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Electroosmosis Based Novel Treatment
Approach for Cerebral Edema

Teng Wang

Abstraci—Objective: Cerebral edema characterized as
an abnormal accumulation of interstitial fluid has not been
treated effectively. We propose a novel edema treatment
approach to drive edematous fluid out of the brain by di-
rect current utilizing brain tissue’s electroosmotic property.
Methods: A finite element (FE) head model is developed
and employed to assess the feasibility of the approach.
First, the capacity of the model for electric field predic-
tion is validated against human experiments. Second, two
electrode configurations (S and D-montage) are designed
to evaluate the distribution of the electric field, electroos-
motic flow (EOF), current density, and temperature across
the brain under an applied direct current. Resulis: The
S-montage is shown to induce an average EOF velocity
of 7e-4 mm/s underneath the anode by a voltage of 15 V,
and the D-montage induces a velocity of 9e-4 mm/s by a
voltage of 5 V. Meanwhile, the brain temperature in both
configurations is below 38 °C, which is within the safety
range. Further, the magnitude of EOF is proportional to
the electric field, and the EOF direction follows the current
flow from anode to cathode. The EOF velocity in the white
matter is significantly higher than that in the gray matter
under the anode where the fluid is to be drawn out. Conclu-
sion: The proposed electroosmosis based approach allows
alleviating brain edema within the critical time window by
direct current. Significance: The approach may be further
developed as a new treatment solely or as a complement to
existing conventional treatments of edema.

Index Terms—Cerebral edema, Electroosmotic flow,
Electric field, FE head model.

[. INTRODUCTION

EREBRAL edema is defined as the accumulation of water
C in extracellular and intracellular spaces, leading to high
morbidity and mortality [1], [2]. Among a variety of pathogenic
factors, traumatic brain injuries (TBIs) constitute the primary
cause for brain swelling that could also lead to other serious
complications, especially in younger victims [3], [4]. Moreover,
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the increased water content in extracellular space may result in
increased intracranial pressure (ICP) with potentially deleterious
effects unless treated effectively. Current treatments for cerebral
edema are limited and mainly to ameliorate the outcome of
brain swelling [1]. Osmotherapy has been regarded as the most
useful pharmacologic therapy to draw water out of the brain
into the vascular compartment by creating an osmotic gradient
between the brain and the blood system. This is accomplished by
intravenous administration of osmotic agents, such as mannitol
and hypertonic saline, resulting in high serum osmolality to shift
excess water from the brain into intravascular space. However,
this approach may cause side effects such as renal failure and
decreased cerebral perfusion [2], [5]. For the most severe brain
swelling, decompressive craniectomy (DC) surgery is often
considered a last resort to reduce ICP. However, the severe
stretching of brain tissue at both the inner brain and bony skull
edges in patients who underwent DC surgery may contribute to
unfavorable outcomes [6], [7]. Thus, the treatment of cerebral
edema is still an arduous task.

Therapeutic methods utilizing external electric fields have
been used extensively to treat neurological and psychological
disorders during the last decades. For example, transcranial
direct current stimulation (tDCS) is used to modulate cortical
excitability with weak direct current [8]-[10]. Electrophoresis
has wide applications in pharmacologic therapy based on the
property of the directional movement of charged particles under
an electric field, such as brain iontophoresis [11] and transnasal
delivery of the charged peptide [12]. Electroosmotic flow (EOF),
defined as fluid flow from one area to another under an electric
field, is often neglected in the above applications, which may
be due to the difficulty in observing or separating EOF from
other induced flows. Electric field has been used to induce
electrokinetic transport in brain tissue based on electrophoresis
and electroosmosis [13], [14].

EOF in a porous matrix is bulk fluid flow under an electric
field due to the electrical double layer (EDL) characterized by
zeta-potential [15]. Brain tissue has a zeta-potential [15], is
conductive, and the brain extracellular fluid is an electrolyte
solution [16]. Thus, the fluid in the extracellular space can
flow from one area to another under an electric field accord-
ing to the electroosmotic principle. EOF often co-occurs with
electrophoresis in drug delivery, as shown in the iontophoretic
delivery experiment [11]. Several applications have been de-
veloped based on brain tissue’s electroosmotic property. For
example, electroosmotic sampling is used to pull extracellular
fluid from living tissue into a capillary with an applied electric
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field [17]-[20], suggesting that the induced fluid always follows
the electric current pathways from anode to cathode. In clinical
applications, EOF has been observed in electrochemical treat-
ment of liver tumors under direct current, in which a net flow
of water is moved from anode to cathode [21]. Moreover, the
zeta-potential and tortuosity of the rat brain has been measured
based on the combination of electrophoresis and EOF, in which
the EOF velocity was quantified [22], [23].

