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  ABSTRACT 

  Background.  Tissue permeabilization by electroporation (EP) is a promising technique to treat certain cancers. Non-
invasive methods for verifi cation of induced permeabilization are important, especially in deep-seated cancers. In this 
study we evaluated diffusion-weighted magnetic resonance imaging (DW-MRI) as a quantitative method for detecting 
EP-induced membrane permeabilization of brain tissue using a rat brain model. 
  Material and methods.  Fifty-four anesthetized Sprague-Dawley male rats were electroporated in the right hemi-
sphere, using different voltage levels to induce no permeabilization (NP), transient membrane permeabilization (TMP), 
and permanent membrane permeabilization (PMP), respectively. DW-MRI was acquired 5 minutes, 2 hours, 24 hours 
and 48 hours after EP. Histology was performed for validation of the permeabilization states. Tissue content of water, 
Na  �  , K  �  , Ca 2 �  , and extracellular volume were determined. The Kruskal-Wallis test was used to compare the DW-MRI 
parameters, apparent diffusion coeffi cient (ADC) and kurtosis, at different voltage levels. The two-sample Mann-
Whitney test with Holm ’ s Bonferroni correction was used to identify pairs of signifi cantly different groups. The study 
was approved by the Danish Animal Experiments Inspectorate. 
   Results and conclusion.   Results showed signifi cant difference in the ADC between TMP and PMP at 2 hours 
(p    �    0.001) and 24 hours (p    �    0.05) after EP. Kurtosis was signifi cantly increased both at TMP (p    �    0.05) and PMP 
(p    �    0.001) 5 minutes after EP, compared to NP. Kurtosis was also signifi cantly higher at 24 hours (p    �    0.05) and 48 
hours (p    �    0.05) at PMP compared to NP. Physiological parameters indicated correlation with the permeabilization states, 
supporting the DW-MRI fi ndings. We conclude that DW-MRI is capable of detecting EP-induced permeabilization of 
brain tissue and to some extent of differentiating NP, TMP and PMP using appropriate scan timing.   

 Cellular membranes are permeabilized when exposed 
to suffi ciently high voltage pulses. This phenomenon 
is known as electroporation (EP) [1]. Its application 
in medicine is growing rapidly, and currently EP is 
also being evaluated as a new treatment modality of 
primary and secondary cancers in the brain [2,3]. 

 EP induces transient membrane permeabilization 
(TMP) or permanent membrane permeabilization 
(PMP), depending on the pulse parameters (amplitude, 

duration, frequency and number) [4]. In chemother-
apy, for example, moderate pulse amplitudes (voltage 
levels) are applied to induce TMP, enabling entrap-
ment of chemotherapeutic agents in tumor cells, thus 
increasing cytotoxicity ( �    300-fold) [5,6]. In tumor 
ablation, however, tumor cells are eradicated by very 
high pulse amplitudes (higher voltage levels) that 
induce PMP locally [7,8]. Conversely, if the voltage 
level is too low, no permeabilization (NP) will occur. 

Acta Oncologica, 2015; 54: 289–297

ISSN 0284-186X print/ISSN 1651-226X online © 2015 Informa Healthcare
DOI: 10.3109/0284186X.2014.991045



290 F. Mahmood et al. 

On the molecular scale, tissue EP is associated with 
reorganization of cell membrane lipids and ion trans-
port proteins [9], infl icting loss of ionic equilibrium, 
depletion of adenosine triphosphate (ATP) and for-
mation of reactive oxidative species (ROS) [10]. The 
cellular reactions manifest through morphological 
changes, including cellular swelling, shrinkage, 
blebbing, lysis and extracellular edema [11 – 14], 
changing the micro-scale diffusion environment of 
the tissue. 

 Diffusion-weighted magnetic resonance imaging 
(DW-MRI) assesses said extracellular micro-scale 
diffusion environment of the scanned tissue non-in-
vasively. In brief, DW-MRI measures the random 
motion of water molecules within the tissue. The 
apparent diffusion coeffi cient (ADC) is a metric of 
the averaged Gaussian diffusion of the water mole-
cules and is derived from the acquired DW-MRI 
[15]. In case of biological tissue, and in particular 
neural tissue, water diffusion is not purely Gaussian 
due to the tissue complexity (neurons, glial cells, 
extracellular matrix etc.). The statistical parameter, 
kurtosis, has been introduced as a further DW-MRI 
metric [16], providing information about the non-
Gaussian characteristics of the water diffusion in 
tissue [17]. 

