Medical Engineering & Physics 32 (2010) 1107-1115

Contents lists available at ScienceDirect

Medical Engineering & Physics

journal homepage: www.elsevier.com/locate/medengphy

Non-invasive assessment of corneal endothelial permeability by means of
electrical impedance measurements

A. Guimera®P*, A, Ivorra¢, G. Gabriel®P?, R. Villa®:P

3 Instituto de Microelectrénica de Barcelona, IMB-CNM (CSIC), Campus UAB, 08193 Bellaterra, Barcelona, Spain
b Networking Research Center on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Campus UAB, 08193 Bellaterra, Barcelona, Spain
¢ Department of Information and Communication Technologies, Universitat Pompeu Fabra, Carrer Tanger 122-140, 08018 Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 16 March 2010

Received in revised form 26 July 2010
Accepted 26 July 2010

The permeability of the corneal endothelial layer has an important role in the correct function of the
cornea. Since ionic permeability has a fundamental impact on the passive electrical properties of living
tissues, here it is hypothesized that impedance methods can be employed for assessing the permeability
of the endothelial layer in a minimally invasive fashion. Precisely, the main objective of the present
study is to develop and to analyze a minimally invasive method for assessing the electrical properties
of the corneal endothelium, as a possible diagnostic tool for the evaluation of patients with endothelial
dysfunction. A bidimensional model consisting of the main corneal layers and a four-electrode impedance
measurement setup placed on the epithelium has been implemented and analyzed by means of the finite
elements method (FEM). In order to obtain a robust indicator of the permeability of the endothelium
layer, the effect of the endothelium electrical properties on the measured impedance has been studied
together with reasonable variations of the other model layers. Simulation results show that the impedance
measurements by means of external electrodes are indeed sufficiently sensitive to the changes in the
electrical properties of the endothelial layer. It is concluded that the method presented here can be
employed as non-invasive method for assessing endothelial layer function.
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1. Introduction

Although corneal surgery and disease are very common, there
is a lack of proper non-invasive diagnostic methods for deter-
mining the suitability of a given patient for a corneal surgical
procedure that may weaken the cornea or for assessing the suit-
ability of a donor cornea for transplantation.The cornea (Fig. 1)
is a transparent hemispherical structure located in front of the
eye that allows the transmission of light. Basically, it consists of
three layers: the epithelium, the stroma and the endothelium.
To maintain transparency the cornea does not have capillaries
for supplying nutrients, they are supplied by diffusion through
the epithelium and endothelium. The transparency of the cornea
depends on the level of hydration of the stroma, remaining in
a constant state of dehydration. As shown in Fig. 2, the hydra-
tion level of the stroma depends mainly of three different ion
fluxes. Two of those fluxes are due to diffusion: one between tear
layer and stroma through the epithelium and another one between
stroma and aqueous humor through the endothelium. Finally, an
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active flux is due to fluid pump through the endothelium cells. The
endothelium is a monolayer of cells without regenerative capacity
and plays the most important role for maintaining the low hydra-
tion rate of the stroma and consequently the transparency of the
cornea [1,2].The corneal endothelium morphology and its phys-
iopathological status can be evaluated in the clinical practice by
several techniques. Indirect methods as endothelial fluorophotom-
etry[3] and pachymetry [4] are unreliable for monitoring individual
patient changes [5]. On the other hand, specular microscopy [6]
and confocal microscopy are direct methods only suitable for the
examination of corneal endothelium morphology [7]. The endothe-
lial cell density is the most widely used parameter for assessing
the suitability of a cornea to be transplanted. But, a recent study
concludes that the preoperative value of this parameter is unre-
lated to graft failure due to endothelial decomposition, whereas
there is a strong correlation of this parameter at 6 months [8]. The
barrier effect of the cornea can be assessed by the study of their
passive electrical properties. Transendothelial electric resistance
(TER) method is consistently used in in vitro studies for assess-
ing the permeability of the corneal endothelium [9,10]. Studies
using TER measurements in in vivo setups [11,12] are out of con-
sideration for clinical methods due to their invasiveness.Here is
proposed that it is possible to assess corneal endothelium per-
meability by means of non-invasive impedance measurements
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Fig. 1. Schematic representation of the ocular globe, which shows the location of
the main parts and the position of the proposed sensor.

performed with electrodes placed on the surface of the cornea,
as illustrated in Fig. 1. For analyzing the feasibility of the pro-
posed method, and for finding which impedance parameters are
better suited for such purpose, a numerical study has been car-
ried out. This numerical study is based on simulations performed
using the finite elements method (FEM); an electrical model of
the main cornea layers was built and the corresponding electri-
cal properties were selected from data reported in the literature. In
particular, endothelial permeability was modeled as a variation of
its conductivity. The simulated conductivity variations were based
on experimental measurements made in a number of in vitro stud-
ies.