The above studies provide convincing evidence for the elec-
troosmotic properties of the brain, especially the pioneer works
by Weber’s group have shown the capability of inducing fluid
flow in brain tissue cultures [18]-[20], [24] and in rat brain
[13], [14] based on electroosmosis. However, the intention of
utilizing electroosmosis for brain edema treatment has not been
explored to date. Thus, the aim of this study is to investigate the
effect of direct current on fluid transport across the brain and the
feasibility of inducing bulk fluid flow with an applied electric
field to mitigate cerebral edema.

[I. METHODS
A. Finite Element Head Model

A finite element (FE) head model is developed based on the
ICBM 152 atlas, including TIW, T2W, and probability maps
[25]. The segmentation is performed using the Expectation-
Maximization (EM) algorithm together with the spatial informa-
tion provided by the probability maps, which is implemented in
Slicer 3D [26]. The FE mesh is then generated by converting seg-
mented voxels into hexahedral elements using a smoothed-voxel
algorithm presented in an earlier study [27]. The resultant mesh
consists of 3.45 million hexahedral elements with an element
size of about 1 mm. The final FE model is composed of the
scalp, cortical bone, cancellous bone, dura mater, cerebrospinal
fluid (CSF), gray matter (GM), white matter (WM), and the
ventricular system (Fig. 1(a)). The model is then imported into
COMSOL Multiphysics (Comsol Multiphysics, 2017, v5.3a) for
numerical simulations.

The electrode configuration of the S-montage consists of an
anode pad (5 cm x 5 cm) located at the side of the head and a
cathode pad (3 cm x 10 cm) located at the top (Fig. 1(b)). The
D-montage has a similar electrode placement, except the scalp
and skull underneath the anode are removed, resulting in direct
contact between the inner surface of the anode and the dura mater
(Fig. 1(c)). Note in both configurations, the cathode is designed
to be near the subarachnoid space (SAS) to facilitate the extra
fluid to be absorbed into SAS together with CSF, and the anode
is close to the brain area where extra tissue fluid is intended to be
drawn out. In both configurations, both the anode and cathode
include a metal electrode and a saline-soaked sponge.

B. Modeling of Electroosmotic Flow

The brain tissue has a zeta-potential [15], is conductive, and
the brain extracellular fluid is an electrolyte solution [16]. The
stationary cells and other components of the extracellular matrix
build the porous structure with narrow channels filled with ex-
tracellular fluid. Due to the negatively charged phospholipid cell
membranes, the cations in the extracellular fluid are attracted and
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Fig. 1. (a) FE head model with anatomical details including the scalp,
cortical bone, cancellous bone, dura mater, CSF, GM, WM, and ven-
tricular system. The head model is validated with an anode located at
mid-forehead and a cathode located at occiput. (b) S-montage: The
anode pad in contact with the scalp surface is placed on the side of
the head, and the cathode pad is placed on the top of the head. (c)
D-montage: The placement is similar to that in S-montage, except that
the anode is in direct contact with the dura mater.

distributed close to the surface, forming the EDL, which consists
of a stern layer and a diffuse layer [16], [28]. Under an externally
applied electric field, the cations are driven by electrical force
through the micro-channels in the extracellular space, resulting
in adjacent fluid flow together by viscous drag force [16], [22].
The EOF velocity (v) is governed by Helmholtz—Smoluchowski
approximation:

B ereo(E

v = ey
n

where v is the EOF velocity, E is the electric field, ¢ repre-
sents the zeta-potential of brain tissue (-22.8 mV) [22], ¢, is
the relative permittivity of the extracellular solution, € is the
vacuum permittivity (8.85e-12 F/m), and 7 is the viscosity of
the extracellular solution at average normal body temperature.
Following the experiments of zeta-potential measurement in rat
brains [22], [23], €,- and 1) of water are used here, which are set
to 84.6 and 6.4e-4 Paes, respectively [29].