 In this study we evaluated DW-MRI as a method 
for detecting membrane permeabilization of brain 
tissue, induced by in vivo EP. Specifi cally, we evalu-
ated the use of ADC and the kurtosis for quantitative 
assessment of electroporated brain tissue, and their 
value in differentiating NP, TMP and PMP. We used 
histological samples for validation of the permeabili-
zation states. Tissue content of water, Na  �  , K  �  , Ca 2 �  , 
and the extracellular volume (ECV) were measured 
for assessing change in cellular morphology and 
physiological state. 

 Imaging biomarkers for monitoring the response 
to treatments are in demand. We believe DW-MRI 
may play an important role in verifi cation of response 
to treatments, such as electrochemotherapy. Poten-
tially, the results from our study could also be applied 
in radiation therapy since ionizing radiation is known 
to induce membrane permeabilization [18], and in 
radiofrequency ablation treatments where heat rup-
tures cell membranes in the exposed tissue.  

 Material and methods  

 Experimental design 

 In vivo EP was performed in the right brain hemi-
sphere of the anesthetized rat using a stereotactic 
setup. The electrodes were removed and the rat was 
transferred to the MRI scanner for repeated DW-
MRI scans. After the last DW-MRI scan the animal 

was sacrifi ced and tissue samples excised for deter-
mination of water, Na  �  , K  �   and Ca 2 �   content, 
assessment of ECV, as well as histology. Four voltage 
levels were tested, assumed to induce NP (0 V), TMP 
(100 V, 200 V) and PMP (400 V). The experimental 
design is illustrated in Figure 1.   

 Animals 

 Sprague-Dawley male rats (N    �    54, 300 – 350 g), 
anesthetized (2.7 ml/kg body weight) with fentanyl 
fl uanisone combination (Hypnorm; VetaPharma, 
UK), midazolam (Dormicum; Hoffmann-La Roche, 
Switzerland) and sterile H 2 O (1:1:2 mixture). Euth-
anization by anesthesia followed by lethal pentobar-
bital injection. The study and protocol were approved 
by the Danish Animal Experiments Inspectorate.   

 In vivo electroporation 

 In vivo EP, described by Agerholm-Larsen et   al. [2]: 
an 8-electrode device (Figure 2) was applied through 
a 5 mm burr hole in the skull at the stereotactic 
coordinates x    �    2 mm, and y    �    1 mm (origo at 
bregma), with 5 mm electrode deployment (z    �    5 
mm) into the brain (Figure 3). Eight 0.1 ms pulses 
(1 Hz) were delivered at each polarity confi guration 
(Figure 2). Voltage was clamped at 0 V, 100 V, 200 V 
and 400 V, respectively. Electrodes were immediately 
removed after EP allowing a fi rst MRI scan at 
5 minutes.   

 Electric fi eld and Joule heating calculations 

 Electric fi eld distributions and Joule heating were 
calculated with Comsol Multiphysics 3.5a (Comsol 
AB, Sweden) and Matlab R2010a (The Mathworks 
Inc., USA). Electric fi eld: The (electrostatic) conti-
nuity equation,  �   ▿ ·( σ · ▿  φ )  �  0, where  σ  is the tissue 
conductivity and  φ  is the electric potential, was solved 
with boundary conditions  φ     �    V 0  applied to the elec-
trode surface and  φ     �    0 applied to model boundaries. 
Joule heating: Calculated as  ▵  T  ( σ / ρ·c    p   ) E  2  ▵  t  assuming 
quasi adiabatic conditions. Tissue properties used: 
Conductivity  σ     �    0.64 S/m,  r      �     1000 kg/m 3  and 
 c  p    �     4.18 · 10 3  J/(kg · K). The averaged accumulated 
exposure time per electrode,  Δ t    �    2.0 ms (each of the 
outer 4 electrodes used in 2 confi gurations, and each 
of the inner 4 electrodes used in 3 confi gurations).   

