of the inhomogeneous colour distributions throughout the apple tissue over time is 

the heterogeneous sensitivity to the treatment of the cells through the plant tissue. The latter 

phenomenon was indeed recently described by Chalermchat, Malangone, & Dejmek (2010), who found an 

important influence of the cell size, shape and orientation within the apple parenchyma exposed to PEF 

treatments. 

According to Lebovka, et al. (2002), plant tissue subjected to irreversible PEF treatments shows an 

increased conductivity due to the cell damage as a function of the redistribution of water and solutes. Such 

redistribution, however, was not uniform across the samples, with the highest levels of inhomogeneity 

caused by the highest applied electric field strength. In order to clarify spatially distributed alterations of 
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the tissue microstructure, in the presence of the highest energy PEF pre-treatment at 400 V/cm, the apple 

tissue was investigated by MRI analysis. 

3.2 Distribution of electroporation explored by MRI 

Fig. 3 

Multiparametric MRI provides an overview of the membranes breakage, since longitudinal (T1) and 

transverse (T2) relaxation time values have been demonstrated to be directly affected by electroporation 

(Hjouj & Rubinsky, 2010). In the present work, a FeCl3 rich contrast agent solution was used to enhance the 

differences of T1 and T2 values between apple samples and the surrounding solution. Such solution was 

unable to passively diffuse through the structures of the tissue, as confirmed by the spectrophotometric 

measurement of the Fe3+concentration. Fig. 3 shows its concentration after 60 minutes from the 

treatments, along with a fresh apple control. The concentration of Fe3+ in apple samples dipped in the 

contrast solution, including those pre-treated by PEF at any electric field strength, spanned from 7 to 10 mg 

per g of sample, with no significant differences among them. Those values were far higher than the native 

concentration of the ion (< 1 mg per g of fresh apple) and significantly lower than apple tissue subject to VI 

(16.0 ± 1.2 mg per g of fresh apple). Indeed, VI is recognized as a highly effective tool to enrich porous 

tissues, by filling the inner air space with an external solution (Zhao & Xie, 2004). Conversely, within the 

observed experimental time (60 min), PEF pre-treatment and dipping showed similar results. Such results 

suggested that the entrance of the external solution was not eased by the application of electric fields, so 

that the increase of the concentration of Fe3+ was probably due to surface phenomena only. It is worth 

noting that samples treated at 100 V/cm, therefore close to the critical irreversible threshold, showed the 

highest standard deviation among replicates, a possible consequence of inhomogeneous cell responses 

throughout the material to this PEF treatment. 
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Fig. 4 

The impact of electroporation in apple tissue was successfully detected by observing the modification of T2 

values over time after treatment. Fig. 4 illustrates the T2-maps of three PEF-treated samples at 400 V/cm 

during 60 min of immersion into the contrast solution. In general, T2 decreased immediately after PEF 

treatment, showing consistent values throughout the observation time. On average, apple samples simply 

dipped into the contrast solution showed a T2 value equal to 125 ± 10 ms. That value dropped to 119 ± 5 ms 

when electroporation was applied at 400 V/cm (Table 1). 

Table 1 

This decrease could be ascribed to the irreversible alteration of the tonoplast and plasma membranes, 

noticed elsewhere on similar samples (Dellarosa, Ragni, et al., 2016b), which causes the collapse of the cell 

vacuole and cytoplasm. The loss of compartmentalization eases the diffusion of the intracellular water and 

solutes toward extracellular spaces and the external solution. That redistribution of water, together with a 

lower water-to-solutes ratio, results in a different interaction between water/solutes/biopolymers inside 

the tissue, leading to a lower T2 (Van Duynhoven, Voda, Witek, & Van As, 2010). Indeed, this finding is in 

agreement with previous investigations, which showed that any food process technology affecting the 

inner microstructure of apple systematically lowers its T2 (Gonzalez, Valle, Bobroff, Biasi, Mitcham, & 

McCarthy, 2001; Hills & Remigereau, 1997; Mauro, et al., 2016). 

In the present experiment, a direct comparison between PEF and VI was also achieved, interestingly the 

latter technology grants the complete replacement of air with the external solution without affecting the 

membrane integrity (Panarese, et al., 2016). VI leads to a generalized increase of T2 (157±12 ms) and, 

concurrently, of proton density (data not shown). Thus, by comparing PEF with VI samples, the application 
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of high voltage electric fields appears to foster no diffusion of the external solution through the tissue 

pores. 

It is worth observing that the reduction of T2 was clearly heterogeneously distributed through the apple 

cylinders, with regions where T2 was actually not influenced by PEF application. Considering the T2-maps 

reported in Fig. 4, it is important to note that the azimuthal orientation of the cylindrical apple samples 

within the MRI scanner was randomly aligned with that used in the PEF treatment chamber, thus 

apparently giving different T2 spatial distributions among the samples. Moreover, the spatial extension of 

the electroporated area also showed some degree of change among replicates. This is in agreement with 

our CVS results and previous literature (Kranjc, et al., 2016) on other plant tissues. The T2-maps analysis 

reinforces the conclusion that the heterogeneity of apple parenchyma, in terms of conductivity and 

sensitivity to high voltage (Chalermchat, Malangone, & Dejmek 2010), played a non-negligible role in the 

effectiveness of the PEF treatment. 