C. Modeling of Electric field and Temperature

The electric field in the head is obtained by solving Laplace’s
equation under quasi-stationary conditions:

V- (=oVV) = 0 )

where V represents the gradient vector, V' is the electric poten-
tial, and o is the electrical conductivity of the tissue. The electric
field, E, is derived from the electric potential as:

E = —-VV 3)
The current density, .J, is calculated according to Ohm’s law:

J = oF 4)
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TABLE |
ELECTRICAL AND THERMOPHYSICAL PROPERTIES OF HEAD TISSUES

Electrical conductivity

Thermal conductivity

Metabolic heat source ~ Blood perfusion rate

Tissue o (S/m) K (W/(me °C)) Qum (W/m®) o (1/5)
Scalp 0.43478 0.39 363 0.00143
Cortical bone 0.0064 0.65 70 0.000143
Cancellous bone 0.02865 0.65 70 0.000143
Dura mater 0.527 0.44 70 0.000143
CSF 1.79 0.61 0 0
GM 0.3334 0.565 16229 0.013289
WM 0.1428 0.503 45179 0.0036956
Ventricular system 1.79 0.61 0 0
Electrode 5.99¢7 31
Sponge 1.4 0.3

The Joule heating from electric energy consumption is con-
sidered as the most important factor for increased temperature,
which is introduced by a source term o|VV]?. In this study,
steady-state simulations are performed to evaluate the tem-
perature variation, in line with brain temperature modeling in
previous studies [30], [31]. For living tissue, blood perfusion
and metabolic activity also influence heat transfer, which is
accounted for by the bio-heat transfer model described by Pennes
equation combined with electrical energy:

oy I = 9 (59T) — puCy (T~ Ty) + Qo + oWV

®)
where p is the tissue density, C), is the heat capacity of the tissue,
T'is the temperature, ~ is the thermal conductivity, py is the blood
density, wy, is the blood perfusion rate, C' is the heat capacity
of the blood, T} is the arterial blood temperature, and (), is the
metabolic heat source.

The electrical and thermophysical properties of the head
tissues are taken from the literature [22], [30], [32]-[37] as
shown in Table I. Note that the WM has shown anisotropic
conductivity with larger values along the axonal direction than
perpendicular direction [38], which is not accounted for in this
study as previous numerical studies show limited effects of
anisotropy on the induced electric field [39], [40]. Therefore,
isotropic conductivity is used for WM.

A voltage of 15 V is applied to the anode in the S-montage,
and 5 V is applied to the anode in the D-montage. The cathode
in both montages is set as 0 V, and all other external surfaces of
the FE head model are set as insulated. For thermal boundary
conditions, the convection of heat from scalp and electrodes to
the ambient is accounted by assigning the following heat flux
equation to all external boundaries of the head model:

q = h (Tamb - T) (6)

where & represents the heat transfer coefficient (4 W/m?+°C), and
Tams is the external ambient temperature (24 °C). The initial
temperature of the electrode and the sponge is assigned to be
24 °C and a normal body temperature of 36.7 °C is assigned to
all head components [30], [31], [35].

The simulations are performed on a computer with an Intel(R)
Xeon(R) processor (12 cores, 12 threads) and 48 GB of memory,
requiring about 15 minutes for each simulation.

D. Model Validation Against Experimental Data

The FE head model is validated against in vivo human exper-
imental data of electric field reported earlier [39]. In the exper-
iment, induced voltages on the cortical surface were recorded
with implanted electrodes in epilepsy patients under tDCS,
based on which electric field was calculated by dividing the
two adjacent electrodes’s voltage differences with distance [39].
Following the same as in the experiment, the electrode applied to
the FE head model comprises an anode pad (2 cm x 2 cm) placed
on the midforehead and a cathode pad (2 cm x 2 cm) located at
the occiput (Fig. 1(a)). The injected current of 1 mA is applied
to the anode, and the cathode is set in contact with the ground.
The predicted voltage and electric field from the FE head model
at corresponding locations of implanted electrodes as in the
experiment are extracted and compared with experimental data.
Pearson’s correlation coefficient (r) and slope (s) of the fitted line
are calculated between model prediction and the experimental
measurement.