 Magnetic resonance imaging (MRI) 

 A 3T clinical MRI system (Philips Achieva, Philips 
Healthcare, The Netherlands) was used with a 
50-mm 4-channel phased array animal coil (Shanghai 
Chenguang Medical Technology, China). DW-MRI 
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scans (TR/TE    �    4000 ms/80 ms, 1 mm slice, 
FOV    �    35    �    35 mm, matrix 72    �    69, pixel size 
0.5    �    0.5 mm) were implemented using a generic 
single-shot, fat-saturated, spin-echo DWIBS 
sequence. Images for 6 b-values (50, 100, 150, 600, 
800, 1000 s/mm 2 ) in the direction along the elec-
trodes (anterior – posterior) were recorded. Ten 
repeated DW-MRI scans and two T2-weighted 
(T2W) MRI scans (TR/TE    �    4155 ms/100 ms, 1 
mm slice, FOV 50    �    50 mm, matrix 248    �    248) were 
recorded at each time point.   

 Ex vivo examinations 

 Histology. Standard protocols were used for 
Hematoxylin and eosin (HE), Periodic acid-Schiff 
(PAS), and immunohistochemical neuro-fi lament 
staining (NF) with monoclonal mouse anti-human, 
2F11 (Dako, Denmark), glial fi lament (GFAP) with 

polyclonal rabbit anti-GFAP (Dako, Denmark). 
Olympus BX50 microscope, Olympus color view 
1 camera (Tubus, UTV, 0.5xG3), and Olympus 
soft imaging system (analySIS getIT; Olympus) were 
used. 

 Extracellular volume (ECV). The change in ECV 
was assessed by tracer uptake: Tissue biopsies, 
approximately 100 mg from the electroporated region 
and the control region, respectively, were incubated 
(within 8 minutes after asphyxiation) for 60 minutes 
in Na-Krebs buffer with  51 Cr-Ethylenediaminetet-
raacetic acid (EDTA) and glucose, pre-bubbled with 
95% O 2  and 5% CO 2 . Samples were washed and 
counted using a scintillation gamma counter (Pack-
ard Cobra II, USA) [19]. 

  Water and Na  �  , K  �  , Ca 2 �     content . Water content 
was determined as the ratio of dried sample weight 
(55 ° C, 24 hours) to normal (wet) sample weight. 
Contents of Na  �   and K  �   were determined by fl ame 
photometry: 2.5 ml 0.3 M TCA was added to the 
dried samples and left to soak for at least 24 hours. 
Na  �   and K  �   contents were determined by mixing 
100  μ l of the TCA extract with 900  μ l TCA and 1.5 
ml 5.0 mM LiCl. The fl ame photometer (FLM3, 
Radiometer) used lithium as internal standard and 
was adjusted to give readout of 50/50 against a stan-
dard of 0.25/0.25 mM Na  �  /K  �  . Ca 2 �   content was 
determined by atomic absorption spectrophotometry 
(Solaar AAS, Thermo); 25 – 300  μ l of the TCA extract 

  Figure 1.     Experimental design: Four voltage levels, 0 V, 100 V, 200 
V and 400 V were used. The numbers of animals at each voltage 
level are shown at the beginning of each individual timeline. The 
overall timeline (5 min, 2 h, 24 h, 48 h) indicates the time between 
EP and MRI. Immediately after MRI at each time point a number 
of animals (italicized) underwent ex vivo tests (H, Histology; W, 
Water content; I, Ion content; E, Extracellular volume). A total of 
54 rats were included in the study, of these six were not MRI 
scanned (indicated by  * ). Example: A total of eight rats were 
electroporated with 200 V. All had MRI at 5 min, six had additional 
MRI at 2 h, four had again additional MRI at 24 h and two had 
also MRI at 48 h. Following each MRI session two rats were 
euthanized and underwent ex vivo test as schematized.  

