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a  b  s  t  r  a  c  t

The  corneal  endothelial  cell  layer  function  is  critical  for the  maintenance  of hydration  and  trans-
parency  of  the  cornea.  Recent  advances  in  corneal  lamellar  transplantation  point  to  the  need  for  reliable,
non-invasive  and  rapid  endothelial  function  assessment.  Findings  using  an  invasive  electrode  in  an  exper-
imental  animal  model  have  suggested  an  association  between  bioimpedance  parameters  and  endothelial
cell function.  Currently,  however  there  is no  clinical  device  that  allows  for non-invasive  measurements
of  endothelial  layer  electrical  impedance.  This  report  is  a finite  element  simulation  study  that  models
the  human  eye.  It  evaluates  the  feasibility  of using  external  non-invasive  electrodes  to  detect  changes  in
endothelial layer  electrical  properties  as a  function  of  electrode  location  and  measurement  frequencies.
The  findings  show  that the  ratio  between  the potential  recorded  at  low  and  high  frequencies  is  sensitive
orneal transplant
inite elements

to  changes  in  endothelial  resistivity  as  well  as  endothelial  capacitance.  Moreover,  the  optimal  electrode
configuration  yielding  the highest  sensitivity  is  one  where  the current  injecting  electrodes  are  oppose
to  each  other  and  the  voltage  recording  electrodes  are  adjacent  to the  current  injecting  electrodes.  This
first-order  theoretical  study  suggests  that  a non-invasive  device  which  measures  electrical  properties  of
the  endothelial  layer  from  the  exterior  of the  eye  could  be  developed.  Clearly  further  animal  and  human
studies  are required  to develop  a  reliable  clinical  tool.
. Introduction

The cornea is the outer transparent layer of the eyeball. The
ptical interface between the air and the tear film layer covering
he cornea forms the major refractive component of the optical
ystem of the eye and accounts for about 70% of its total refrac-
ive power. The outermost layers of the cornea are formed by the
pithelium, below which is the stroma, composed of type 4 col-
agen organized in a lamellar structure. The innermost layer is
omposed of endothelial cells with an average cell density of about
500 cells per mm2; it is responsible for maintaining the correct
ydration of the stroma. The transparency of the cornea is crucial

or its function and is dependent on the organization of the corneal
amellae and the status of corneal hydration [1–3].

The endothelial cell monolayer plays a dual role in the main-
enance of the hydration and transparency of the cornea. First, it
cts as a barrier which only partially restricts movement of water
Please cite this article in press as: Mandel Y, et al. Measurement of corne
theoretical study. Med Eng Phys (2011), doi:10.1016/j.medengphy.2011.07

rom the anterior chamber into the stroma. This allows for a con-
tant slow flow of fluid (aqueous humor) into the corneal stroma
cross the endothelial monolayer. Second, the corneal endothelial
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cells have a unique function which enables them to pump fluids
from the stroma back to the interior of the eye. Thus the main-
tenance of corneal thickness and transparency depends on the
balance between fluid leakage and pump activity [4–6]. This leak-
pump mechanism is related to the electrical current and potential
across the endothelial cell membrane. Fischbarg and Maurice [5]
suggested that there is a local recirculating electric current that
causes fluid flow via the paracellular route.

Most of the currently available endothelial function evaluation
methods were designed mainly for research and are not available
for routine daily clinical use because they are time-consuming and
cause patients discomfort. In one method, for instance, a contact
lens is applied to the eye to induce hypoxemic corneal edema. The
endothelial pump function is assessed in terms of the rate of corneal
thickness recovery as measured by a pachometer (corneal thickness
meter) [4].  The barrier function of the endothelial layer is estimated
by evaluating the endothelial permeability. This is done by apply-
ing fluorescein dye to the cornea and measuring fluorescence in
the aqueous humor [4].  This technique has several drawbacks and
sources for measurement error such as the variability in epithelial
al endothelial impedance with non-invasive external electrodes – A
.010

layer permeability to fluorescein [7],  or the effect of stromal pH
[8,9]. Further, when endothelial permeability was measured there
have been contradicting results when permeability was unexpect-
edly found to be high in older normal [10] and low in transplanted

d.
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ig. 1. (A) Anterior–posterior projection of the eye model with the sixteen electro
iew  of the eye model. Arrow points to macular point. (C) Meshed model of the eye

orneas with low endothelial cells density [7].  A morphological
valuation of endothelial cells can be carried out under a specular
icroscope, which makes it possible to calculate cell density and

ell size as well as other morphological features. Recent advances
n endothelial cell surgery will increase the need for non-invasive

easurement of endothelial function. Progress in corneal trans-
lant now enables endothelial layer transplantation rather than
ransplantation of the full thickness of the cornea [11,12]. More-
ver, there are reports of transplantation of corneal endothelial
ells without the Descement’s membrane [12].