[ll. RESULTS

A. Model Validation Performance

The model predicted voltage and electric field are compared
with experimental data to verify the prediction accuracy. The
voltage decreases by about 20 mV from the frontal cortex to
the occipital cortex (Fig. 2(a)). The maximum electric field
mainly locates underneath the electrodes at both mid-forehead
and occiput lobe (Fig. 2(c)). The correlation coefficients between
measured and predicted values are 0.96 for voltage (Fig. 2(b))
and 0.81 for electric field (Fig. 2(d)), respectively, suggesting a
reasonable capability of the model to predict the spatial distri-
bution of voltage and the electric field comparing with human
experiments reported earlier by Huang et al. [39]. Moreover, the
slope of the fitted line is 0.88 for voltage and 0.74 for the electric
field, showing the head model can reasonably predict the electric
field magnitude across the brain.

B. Electric Field Distribution

The electric field distribution across the WM and GM under
direct current is evaluated, showing the activated regions mainly
locate under and between the electrodes in both configurations.
For the S-montage, the maximum electric field is located in the
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Fig.2. (a) The voltage distribution across the cortical surface predicted
from the head model. The black dots are the locations where the voltage
and electric field are evaluated from the head model corresponding to
the same locations as the implanted electrodes in the experiment by
Huang et al. [39] (patient P03). (b) Comparison of measured voltage
with predicted values from the head model. (c) The electric field dis-
tribution across the cortical surface predicted from the head model.
(d) Comparison of the measured electric field with predicted values
from the head model. Note in (b) and (d), the black points indicate the
measured data from cortical surface electrodes and the red from depth
electrodes (mostly targeting hippocampus). The green line represents a
linear fitting of the data.

WM; and the average electric field in the WM is also higher
than GM due to the lower electrical conductivity of the former
(Fig. 3(a)). The peak (calculated as the 99" percentile) and
median (calculated as the 50" percentile) of the electric field
magnitude (Fig. 3(c)) are also higher in WM than in GM. Simi-
larly, the D-montage exhibits higher values of peak and median
electric field in the WM (Fig. 3(d)). However, the maximum
is observed close to the cortex directly underneath the anode
(Fig. 3(b)). Besides, the D-montage induces a higher variation
in the electric field between the activated region and the other
side of the brain due to the lack of electric current shunting by
the scalp and skull underneath the anode.

C. Electroosmotic Flow Across the Brain

The EOF distribution across the brain is calculated under the
applied voltage. Similar to the electric field distribution, the
EOF distribution of WM and GM exhibits a similar trend in
both montage configurations (Fig. 4) as the velocity is propor-
tional to the magnitude of the electric field according to the
Helmbholtz—Smoluchowski equation (Eq. 1). A faster flow is
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Fig. 3. The distribution of induced electric field (E) on the cortical

surface and across the WM and GM on representative axial and coronal
planes in S-montage (a) and D-montage (b). Peak and median values of
the electric field for WM and GM in S-montage (c) and D-montage (d).

induced between anode and cathode, especially near the anode,
where the average velocity of the WM is higher than that in
GM. Further, the induced electric field in the CSF is lower than
the brain tissue attributed to the significantly higher electric
conductivity of CSF, which consequently leads to lower EOF
velocity. Note that an essential condition to induce EOF inside
the brain is the narrow channels with charged walls such as the
extracellular space. Thus, the electric field mainly induces EOF
in the brain parenchyma.

The EOF velocity is further evaluated quantitatively along
crosslines in three brain regions, demonstrating a significant
variation in EOF velocity among brain regions (Fig. 4). For the
S-montage (Fig. 4(a)), the average velocity near the anode is
around 7e-4 mm/s, whereas the EOF magnitude in the other
hemisphere decreases to 3e-4 mm/s. A similar trend is also
observed in D-montage (Fig. 4(b)), in which the average velocity
near the anode is around 9e-4 mm/s. As a result, a water particle
close to the anode can move approximately 2.52 mm/h along the
EOF direction for S-montage, and 3.24 mm/h for the D-montage.