  Figure 2.     The electrode device and electric fi eld distribution: (A) 
The rat brain electrode device: four parallel inner electrodes and 
four slightly angled outer electrodes of length 5 mm. Only the 
distal 3 mm of the electrodes were electrically conductive. Each 
electrode was 0.2 mm in diameter. The electrodes had a palladium 
core and 35N LT coating. (B) Four polarity confi gurations were 
used to expose the region symmetrically (top view). The electric 
fi eld distribution corresponding to an initial electrode polarization 
is shown in the top left window. The next electric fi eld distribution 
(after 90 °  rotation of the polarity) is combined with the previous 
electric fi eld distribution and shown in the bottom left window. 
This is repeated at 180 °  and 270 °  rotations of the polarity 
confi guration. The electric fi eld distributions are at depth z    �    3.5 
mm (see Figure 3) and shown for 100 V. White and black marks 
at the tip of the electrodes indicate opposing polarities.  
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normal tissue (control) and the EP region, one-sample 
t-test of log-transformed ADC ratios and kurtosis dif-
ferences was used. Holm ’ s sequential Bonferroni cor-
rection was used to account for multiple testing.    

 Results  

 Histological validation of NP, TMP and PMP 

 Histology shows clear correlation with the applied 
voltage (Figure 4). At 0 V only a spot is observed, 
indicating simple perforation by the electrode. After 
application of 100 V there are slightly larger regions 
of bleeding, and loss of neurons at the electrode sites. 
The porous texture at the electrode sites indicates 
extracellular edema. The tissue is recovered 14 days 
after EP (Figure 4). This indicates that permeabiliza-
tion induced by 100 V is transient. EP at 400 V 
induces severe necrosis, observed as a large contigu-
ous region in the sample taken 48 hours after EP. 
This clearly shows that 400 V induces PMP. 

 In the second column of Figure 4 overlays of the 
iso-fi eld lines are added to the histology images. The 
0 V/cm iso-fi eld line at 0 V is simply the outline of 
the electrode, confi rming that the affected region is 
no larger than the perforation by the electrode (0.2 
mm). At 100 V edema is present in a region outlined 
by the 800 V/cm iso-fi eld line, and loss of neurons 
and glial cells is present inside the 1000 – 1200 V/cm 
iso-fi eld line. This is confi rmed by the sample from 
400 V exposure showing necrosis in a region corre-
sponding to intensities above 1000 – 1200 V/cm. 
Thickening of both glial fi laments and condensation 
of neuro-fi laments is observed in the region corre-
sponding to 300 – 600 V/cm. This may indicate mem-
brane permeabilization-induced hyper-osmolarity 
in cell cytoplasm, likely caused by Na  �   infl ux. The 
results suggest that TMP may take place in the 
window of 300 – 800 V/cm and PMP ensues at fi eld 
intensities above 800 – 1000 V/cm, all in agreement 
with fi ndings reported from muscle EP [20].   

 DW-MRI of brain tissue with NP, TMP and PMP 

 Representative MRI scans in Figure 5 show almost 
no intensity change at 0 V. At 100 V there are slight 
local changes in image intensity corresponding to the 
electroporated region. A small hyper-intense region 
in the T2W image at 48 hours is hypo-intense in the 
DW scan, corresponding to increased diffusion in 
that region. At 200 V (2 hours) the regions corre-
sponding to the electrode tracks appear hyper-intense 
and the region between the electrodes appears hypo-
intense in the DW scan, suggesting restricted and 
increased diffusion, respectively. Interestingly, at 400 
V (2 hours) image intensity of the DW-MRI seems 

  Figure 3.     Regions of interest (ROI) and the location of the 
electrodes: The electroporated region is defi ned as x    �    [1.5;3.0] 
and z    �    [1.5;6.0] in the right hemispheres, and the control region 
is defi ned as x    �    [-3.0;-1.5] and z    �    [1.5;6.0] in the left hemisphere. 
The electric fi eld overlay (200 V) on the coronal plane corresponding 
to the center of the electrode device is shown in the bottom.  

was mixed with TCA to a fi nal volume of 1500  μ l. 
Immediately prior to measurement, 150  μ l 0.27 M 
KCl was added to the samples, which were measured 
against a standard curve using a blank and standards 
containing 12.5 or 25  μ M Ca 2 �   and the same amount 
of TCA and KCl.   