One promising candidate for evaluating the endothelial func-
ion is bioimpedance. Bioimpedance analysis covers a family of

ethods in which an electrical field is applied to a tissue to deter-
ine its impedance. This non-invasive method can assess various

hanges in tissue structure or various physiological changes such as
lood flow, ischemia, etc. Bioimpedance is used routinely to mea-
ure body fluids [13]. In particular, there are several reports of a
orrelation between bioimpedance parameters and endothelial cell
unction. DePaola et al. [14] found a change in the electrical resis-
ivity and capacitance of cultured bovine aorta endothelial cells
hen they were exposed to shear stress of fluidic flow. Rutten

t al. [15] found an association between various types of endothe-
ial resistivity and their permeability. Other studies have reported
n association between various types of endothelial layer elec-
rical properties and morphological or functional characteristics
16–18]. Moreover, there are published data [19] that the electrical
roperties of the corneal endothelium are sensitive to biochem-

cal changes which also affect its function. For example, when
icarbonate, which is essential to cell function, was  removed from
he medium, the resistivity was reduced. This effect was  partially
eversible upon bicarbonate replacement. The authors reasoned
hat intercellular width is affected by the functional state of the
ndothelial cells and thus alters the electrical resistivity [20].

Overall, these results suggest that bioimpedance measurements
f the cornea have the potential to evaluate the function of the
ndothelium. However the insertion of an intraocular electrode
nto the cornea is unfeasible in routine clinical use. The theoret-
cal analysis presented here was designed to evaluate whether
xternally applied electrodes can detect changes in the electrical
Please cite this article in press as: Mandel Y, et al. Measurement of corne
theoretical study. Med Eng Phys (2011), doi:10.1016/j.medengphy.2011.07

roperties of the corneal endothelial layer, and to determine the
est electrode configuration to increase the sensitivity of the read-

ng. Preliminary results of this work were first presented in ARVO
008 [21].
cated in the limbus (corneal–scleral junction) numbered sequentially. (B) Lateral
sting of 20,928 elements.

2.  Methods

2.1. Eye modeling and analysis

COMSOL version 3.3 (Stockholm, Sweden) was used to study
the effects of electrical fields generated by electrodes in contact
with a realistic model of the eye. A three-dimensional model of the
eye was  constructed according to ocular dimensions reported in
the literature [22]. Corneal radius and thickness were 7.8 mm and
0.5 mm,  respectively. Eyeball radius was 12 mm.  Since endothe-
lial layer thickness is significantly smaller (about 5–7 �m)  than the
corneal thickness, the endothelial layer was modeled as a surface
resistance, without geometrical thickness.

The model incorporated sixteen electrodes evenly placed
around the limbus (the junction between the cornea and the eye-
ball). Due to the symmetry of the electrode configuration one of
the current injecting electrode (electrode #1) was placed in a fixed
position (Fig. 1) while the other current injecting electrode was
the opposing electrode #9. The recording electrodes were placed
in various positions in each simulation to find the optimal elec-
trode configuration yielding the highest sensitivity. The injecting
electrodes were assumed to have no resistance and no capacitance
while it was assumed that there was no current flow in the record-
ing electrodes, i.e. ideal electrodes. The eye model was meshed into
a model consisting 20,928 elements. Fig. 1A–C depict the geomet-
rical properties of the eye model, the electrodes, and the meshed
model. The electrical properties of the ocular structures were taken
from an online database [23] based on the extensive work of Gabriel
and Gabriel (Gabriel et al., 1996, 1983) [33,34]. The electrical prop-
erties of the endothelial layer were based on experimental work by
Lim and Fischbarg [19] who  developed an electrical model of the
corneal endothelium of rabbit eyes. In this model, the endothelial
electrical bioimpedance can be modeled into the lumped electrical
circuit depicted in Fig. 2. The model assumes that the endothelial
cell membranes behave like an electrical capacitor in parallel with a
resistor. Another resistor represents the paracellular electrical con-
ductivity and is probably dependent on endothelial function. We
calculated the electrical conductivity and relative permittivity of
the endothelial layer in 8 frequencies (10 Hz, 1 kHz, 3 kHz, 10 kHz,
al endothelial impedance with non-invasive external electrodes – A
.010