2. Methods
2.1. Simulation model

FEM modeling has been used for investigating the current and
the potential distributions in the cornea in the case of impedance
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measurements made with the four-electrode method. In particular,
modeling has been carried out by employing the commercial FEM
tool COMSOL Multiphysics 3.4 and its associated application mode
“Quasi-statics, Electric” of the “AC/DC module”.

The four-electrode method here considered, compared to the
more common two-electrode method, offers the advantage of
minimizing, and ideally cancelling, the parasitic effects of the
electrode-electrolyte interface impedances [13]. The impedance
has been calculated using Ohm'’s law, Z=V/I. In the simulations,
a constant AC current has been injected through the outer elec-
trodes (I+ and I-) and the inner electrodes (V+ and V—) have been
used to sense the voltage drop. The electrodes have been modeled
with a very high conductivity (6 x 107 S/m) so that the voltage in
all points of the electrode is the same. The outer boundaries of the
model have been defined as electric insulation, in other words, no
current can flow through them. These boundaries have been placed
far enough from the electrodes (5 mm) so that it can be considered
that the current density in this zone is very low and, therefore, the
effect of the tissues located near these boundaries in the impedance
measurements is negligible.

Fig. 3 shows the model used that is formed by the three main
layers of the cornea and the electrodes, and takes into account the
surrounding fluids like tear and aqueous humor. Assuming that the
length of the electrodes is much greater than their width, only a
vertical cross-section of the layers needs to be modeled [14]. This
fact simplifies the computational model because it can be reduced
in one dimension, from 3D to 2D. Using this model, a 2D analy-
sis within frequency range from 10Hz to 1 MHz has been carried
out. Two sets of electrodes have been tried in this study, in order
to find the better configuration for detecting changes in the pas-
sive electrical properties of the endothelium layer. Fig. 3 shows the
geometry of the used electrode sets. In both electrode sets, the ratio
of the separation between the electrodes is the same; it is the total
sensor width that is different between both sets (3 mm and 5 mm).
In particular, the distance between inner electrodes is three times
larger than the separation between the outer electrodes. This ratio
of distances offers some advantages in terms of spatial resolution
[15,16]. The sensor width is related to the “penetration” of the mea-
surement; it is advantageous to maximize this parameter in order
to ensure that much of current goes through the endothelium layer.
On the other hand, the sensor width is limited by the dimensions

- . |) Flux by diffusion through
the epithelium.

’ Flux by diffusion through
the endothelium.

R .) Flux by fluid pump through
the endothelium cells.

Tear

T .
1’1!?1.1’1@1']
YVYVYY

Stroma

Endothelium K“)I& )

Agqueous humour

T
/W

<

Fig. 2. Schematic representation of the main layers of the cornea and the main ion fluxes.
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Fig. 3. (a) Schematic representation of the simulated model, which shows the
modeled layers and the electrode placement. (b) Schematic representation of the
simulated electrodes geometry. Where I+ and I— are the current electrodes, V+ and
V- are the voltage sensing electrodes. The dashed line indicates position of the
simulated vertical cross-section.

of the cornea (11 mm in diameter) and its curvature, so, 3 mm and
5 mm seem a reasonable compromise between the penetration of
the measure and the cornea dimensions.