 Data post-processing and statistics 

 The ADC and kurtosis were derived as fi rst and second 
order coeffi cients, respectively, of a second order poly-
nomial fi tted to the series expansion of the 
Stejskal-Tanner expression, using Matlab R2010a. ADC 
and kurtosis are expressed in medians to 
suppress effects of any outliers. Regions of interest (EP 
and control) are shown in Figure 3 and were outlined 
in the DW-MRI scans using registration with the T 2 -
weighted MRI scans. The Kruskal Wallis test was used 
to compare different voltage levels (0 V, 
100 V, 200 V, 400 V). Multiple comparisons using 
the two-sample Mann-Whitney test with Holm ’ s Bon-
ferroni correction were used to identify pairs of signifi -
cantly different groups. To test for difference between 
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reversed in the electroporated region, suggesting 
restricted diffusion in the area between the electrode 
tracks. This is confi rmed by the ADC ratios (Figure 6), 
showing a slight drop in the ADC at 2 hours and no 
change at 24 hours, separating it from the 100 V and 
200 V conditions which have increased ADC ratios 
at these time points. 

 The kurtosis (Figure 6) is increased quickly after 
EP (5 minutes) at 100 V, 200 V and 400 V. In the 
400 V condition the kurtosis remains high through-
out the scans, whereas it tends to normalize for TMP 
(100 V and 200 V). 

 The results indicate that ADC and kurtosis pro-
vide complementary information. Non-, transiently 

  Figure 4.     Rat brain histology: The left column shows HE stained 
axial tissue samples at depth 3 mm (z    �    3). The electrodes were 
deployed orthogonal to the sample plane. White arrows point at 
selected electrode marks. The right column shows magnifi cations, 
including overlays of calculated iso-fi eld lines at selected intensities 
(in V/cm). Samples are NF stained (neurofi lament), HE stained and 
GFAP stained (glial fi lament), from top to bottom. GFAP stained 
coronal tissue sample: Generally the tissue is recovered and scar 
tissue (reactive gliosis) is seen only in close proximity of the electrode 
(arrow) where the electric fi eld intensity is very high. In the superior 
part of the brain there is a slightly diffuse reactive gliosis connected 
to surgery of the brain dura and penetration of the device.  

  Figure 5.     T 2 -weighted (T2W) and DW-MRI (b    �    800) of the rat 
brain: Representative coronal MRI scans at selected time points 
and all voltage levels. In the DW-MRI images the hyper-intensity 
refl ects low diffusivity and hypo-intense regions refl ect high 
diffusivity. The left column shows the calculated electric fi eld 
distributions in the range 350 – 1200 V/cm. White arrows in the top 
panel (T2W) indicate the tracks left by the electrodes (black 
arrows).  
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  Figure 6.         ADC ratios and kurtosis shift over time: The ADC ratio is the median ADC of the electroporated region over the median ADC 
of the control region. The kurtosis shift is the median kurtosis of the electroporated region minus the median kurtosis of the control region 
(kurtosis shift). (Variance of measurements of the control and electroporated region was comparable). Electroporated region and control 
region defi nitions are shown in Figure 3. All data points are shown individually and as boxes with the central mark indicating the median. 
The edges of the box are the 25th and 75th percentiles. Signifi cance levels:  * p    �    0.05,  *  * p    �    0.01,  *  *  * p    �    0.001.  

and permanently permeabilized tissues can be differ-
entiated with combined use of ADC and kurtosis: In 
the 0 V group, at 5 minutes, the kurtosis is signifi cantly 
lower than in the 100 V, 200 V and 400 V groups. The 
100 V and 200 V conditions are not signifi cantly dif-
ferent in terms of ADC or kurtosis, at any time point, 
indicating similar permeabilization state. The 400 V 
condition, however, can be distinguished from the 
100 V and 200 V conditions by the ADC at 2 hours 
and 24 hours, and also has the highest kurtosis at all 
time-points. Table I additionally shows that both tran-
siently and permanently permeabilized tissues can be 
distinguished from the control tissue (region in the 
contralateral hemisphere) in terms of ADC and 
kurtosis at 5 minutes, 2 hours and 24 hours.   

 ECV and water content of tissue 

 The water content of the electroporated tissue 
increases steadily with electric fi eld intensity (Figure 7). 
This is likely to be associated with extracellular edema 
and disintegration of cell membranes of permanently 
permeabilized cells. There is no clear trend over time. 
We believe the decrease in water content from 5 min-
utes to 2 hours observed at all voltage levels may be 
explained as dehydration during anesthesia. 