30 kHz, 100 kHz, 300 kHz, 1 MHz) using the SPICE program based
on this electrical model. The endothelial layer conductivity was
modeled as a surface conductivity using the distributed impedance
boundary condition. Table 1 [23] depicts the electrical conductivity

dx.doi.org/10.1016/j.medengphy.2011.07.010
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Fig. 2. Electrical model of the cornea, based on a modification of the model sug-
gested by Lim and Fischbarg [18]. Rm a and C1 represent the complex impedance of
the endothelial cells’ apical membrane (the cell membrane which is in contact with
the  aqueous humor of the anterior chamber); Rm b and C2 represent the complex
impedance of the endothelial cells’ basal membrane (the cell membrane which is in
c
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ontact with the cornea); Rc represents the intracellular resistance of the endothe-
ial  cell; Rs, resistance of the intercellular space; Rj, resistance of the intercellular
unctions. All units are normalized to surface area.

nd relative permittivity of the various eye tissues. For the sake of
implicity, the table depicts only two selected stimulus frequen-
ies (1 kHz and 100 kHz). According to experimental data from our
aboratory more then 95% of corneal resistivity and almost all its
requency response can be attributed to the epithelial layer. (An
verage of about 1570 � was measured for porcine corneas with
Please cite this article in press as: Mandel Y, et al. Measurement of corne
theoretical study. Med Eng Phys (2011), doi:10.1016/j.medengphy.2011.07

pithel as compared to 44.8 � measured in corneas without epithel
t frequency of 100 Hz. However, an average of 62.8 � was mea-
ured in corneas with epithel as compared to 44.0 � measured in
orneas without epithel at frequency of 1.44 kHz – unpublished

able 1
phthalmic tissue electrical conductivity (Siemens to meter) and relative permit-

ivity properties in two selected electrical frequencies.

Tissue Frequency Conductivity (S/m) Relative permittivity

Orbit 1000 2.24E − 02 2.41E + 04
Orbit 10,000 2.38E-02 1.09E + 03

Sclera 1000 5.05E − 01 5.45E + 03
Sclera 100,000 5.18E − 01 4.75E + 03

Vitreous 1000 1.50E + 00 9.90E + 01
Vitreous 100,000 1.50E + 00 9.80E + 01

Stroma 1000 4.23E − 01 1.01E + 05
Stroma 100,000 4.99E − 01 1.05E + 4

Aqueous 1000 1.50E + 00 9.90E + 01
Aqueous 100,000 1.50E + 00 9.80E + 01

Lens 1000 3.27E − 01 1.06E + 5
Lens 100,000 3.40E − 01 2.07E + 03

Endothelium 1000 1.13E − 03 3.39E + 03
Endothelium 100,000 1.34E − 03 3.39E + 03
Fig. 3. Color map  of the potential distribution at the surface of the cornea at a case
with normal endothelial conductivity and permittivity. Stimuli frequency was  set
to  1 kHz (because of the linearity of the solution, legend was  removed).

data.) For this reason, small changes in the electrical properties
of the endothelial layer will probably be masked by the epithe-
lium. Since local removal of the epithelial layer to enable direct
contact between the electrode and corneal stroma can easily be
done in a clinical setting we did not include the epithelium in the
electrical model of the cornea, which was composed solely of the
stroma and endothelium layer. We  also ignored the effect of the
tear film layer, which could theoretically short-circuit any electri-
cal measurements conducted with external electrodes. However,
this potential source of error can be avoided by allowing the tear
film to break up and evaporate while holding the eye wide open
(this normally occurs within several seconds in clinical settings).
The extraocular muscles and other orbital contents were modeled
into an 8 cm × 8 cm × 8 cm cube with electrical properties similar
to fat tissue, which is the dominant component of the orbit.