The T2-maps displayed in Fig. 4 also directly reveal the percolation commonly induced by pulsed electric 

fields (Lebovka, Bazhal, & Vorobiev, 2001). This phenomenon was directly visible in sample ‘a’ after 30, 45 

and 60 min. The average T2 of the native contrast solution was 10 ± 1 ms, whereas higher T2 values were 

clearly visible in several pixels surrounding the upper part of the T2-maps, giving rise to an eruption-like 

shape. The percolation process took about 45 min to reach a steady state condition, corresponding to an 

average T2 value of the surrounding solution of about 16 ± 1 ms. Simultaneously, a slight steady increase of 

the T2 values of about 3 % was observed within the tissue. Further evidence of water migration toward the 

external solution was provided by the T1-weigthed images shown in Fig. 5. Interestingly, PEF pre-treated 

apple samples showed a thin surrounding ring with a T1 value that was comprised between the apple tissue 

(T1 = 2481 ± 72 ms) and the contrast solution (T1 = 47 ± 8 ms) after 60 min. It is important once more to 

highlight that the phenomenon was not equally distributed around the cylinders and its extent varied 

among the different repetitions, confirming the inhomogeneous effects of PEF through the material.  

Fig. 5 
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This multi-parametric MRI study enabled highlighting the consequences of electroporation, causing loss of 

membrane integrity and migration of the intracellular content, within few minutes from the application of 

PEF. This promotes the employment of MRI analysis to estimate the extent of electroporation immediately 

after pulsation and to predict possible macroscopic changes which may require long time to become 

apparent (Hjouj, et al., 2010; Kranjc, et al., 2016). As a finding of general interest, MRI technique was found 

able to provide an accurate snapshot of distribution of the microstructural alterations throughout the plant 

tissues. A tailored MRI experimental set-up can be therefore designed to selectively monitor, as in the 

present work, a specific source of variability among many possible alternatives. 
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4. Conclusions

In this work the spatial distribution of electroporation in apple tissues induced by pulsed electric fields 

technology was accurately assessed by combining computer vision system and magnetic resonance imaging 

techniques. The loss of compartmentalization, as a consequence of the membranes breakage, resulted in a 

reduction of the transverse relaxation time, measured by MRI methods, and in the simultaneous trigger of 

the enzymatic browning, kinetically evaluated by CVS analysis. Interestingly, both tools described an 

inhomogeneous distribution of electroporation through the tissues, as a consequence of probable different 

local conductivity and sensitivity of the apple parenchyma cells to the pulsed electric fields. Moreover, 

kinetic MRI analysis highlighted the release of the intracellular content toward the external solution within 

about 45 min from treatment. The present work provided useful imaging methods able to monitor within 

minutes, and backwardly optimize, novel mass transfer processes assisted by pulsed electric fields. 
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FIGURE CAPTIONS 

Fig. 1. Experimental setup for the MRI measurements: (A) schematic layout and (B) example of T2-weighted 

MR images obtained at two TE values for the dipping (Dip), vacuum impregnation (VI) and pulsed electric 

field (PEF) treated (400 V/cm) apple samples. 

Fig. 2. Computer vision system analysis of the Dip, as a control, and the PEF-treated (100, 150 and 400 

V/cm) samples after 15, 30, 45, 60 min from treatments. (A) Examples of digitalized transverse images and 

the corresponding L* (lightness), a* (redness for positive values), b* (yellowness for positive values) 

channel signal levels through the apple tissue. (B) The mean values ± standard deviation (n=18) of the L*, 

a*, b* signal levels versus time. 

Fig. 3. Concentration of Fe3+ in the whole apple samples, which underwent different treatments, after 60 

minutes of immersion into the contrast solution: fresh apple (Fresh), vacuum impregnation (VI), dipping 

(Dip), pulsed electric fields (PEF) at various electric field strength. Results, expressed in mg per g of fresh 

product (gfw), represent mean values ± standard deviation (n=3). 

Fig. 4. T2-maps in the transverse plane of three apple samples treated with pulsed electric fields (PEF) at 

400 V/cm (60 pulses, 10 µs pulse width, 100 Hz) and sampled at 15, 30, 45 and 60 min after treatments; T2-

maps in the transverse plane of dipping (Dip) and vacuum impregnation (VI) apple samples after 60 min of 

immersion in the contrast solution. 

Fig. 5. T1-weigthed images in the transverse plane of three apple samples treated with pulsed electric fields 

(PEF) at 400 V/cm (60 pulses, 10 µs pulse width, 100 Hz) and sampled at 5 and 60 min after treatments; T1-

weigthed images of dipping (Dip) and vacuum impregnation (VI) apple samples after 60 min from the 
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treatments; intensities were scaled by fixing the external standard intensity (not shown) at 0.5 (a.u.); 

dashed lines show the diameter of samples before treatments. 
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Table 1. Summary of the longitudinal (T1) and transverse (T2) relaxation time values for the dipping (Dip), 

vacuum impregnation (VI) and pulsed electric fields (PEF) at 400 V/cm measured in the surrounding liquid 

and the apple samples. 

Liquid Apple 

T1 (ms) T2 (ms) T1 (ms) T2 (ms) 

Dip 23 ± 5 11 ± 1 2236 ± 83 125 ± 10 

VI 29 ± 7 10 ± 1 1672 ± 106 157 ± 12 

PEF 400 V/cm 47 ± 8 16 ± 1 2481 ± 72 119 ± 5 

Results are means ± standard deviations (n=4) 
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HIGHLIGHTS 

 Image analysis described the pulsed electric fields-induced enzymatic browning

 T2-maps showed the loss of compartmentalization distributed throughout the tissue

 T2- and T1-weigthed images showed the percolation of the intracellular content

 Inhomogeneous spatial distribution of irreversible electroporation was noticed
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