To have a better understanding of EOF flow, the EOF direction
is further analyzed (Fig. 5). The EOF is shown to move from
anode to cathode, and the polarity of electrode determines the
direction of the induced flow. Thus, an anode is to be placed near
the edema region to drive the edematous fluid out. Besides, the
streamlines suggest that the EOF direction is also affected by the
structure and electric conductivity among brain regions. Since
the fluid transport in the extracellular space results from the
movement of cations by viscous drag, the EOF pathways always
follow the direction of current flow from anode to cathode.

D. Current Density and Temperature Distribution

The distribution of induced current density and temperature
is evaluated and presented in Fig. 6 and Fig. 7, respectively, as
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The distribution of EOF velocity on cortical surface and inside the brain in S-montage (a) and D-montage (b). The EOF velocity along the

crosslines in three brain areas on the axial and coronal planes is evaluated quantitatively (S-montage: a1, a2, a3; D-montage: b1, b2, b3).

Fig. 5. The direction and pathways of EOF inside the brain in S-
montage (a) and D-montage (b). The red arrows show the direction
of EOF, and the size of the arrows represents the velocity magnitude.
The streamlines represent the EOF pathways, and the color denotes
the velocity magnitude.

both factors are suggested to be responsible for brain damage.
The highest current density occurs under the anode in both
configurations (Fig. 6(a) and (b)). GM has a higher average
current density than WM due to its higher conductivity. The peak
current density of WM and GM is around 5.7 and 10.6 A/m?,
respectively, in the S-montage (Fig. 6(c)) with an applied voltage
of 15 V. The peak value in the D-montage (Fig. 6(d)) is 6.7 A/m?
for WM and 13.9 A/m? for GM with an applied voltage of 5 V.
Due to the lack of scalp and skull in the D-montage, the direct
current flows through the dura and CSF into the brain directly,
resulting in substantially high current density in the GM near
the anode.

The temperature distribution with and without applied voltage
is investigated for both configurations. For the S-montage, the
applied direct voltage exhibits a significant effect on the temper-
ature of the scalp and skull, leading to an increase of maximum
temperature from 37.0 °C to 39.2 °C in the whole head, whereas
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the increase of the maximum temperature is only 0.6 °C in the
brain (Fig. 7(a) and (b)). For the D-montage, a slight effect is
observed across the head model (Fig. 7(c) and (d)) due to the
low magnitude of the applied voltage and the convection of heat
from the scalp and electrode to the ambient air.
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Fig. 8. The predicted electric field, EOF velocity, and temperature from
the model with cerebral edema for S-montage.

E. The Effect of Edema on EOF

All the above investigations are on healthy brains, and it
would be interesting to study whether and how the induced
EOF velocity may vary when cerebral edema presents, as well
as how induced temperature may change. Thus, an additional
simulation is performed with edema included for the S-montage.
Localized edema is assumed underneath the anode with a volume
of 87.7 cm?, as in a representative edema patient [41]. The edema
region’s electrical conductivity is estimated as 0.3337 S/m (av-
erage of edematous WM conductivity of 0.2704 S/m and GM
of 0.4053 S/m) based on water content increase quantified in
an edema patient [41] that lead to higher conductivity. Since
the thermal conductivity is proportional to the percentage of
water content [42], the value is set to 0.7 W/(m*°C) for edema
region. Moreover, the edema brain will significantly reduce the
metabolism and blood perfusion. Thus, the values are set to
10000 W/m? for metabolic heat source [43], and 0.006644 1/s
for blood perfusion rate in edema region [44].

The distribution of electric field (Fig. 8) inside the edema is
slightly lower than that in surrounding regions due to its higher
electric conductivity than surrounding healthy tissues. Conse-
quently, the EOF in the edema is lower than surrounding tissues.
In contrast, the edema region underneath the anode exhibits a
significantly high velocity. The predicted temperature from the
model with cerebral edema (Fig. 8) shows a slight variation
compared to the results from the model without cerebral edema
(Fig. 7(b)). The presence of edema increases the maximum
temperature from 37.6 °C to 37.8 °C in the brain. Nevertheless,
the temperature in the brain is still within the safety range.