The calculations were done using a time-harmonic analysis of
a quasi-static model of conducting and dielectric materials with
small currents. The model assumed negligible coupling between
the electric and magnetic fields. The field equation solved is:

∇ · [(� + iω ∈ )∇ϕ] = 0 (1)

where � is the electrical conductivity, ω is 2 × pi × f (where f is the
frequency), ε is the electrical permittivity and ϕ is the potential at
a specific location. In all simulations the current injected was set to
0.1 mA  with a resulting voltage of less than 0.5 V.

2.2. Noise analysis

Noise analysis was done as reported by Edd and Rubinsky [24]
using Eq. (2):

(V0)∗ = V0(1 + Av) (2)

where � is a normally distributed random number vector, with a
mean of zero and a variance of one, and A is the noise level which
was set to 0.5%, V0 is the vector of voltage measurements.

3. Results
al endothelial impedance with non-invasive external electrodes – A
.010

Fig. 3 depicts a color map  of the potential at the surface of the
cornea. Electrode #1, #2 and #9 are marked by their corresponding
number. It can be seen that the electrical potential is maximal at

dx.doi.org/10.1016/j.medengphy.2011.07.010
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Fig. 4. (A) Recorded potential in various endothelial conductivitys. Recorded potential is depicted vs. the recording electrode number in three endothelial conductivities.
Open  circles indicate normal endothelial conductivity; asterisks show the case in which the endothelial conductivity was factored by 0.01 than normal; triangles indicate
endothelial conductivity of 100 times higher than normal conductivity. A current stimulus with frequency of 10 Hz was injected between electrodes #1 and #9. The main
change  in the recorded potential was observed between electrodes #1 and #2 and symmetrically between electrodes #8–10. (B) The recorded potential is plotted against the
endothelial conductivity which varied from 2 orders of magnitude below and 2 orders above the normal. Endothelial conductivity is represented as a dimensionless factor,
in  relation to the normal endothelial conductivity. Each curve depicts the potential recorded at different stimulus frequencies. The upper curve was recorded at the lowest
stimulus  frequency (10 Hz) and the lower curve was recorded at the highest stimulus frequency (1 MHz). The effect on the recorded potential in response to change in the
endothelial conductivity was  more pronounced in the lowest frequencies (1 kHz) as compared to the highest frequency (1 MHz), where there was almost no change in the
recorded potential. Current was injected between electrodes #1 and #9; the recording electrode is #2.

Fig. 5. (A) Potential ratio is depicted vs. endothelial conductivity as measured in recording electrodes #1–4. The potential ratio is a dimensionless number calculated by
dividing  the potential recorded in low frequency (10 Hz) stimuli by the potential recorded in high frequency (100 kHz) stimuli. See text for further information. Endothelial
conductivity is represented as a dimensionless factor with respect to the normal endothelial conductivity. (B) The potential ratio depicted in A was normalized in relation to
the  potential ratio recorded in normal endothelial conductivity. The y-axis represents the normalized potential ratio and the x axis represents the endothelial conductivity.

dx.doi.org/10.1016/j.medengphy.2011.07.010
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Fig. 6. The combined effect of endothelial resistivity and capacitance on poten-
tial ratio. The x-axis depicts the endothelial conductivity and the y-axis depicts the
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otential ratio. Each curve represents a different capacitance case. The higher curve
epicts the normal capacitance while the lower curve depicts zero capacitance in
hich the potential ratio was not affected by endothelial conductivity.

he electrode #1 and minimal at electrode #9 while it is low at the
icinity of electrode #2 and close to zero at the rest of the ocular
urface. Fig. 4A shows similar results while depicting the poten-
ial recorded in all recording electrodes in 3 different endothelial
onductivities. It can be seen that most of the electrical potential
radient lies between the injecting electrode (electrode #1) and
he nearest electrode (electrode #2). The potential change over
lectrodes 2–7 is very small and the potential change between elec-
rode #8 and electrode #9 (one of the injecting electrode) is similar
o the change between electrodes #1 and #2. Fig. 4B depicts the
ecorded potential in electrode #2 (y-axis) against the endothe-
ial conductivity which was modified by four orders of magnitude
x-axis) while the endothelial capacitance was kept normal. Each
urve corresponds to a different stimulus frequency. It can be seen
hat the change in the recorded potential was most pronounced in
he lowest frequency (10 Hz) whereas almost no change was  found
t frequencies of 100 kHz and higher. This analysis shows that the
otential recorded at high frequencies can serve as a stable refer-
nce, which is less sensitive to changes in endothelial resistivity.
e therefore used the ratio between the potentials recorded at a

0 Hz and the potentials recorded at 100 kHz as a parameter for the
nalysis. From here on we refer to this ratio as the potential ratio.