 The Cr-EDTA uptake test (Figure 7) also shows 
a general increase with electric fi eld intensity. Since 
tracer content is considered proportional to the ECV 
we interpret this to be caused by edema. Cell shrink-
age/membrane blebbing (morphological changes in 

apoptotic cells) could also contribute to this trend. 
The data imply that there is an increase in ECV from 
5 minutes to 24 hours (at 0 V, 100 V, 400 V) and then 
a very clear fall from 24 hours to 48 hours. This 
corresponds nicely with the T2W scans (Figure 5) 
that show increasing hyper-intensity (edema) from 
5 minutes to 2 hours, and no further increase at 
48 hours.   

 Na  �  , K  �  , Ca 2 �   content of tissue 

 Figure 8 shows that the Na  �   and K  �   contents at 
0 V are similar to the control tissue and stable over 
time. At 100 V and in particular at 200 V the Na  �   
content is increased but stable. After application of 
400 V the Na  �   content is increased further from 5 
minutes to 24 hours, and jumps to a clearly higher 
level at 48 hours. This may indicate permanently 
increased ECV due to a solitary, or more probably, 
a combined effect of membrane disintegration, extra-
cellular edema and cell shrinkage. 

 We see an inverted trend in the change in K  �   
content (Figure 8), beginning at 100 V, clearer at 200 
V, and further dropping at 400 V. The increase of 
sodium ions and decrease of potassium ions in the 
tissue is an indication of an increased ECV fraction 
(ECV volume over total volume). This could indicate 
cell shrinkage, blebbing, lysis and/or extracellular 
edema. 

 The Ca 2 �   content is increased at 24 hours and 
48 hours after application of 100 V. At 200 V the 
Ca 2 �   content increases gradually with time and more 
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dramatically between 24 hours and 48 hours after 
EP. At 400 V Ca 2 �   increase is clear from the fi rst 
time point and with a marked increase at 24 hours 
and 48 hours. This indicates that the PMP causes 
uninterrupted cellular uptake of Ca 2 �  , eventually 
exceeding the storage capacity of the cell (mitochon-
dria and ER) resulting in increased cytoplasmic Ca 2 �   
concentrations. Sustained increases in cytoplasmic 
Ca 2 �   concentration induces degradative processes in 
the cell causing further membrane damage [21], 
accelerating the Ca 2 �   infl ux. Free cytosolic calcium 
is known to signal apoptosis through mitochondria-
caspase pathway. Apoptosis is associated with mem-
brane blebbing which increases tissue tortuosity and 
restricts diffusion despite edema. We believe this 
supports the decrease in ADC (see Figure 6) at 
400 V (2 hours and 24 hours).    

 Discussion 

 We have used DW-MRI to measure changes in the 
micro-scale diffusion environment of histologically 
validated, non-permeabilized (0 V), transiently 

(100 V, 200 V) and permanently permeabilized (400 
V) brain tissue. In addition to the ADC, we have 
evaluated the eligibility of the kurtosis as a response 
parameter of tissue permeabilization. Results indi-
cate that DW-MRI is capable of detecting permeabi-
lized brain tissue and at particular time points to 
differentiate between the permeabilization states NP, 
TMP and PMP in tissue. We also demonstrated that 
the kurtosis and the ADC provide complimentary 

  Table I. p-Values for test between normal tissue (control) and 
electroporated tissue (0 V, 100 V, 200 V, 400 V).  

5 minutes 2 hours 24 hours

0 V ADC ratio 0.0151
Kurtosis 0.1134

(n    �    9)
100 V ADC ratio  0.0001  0.0036  0.0001 

Kurtosis   �    0.0001  0.0413  0.0002 
(n    �    15) (n    �    11) (n    �    9)

200 V ADC ratio 0.3252
Kurtosis 0.0083

(n    �    8)
400 V ADC ratio 0.1127 0.0172 0.6795

Kurtosis  0.0001  0.0015  0.0004 
(n    �    16) (n    �    12) (n    �    10)

 Bold type indicates statistical signifi cant values ( α     �    0.05). 
p-Values are     calculated for sample sizes    �    8 only.   