V. DISCUSSION

This study proposes a novel edema treatment approach to
drive edematous fluid out of the swelling brain by applying
direct current based on brain tissue’s electroosmotic property. To
verify the feasibility of the approach, we utilize an anatomically
detailed and validated head model, showing the approach allows
inducing fluid flow within the critical time window for edema
resolution. Meanwhile, the induced current density and temper-
ature increase are within the safety range. Thus, the proposed
approach could potentially be developed to a novel therapy
that has important clinical implications for both severe and
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mild edema treatment by reducing the swelling magnitude and
duration in severe edema patients and serve as supplementary
for mild edema treatment to complement the limited choice of
existing treatments. Especially for severe edema patients with
DC surgery, the swelling brain is expanded outside the skull,
causing severe axonal stretch, which has been suggested to
cause neural injury [6], [7]. The proposed approach may be
applied to such patients to reduce the swelling magnitude and
duration, thus could potentially improve patients’ outcomes.
To our knowledge, this is the first study utilizing the brain
tissue’s electroosmotic property for edema treatment, which
could potentially reduce complications in edema patients and
improve outcomes.

The underlying mechanisms of the proposed approach are
based on brain tissue’s electroosmotic property as brain tissue
has a substantial amount of dissociated ions in the extracellular
space generating an EDL [16]. Based on electroosmosis, a
motion of the cations in the EDL can be induced by electric
field, which then drags the adjacent fluid, involving charged and
neutral particles, along the micro-channels in the extracellular
space from the edemaregion to SAS, where it can be absorbed by
superior sagittal sinus underneath the cathode. As the direction
of EOF is from anode to cathode, thus, for edema treatment, the
anode is to be placed near the edema and cathode near the SAS
to facilitate edematous fluid absorption. The simulation results
show edematous fluid can be transported from the edema region
to SAS at an average velocity of 7e-4 mm/s in S-montage and
9e-4 mm/s in D-montage (Fig. 4) by applying an external electric
field. Compared to the interstitial fluid flow with a velocity of
approximately 6e-4 mm/s [45], the induced fluid transport can
double the fluid flow rate away from the edema region since the
EOF always flows along the direction from anode to cathode. In
addition, the activated brain region by direct current is mainly
located under and between anode and cathode, whereas the
hemisphere on the other side shows lower EOF velocity (Fig. 4),
indicating that the direct current and the induced fluid transport
have only a slight effect on the healthy tissue. Worth mentioning
that the direct current also has a limited effect on the CSF
circulation, avoiding the CSF into GM underneath the anode
under an applied electric field.

According to the Helmholtz—Smoluchowski equation, the
magnitude of induced fluid transport is linearly correlated to the
electric field. Therefore, the electric field determines the EOF
distribution inside the brain. The high correlation coefficient
and nearly linear slope of the fitting line between measured
and predicted values (Fig. 2) indicate capacity of the FE head
model to predict the electric field, which guarantees a similar
accuracy of the predicted EOF distribution. As the fluid transport
results from the charged ions movements driven by an applied
electric field, the EOF direction follows the pathways of current
flow, consistent with the findings of Cancel et al. [46]. For
the current flow, the pathways are mainly affected by elec-
trode configurations, shape, structure, boundary condition, and
electric conductivity among different components of the brain
[47]. Therefore, the EOF direction can be designed individu-
ally based on the edema location by adjusting the electrode
configuration.

As the intention of this study is to investigate the feasibility of
the proposed approach, healthy head models are employed here.
Nevertheless, to have an insight of the effect of edema region
on EOF distribution, an additional simulation is performed with
edema included for the S-montage. For the FE head model with
cerebral edema, because the electrical conductivity of edema
region is higher than that in WM and GM, the EOF velocity in
the edema region is slightly lower than its surrounding tissue
(Fig. 8).