Fig. 5A depicts the potential ratio vs. the endothelial conductiv-
ty as measured in recording electrodes 1–4. Because of symmetric
onsiderations, we only analyzed the potential ratio in electrodes
1–4 and ignored electrodes #5–8. It can be seen that the potential

atio was higher for lower endothelial conductivity and decreased
n an S-shaped curve in higher endothelial conductivity. The change
n potential ratio was more pronounced in recording electrode #2
s compared to the other electrodes. Fig. 5B depicts the potential
atio after normalization in relation to the potential ratio recorded
n normal endothelial conductivity. It can be seen that the normal-
zed potential ratio in electrode #2 was about 8% higher in the case
f reduced endothelial conductivity as compared to the normal
ase. The normalized potential ratio was about 10% lower in the
ase of higher endothelial conductivity as compared to the normal
ase.

Fig. 6 depicts the combined effect of changing endothelial con-
uctivity and capacitance on the potential ratio as recorded by
lectrode #2. When the capacitance of the endothelial layer was
Please cite this article in press as: Mandel Y, et al. Measurement of corne
theoretical study. Med Eng Phys (2011), doi:10.1016/j.medengphy.2011.07

educed by a factor of 0.5 and 0.25, the potential ratios recorded in
he second electrode were smaller. As expected, when the capac-
tance was eliminated (ε = 0), the ratio was 1 for all values of the
ndothelial resistivity. Fig. 7 depicts a noise analysis designed to
 PRESS
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evaluate the sensitivity of the current method to random noise. As
can be seen, it was  still possible to discriminate between normal
endothelial conductivity and disturbed conductivity with a noise
level of up to 0.5%. However, at a noise level of 1.0%, there was
an overlap in the potential ratio values for normal conductivity
and one order of magnitude higher or lower conductivity (data not
shown in figure).

The same analysis of normalized potential ratio was done in
a case where the endothelial layer conductivity was changed in
one quarter of the cornea, while other parts of the endothel were
normal. The results demonstrated that when the injecting (#1)
and recording (#2) were placed below the abnormal endothel,
the normalized potential ratio was changed by about 2% for a 2
orders change in the endothelial conductivity. In contrast, when
the electrodes were placed below the normal endothel, there was
no change in the potential ratio (data not shown).

4. Discussion and conclusion

The purpose of this simulation study was to evaluate the feasibil-
ity of assessing the electrical properties of the corneal endothelial
layer using non-invasive measurements from external electrodes.
To the best of our knowledge, this is the first reported study to
deal with this issue. A qualitative assessment of the electrical cur-
rent vectors (data not shown) showed that most of the electrical
current transverses the stroma via a cross-sectional route and
passes through the endothelial layer into the interior of the eye.
An alternative route for the current flow would have been to pass
circumferentially via the corneal stroma or the eye ball wall (sclera)
to the opposite side without passing through the endothelial layer.
Thus, in the case of typical electrical properties of the eye, an electri-
cal stimulus injected through limbal electrodes apparently mainly
passes through the corneal stroma and endothelial layer, thus col-
lecting information from the latter. We  assume that this pattern of
current flow is related to the overall low resistivity of the endothe-
lial layer (correlated to its very small thickness).

Further analysis indicated that the potential measured at a
high frequency (100 kHz or higher) is relatively unaffected by
endothelial conductivity changes and can serve as a reference
for the evaluation of the recorded potential at lower frequencies.
To present the results in a dimensionless form, we  defined the
“potential ratio” as the ratio between the potential recorded at
any frequency divided by the potential recorded at the highest fre-
quency. The results show that this ratio was  sensitive to variation
in conductivity with a change of up to about 7% when the con-
ductivity was  decreased by two  orders of magnitude. This change
is not large; however, it should be emphasized that the potential
ratio is probably less affected by noise or factors such as anatomical
variations.