  Figure 7.     Water content: The water content of the electroporated 
region (right hemisphere) divided by the water content of the 
control region (left hemisphere). Extracellular volume (ECV): The 
change in  51 Cr-EDTA uptake as counts per unit tissue weight of 
the electroporated region over counts per unit tissue weight of the 
control region. Bars show median values and white triangles 
indicate individual data points (2 – 4 observations per group).  

  Figure 8.     Tissue contents of Na  �  , K  �   and Ca 2 �  : Bars show mean 
values and white triangles indicate individual data points as 
content per gram of wet tissue (2 observations per group). Sodium 
and potassium data for 200 V at 5 min were excluded due to 
suspicion of measurement error.  
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information. The ex vivo tests showed that the main 
induced effects in permeabilized tissue are edema 
(100 V, 200 V, 400 V) and cell shrinkage, membrane 
blebbing and membrane disintegration (400 V). 

 Other studies have addressed non-invasive assess-
ment of EP, for example by using electrical imped-
ance tomography [22,23], MRI and CT techniques 
[24 – 26]. Our study is the fi rst in which quantitative 
MRI has been used to detect EP-induced membrane 
permeabilization in vivo at different voltage levels 
and different time points. The use of the DW-MRI 
metrics ADC and kurtosis in combination, has to the 
best of our knowledge, not been reported before. 

  A basic condition in this study is heterogeneity 
of the brain tissue (neurons, glial cells, extracellular 
matrix etc.) which may blur the threshold level for 
TMP and PMP of the tissue. This means that at any 
given voltage level tissue reactions corresponding to 
both NP, TMP and PMP may be present. This was 
in fact seen in the histological samples and also indi-
cated in other ex vivo data, where a continuous dose 
response was seen rather than a dichotomized 
response. Heterogeneity of the electric fi eld distribu-
tion (see Figure 3) further complicates the predict-
ability. The use of direct techniques, such as electron 
microscopy, may improve identifi cation of tissue 
states. 

 The contribution from tissue perfusion is believed 
to be minor since the volume fraction of water in the 
capillaries is small in normal brain tissue [27], and 
may constitute only a few percent of the total signal 
at b    �    150 s/mm 2 , and less at higher b-values [28]. 
A vascular effect of EP, consisting of an initial con-
stricting effect on afferent arterioles and a subse-
quent effect due to cell swelling causing compromised 
fl ow in tissues has been described [29]. Whereas the 
perfusion restriction due to the refl exive constriction 
of the afferent arterioles, as suggested by in vivo 
study of muscle tissue [29], is brief and not likely 
to show on DW-MRI measurements, the indirect 
effect due to tissue swelling [29] may play a more 
important role. 

 The exposure of biological tissue to electric fi elds 
increases local temperature (Joule heating). At pro-
longed exposures above 42 ° C denaturation of pro-
teins begin, and when the temperature is elevated 
above 50 – 60 ° C even short exposures increase the 
rate of tissue (including membrane) damage dra-
matically [30]. Our calculation of Joule heating 
showed that the temperature rise may induce dena-
turation in  ∼ 0.4% of the tissue when 100 V is applied, 
increasing to  ∼ 2.7% and  ∼ 12.5%, respectively, when 
200 V and 400 V are applied. Since the ADC and the 
kurtosis were calculated using regions of interest 
between electrodes (see Figure 3), and not too close 
to the electrode surface, we believe that the Joule 

heating effect may be refl ected little in the DW-MRI 
data. 

 In conclusion, this study shows that DW-MRI 
can be used to detect and characterize cellular 
membrane permeabilization of brain tissue in an 
experimental model in the rat. The results suggest 
that DW-MRI may be a useful tool in a future 
clinical setting for quick and easy verifi cation of 
EP-based treatments. Our data indicate that one 
DW-MRI scan right after treatment (5 minutes) and 
one 24 hours after treatment may identify non-, 
transiently and permanently permeabilized brain 
tissues, respectively. Further preclinical investigation 
is however warranted, including studies with larger 
animals, larger regions of interest and cancer models. 
In particular, we believe that the use of more 
sophisticated DW-MRI sequences and model-based 
analyses of data could provide better assessment of 
membrane permeabilization.                      
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