It’s important to consider safety issues when applying direct
current to the brain, as brain damage has been shown to be caused
by multiple factors under an electric field, including current
density, temperature variation, voltage drop, power density, and
the duration of treatment [48]. In particular, current density
is regarded as an important criterion for brain damage. By
comparing an FE model predicted current density with measured
values in rat experiments, Bikson er al. [48] and Liebetanz
et al. [49] suggest a threshold of 12 A/m? for brain damage in
human using a rat-to-human scaling factor of 240. Further, brain
damage is observed with a 500 pA direct current for 10 minutes,
whereas the brain is safe under the same current strength for
3.33 minutes [49]. In the current study, the peak current density
in the brain is 10.6 A/m” for the S-montage and 13.9 A/m?
for the D-montage, respectively, which is close to the above
threshold. Related to this, in vivo experimental studies on cellular
level for electroosmotic sampling show current density higher
than 100 A/m? without visible cell death [50], and the electric
field necessary to electroporate a cell is up to 6.7e3 V/m [51].
Considering possible duration effect, when the direct current is
applied to the brain for cerebral edema treatment, intermittent
treatment may be a reasonable choice to keep the patients safe.

Possible electrochemical reactions at the electrode-tissue in-
terface (i.e., electrode-scalp in S-montage and electrode-dura
in D-montage) for the proposed approach should be considered.
Especially, side effects of skin sensation and irritation have been
reported in tDCS [52] caused by electrochemically produced
toxins and electrode dissolution products at the electrode-tissue
interface [53]. However, these side effects are often benign and
not severe, also can be avoided by preventing direct contact of the
electrode and the skin by electrolyte [54]. Similar precautions
could be taken when used for edema treatment proposed in this
study, e.g., by a thick saline-soaked sponge or conductive gel to
provide a buffer with sufficient electrolyte preventing chemicals
formed at the electrode surface from reaching the skin or dura.
Moreover, since EOF can be used as an intermittent treatment,
replacing the electrode and electrolyte sponge timely could
minimize or avoid electrochemically produced toxic products
reaching the scalp or dura.

In terms of temperature, brain tissue is sensitive to temperature
variation and can be damaged or ablated at a sustained temper-
ature over 40°C [31]. On the other hand, the scalp is usually
reported as the most likely component suffering skin burns
beneath the electrodes in electrical treatment due to its direct
contact with the electrode. The maximum temperature predicted
from the current models is below 40 °C, occurring at the scalp
surface near the electrode edges. Besides, the temperature in
the brain is below 38 °C, indicating that the network function,
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cell excitability, as well as blood-brain barrier function of brain
tissue, would not be altered by induced temperature variation
[31], [35]. Further, sustained brain temperature increases above
40-41°C may be considered as a threshold for pathological
hyperthermia [31], [55], which seems to indicate the brain under
a longer duration of 38 °C should not cause damage. Since the
joule heat generated by electric current is linearly dependent
on current density, the temperature elevation in the brain can
be regulated to non-harmful levels by decreasing the applied
electric current density.

For electroosmotic sampling, the extracellular fluid is pulled
into a fused-silica capillary based on the cations’ movement
from anode to cathode with an applied direct current [18]-[20].
Besides, the zeta-potential of rat brain is measured by calculating
the electrophoretic velocity of fluorescent probes and induced
EOF velocity across the hippocampus, which provides the first
visualization of EOF in the brain and the methods to quantify
the velocity [22]. The material parameters used for calculating
EOF velocity within the brain are based on zeta-potential mea-
surement of rat brains [22] due to the lack of experimental data
on human brain tissue.

This study verifies the feasibility and safety of the proposed
approach using numerical models. Future animal experiments
should be performed to further confirm the safety of applied
voltage dose for a specific electrode configuration, as well as to
further verify the efficiency of this approach in reducing cerebral
edema. Weaker direct current is used in tDCS to modulate brain
activity which is shown to be safe. Whether or not and how
a higher direct current used in this study intended for edema
treatment may influence the neuron excitability or network
function could be further studied. Nevertheless, as the induced
fluid transport under direct current is proportional to the electric
field, a lower current density than proposed in the present study
could be used despite a lower induced EOF velocity.

V. CONCLUSION

In conclusion, we propose a novel approach for edema treat-
ment based on electroosmosis by an applied direct current. The
feasibility of the novel approach for the treatment of cerebral
edema based on electroosmotic principle has been verified,
showing the capability of directing edematous fluid at an ac-
ceptable velocity along electric current pathways from anode to
cathode. The activated regions by the direct current are mainly
observed between anode and cathode in which a faster EOF is
induced. This approach is applicable for severe edema patients
with DC, also could serve as a noninvasive complement for mild
edema treatment.
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