A sensitivity analysis showed that the most sensitive mea-
surement is obtained when the recording electrode is close to
the injecting electrode (i.e. recording electrode #2). We  speculate
that there is a potential drop in the area close to injecting elec-
trode caused by the fact that part of the current traverses directly
through the endothelial layer while the rest of the electrical cur-
rent bypasses circumferentially through the stroma. This potential
drop is also depicted in Fig. 4A which illustrates a single recording
of the 16 electrodes. It can be seen that the major change in poten-
tial is between electrode #1 (injecting electrode) and electrode #2,
followed by a stable potential in electrodes #3–8. This electrical
potential drop is dependent on the amount of current bypassing
al endothelial impedance with non-invasive external electrodes – A
.010

the endothelial layer, which is dependent on the ratio between the
stroma and the endothelial layer resistivity. The lower the endothe-
lial impedance, the more current traverses the endothelial layer
radially; thus less current bypasses circumferentially. This leads

dx.doi.org/10.1016/j.medengphy.2011.07.010
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ig. 7. Noise analysis was  carried out using equation (V0)* = V0 (1 + A�). (� is a norma
he  noise level which was  set at 0.5%). (A) Potential ratio is depicted vs. endothelial c

 was  normalized in relation to the potential ratio recorded in normal endothelial c
onditions.

o a higher potential drop between the injecting electrode #1 and
he adjacent recording electrode #2. This hypothesized mechanism
esembles cable theory, which describes the passive spread of a
harge inside a neuron [25]. According to this theory, the poten-
ial drop in the neuronal charge is dependent on the ratio between

embrane conductivity and cytosol (intracellular content) conduc-
ivity.

According to Lim and Fischbarg [19], the conductivity of the
ndothelium is likely to increase when it malfunctions. The increase
n conductivity is probably related to an increase in the size of
he intercellular spaces due to fluid accumulation. In the Lim
nd Fischbarg study, the conductivity was increased by a fac-
or of two when its function was impeded. A similar association
etween intercellular space and electrical resistivity was reported
y DePaola et al. [14] in bovine aortic endothelial cells that were
xposed to fluid flow.

The resistivity of endothelial cell layers has broad variations
epending on the cell type, the medium and other factors. For
xample, low values of 4 � cm2 have been reported for bovine aor-
ic endothelial cells [26]. By contrast, significantly higher resistivity
alues (2000 � cm2) were reported by Crone and Olesen [27] in
rain capillary endothelial cells which form a tight junction that

s part of the blood brain barrier function of the endothelial layer.
ther studies have noted an association between the endothelial

ayer function and its electrical properties (e.g. [19]). In another
tudy [17], the inflammatory agent cytochalasin D caused an 8-
old decrease in umbilical vein endothelial layer resistivity. The
uthors speculated that the decrease in resistivity is related to
ytochalasin-induced intercellular gaps between endothelial cells.
imilarly, Rutten et al. [15] investigated the association between
ndothelial layer electrical resistivity and permeability in various
ndothelial cells types. They found that the increase in resistivity
Please cite this article in press as: Mandel Y, et al. Measurement of corne
theoretical study. Med Eng Phys (2011), doi:10.1016/j.medengphy.2011.07

as in the range of over 3 orders of magnitude, and was associated
ith more than a 4-fold increase in permeability to Evans blue dye.

or this reason we studied the effect of electrical resistivity over
 range of 4 orders of magnitudes. It should be emphasized, how-
tributed random number vector, with a mean of zero and a variance of one and A is
tivity as measured in recording electrodes #1–4. (B) The potential ratio depicted in
tivity. Noise of 0.5% did not affect discrimination between normal and pathological

ever that currently there are no available data on the endothelial
electrical properties of human corneas.

Fewer experimental data are available regarding the association
between endothelial function and morphology and its electrical
capacitance. Lim and Fischbarg [19] indicated that rabbit endothe-
lial capacity was  less affected by the manipulation than endothelial
conductivity. Wegener et al. [26] found a significant change in
bovine aortic endothelial cell resistivity in response to �-adrenergic
stimulation but no change in the electrical capacitance. Similarly,
Bouafsoun et al. [28] reported a small negative association between
endothelial layer thickness and membrane capacitance; i.e., the
thicker the membrane, the lower its specific capacitance. This is
consistent with the equation for calculating the capacitance of a
membrane capacitor (C = ε0εrA/d) in which d stands for the distance
between plates and A is the plate area.

Our analysis shows that the potential ratio was affected by the
electrical capacity as well as the electrical resistivity. When the
endothelial layer capacity was  reduced, the potential ratio was
also reduced, similar to the effect of increased electrical conduc-
tivity. This is not surprising, since the potential ratio is the ratio
between the potential recorded at a low frequency and the poten-
tial recorded at a high frequency. This ratio is expected to differ
from 1 in material or tissue with capacitance components. Never-
theless, when the capacitance was  eliminated (ε = 0) there was no
correlation between endothelial resistivity and the potential ratio,
which was constantly 1 (Fig. 6). This is probably related to the fact
that in this condition, the endothelial layer becomes a pure resis-
tor with no frequency response. These results suggest that it might
be difficult to discriminate between decreased endothelial capac-
ity and increased endothelial conductivity, as they both increase
the potential ratio. Nevertheless, as discussed above, the electri-
cal properties of the endothelial layer are likely to be dominated
al endothelial impedance with non-invasive external electrodes – A
.010

by electrical resistance, whereas the capacitance is probably less
affected by changes in environmental content, etc. Moreover, in
many endothelial dysfunction pathologies (such as endothelial cell
loss post intra-ocular surgery), the endothelial cell morphology

dx.doi.org/10.1016/j.medengphy.2011.07.010
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hanges and these cells becomes flatter. Theoretically this should
ause an increase in endothelial layer capacitance, similar to results
eported by Bouafsoun et al. [28]. Our results are in agreement with

 recently publication of Guimera et al. [29] which analyzed a 2D
odel of the cornea. Their simulation study supports our findings

hat it might be possible to measure endothelial conductivity by
xternally applied electrodes.

The analysis done on partially abnormal endothel demonstrated
he spatial sensitivity of the method described here. There was no
ignal in the case in which the electrodes were placed under normal
ndothel. However, the signal recorded under abnormal endothel
as quite small. Nevertheless, the endothelial layer function is usu-

lly evenly distributed in the cornea, thus there are only rare cases
n which there is a local rather a general dysfunction of the endothel
e.g. localized herpetic infection). Thus, the clinical need for spatial
iscrimination between normal and abnormal areas of the corneal
ndothel is not currently clear.

Several limitations to this study should be pointed out. First, the
odel assumes isotropy in the electrical properties within each

omain of the ophthalmic tissue. This might not be the case for the
ndothelial layer since the number of cell membranes the current
asses through is much higher in a circumferential than a radial
irection. Similarly, the corneal stroma, with its special lamellar
rganization, might behave like a non-isotropic medium. Neverthe-
ess, currently, there are no reported data to support the anisotropy
f these electrical characteristics; thus it was impossible to incor-
orate this assumption into the model. Second, electrode–tissue

nterface can introduce errors, in particular when using small
urface electrodes. We  had addressed this issue using the ratio
etween low and high frequency reading, which could theoreti-
ally partially reduce the error originating from the interface. We
urther reduced the interface artifact using a 3-electrode config-
ration in which electrode #2 serves as the recording electrodes
hile the currents is injected through other electrodes (this con-
guration was also found to yield the highest signal). Nevertheless,
his approach cannot fully eliminate the error, and since this paper
s a first order proof of concept, we have done some acceptable
implification [29], leaving this issue to be studied in future.

This study thus provides a first-order proof of the feasibility
f measurements of endothelial layer electrical properties using
xternal non-invasive corneal electrodes. A possible application
f this method is to detect changes in the endothelial layer func-
ion before it becomes overt with an increase in corneal thickness
nd corneal edema. This could be crucial for the detection of early
orneal graft rejection in patients after corneal transplants (pene-
rating keratoplasty) [30]. Graft rejection may  cause endothelial
ysfunction and graft failure, leading to a need for re-grafting.
heoretically, early detection of endothelial dysfunction using this
ethod and early treatment (usually by topical corticosteroids)

an decrease the rate of corneal graft rejection. Another poten-
ial use of this method is to evaluate the endothelial function of
orneal graft before transplantation. Unfortunately, about 2% of
orneal transplants end up with primary graft failure which is
aused by endothelial dysfunction in the donor cornea [31,32]. Cur-
ent available graft evaluation techniques are unable to identify
hese cases; thus developing new non-invasive methods for graft
ndothelial dysfunction detection could reduce primary graft fail-
re rates. Further experimental research should focus on exploring
he correlation between the corneal endothelial layer function and
ts electrical properties. This will enable more accurate and reliable
evelopment of such a non-invasive diagnostic device.
Please cite this article in press as: Mandel Y, et al. Measurement of corne
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