2.2. Corneal electrical properties

The electrical properties and thicknesses of the different mod-
eled layers for a normal cornea are shown in Table 1. The physical
dimensions of rabbit cornea have been taken into account, because
rabbit is the reference animal model for in vivo eye experimenta-
tion. The tear layer has been defined with the electrical properties
of the saline solution. Due to its lipid and mucous composition it is
difficult to avoid the influence of this layer in the in vivo measure-
ments. The thickness of this layer has been estimated to be around
the 15 wm[17,18]. The epithelium layer has been modeled with the
same electrical properties as the skin [19] due to their similar his-
tological structure. The endothelium and stroma layer have been
modeled according to the equivalent circuit proposed by Lim and
Fischbarg [20] which is shown in Fig. 4. Considering the thickness
of each layer, the resistivity values in £ cm? can be converted to
conductivity values in S/m, needed for the simulation inputs. The
aqueous humor has been modeled with the electrical properties of
the saline solution [21].
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Fig.4. Schematic morphological representation of the corneal endothelium with the
corresponding equivalent electrical parameters at the postulated locations [20]. Ry,
cellular membrane resistance; Rs, resistance of the stroma; R;, resistance of the tight
junctions; R, resistance of the cytoplasm; Gy, capacitance of the cell membrane.

2.3. Endothelial permeability model

For modeling the effect of endothelial damage on the passive
electrical properties it has been assumed that the endothelium con-
sists of a single monolayer of cells with intercellular spaces that are
widened according to the amount of damage. Accordingly, Eq. (1)
describes the relation between damage and conductivity of this
layer.

Oleak
Oendothelium = H + Ocells  €endothelium = Ecells (1)

where the parameter H (for health status) would be inversely
related to the amount of damage, 0}e,c represents the normal
contribution of the intercellular spaces to the conductivity of the
endothelium and o s and &5 correspond to the conductivity
and the permittivity of the endothelial cells respectively. Note that
Ocells and €.q1s depend on frequency whereas o5, is frequency
independent.

According to the reported changes of TER measurements
when the endothelial permeability is pharmacologically increased
[26,10], the simulated range values for parameter H must range
from 1 to 0.1 (1 represents the normal permeability; 0.1 is related
with a decrease of 10% of the normal TER measurement). Fig. 5
shows the conductivity of the endothelial layer as function of the
frequency for some values of parameter H.

2.4. Simulation strategy

In an actual clinical or experimental case, not only variations in
the value of the endothelium permeability will be present but also
the value for the other parameters of the model will be different
from the normal case values displayed in Table 1. An increase in
permeability of the endothelial layer can produce an alteration of
the ionic concentration in the stroma layer and, as a result, a change
of its conductivity. Moreover, an increase of endothelial permeabil-
ity can also produce a variation of the stroma thickness due to the
increment of the water content of this layer. On the other hand,
the tear layer thickness can be modified by the sensor placement
or by the ambient conditions. Therefore, in order to obtain a robust
indicator insensitive to these uncontrollable variations, the effect
of the endothelium conductivity on the measured impedance has
been studied together with the variation of the other layers of the
model. Table 2 shows the variations applied on the conductivity
and thickness of the different layers.
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Table 1
Values for the conductivity, permittivity and thickness of the modeled layers for a normal cornea.
Layer Conductivity [S/m] Relative permittivity Thickness [pm] Ref.
Tear 1.5 80 12 [17,18,22]
Epithelium? 4x104 1x10° 50 [23-25]
Stroma 0.2 80 350 [20,24]
Endothelium? 6.6 x 1073 1.3 x 10* 20 [20]
Aqueous humor 1.5 80 2000 [24]
2 Frequency depending values. These values correspond to 10 Hz.
i ivi 1
& Endothelial conductivity g H=1 o= _ (4)
- - ‘ ™| —e—H=0.775 (0 +jereow)
coke H=0.55 . . .
—%—H=0.325 The measured impedance Z can be obtained as the integral of the
B H=0.1 sensitivity at each location weighted by the local complex resis-
[ tivity p over the volume v. The local complex resistivity value p
107 | g depends on the frequency and is defined as Eq. (4) [29]. Where o

Conductivity [s/m]
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Fig. 5. Endothelial conductivity spectrogram for different values of parameter H
(inversely to the endothelial damage), evaluated according to Eq. (2).

2.5. Impedance sensitivity analysis

It can be defined a sensitivity parameter, S, that indicates the
contribution of each infinitesimal volume of the sample to the total
measured impedance. Such sensitivity parameter can be evaluated
as follows [27,28].
s=ll2 2)
where S is the sensitivity to the conductivity changes at each loca-
tion in the model, J; is the current density vector when [ is injected
between the two current electrodes, and ]2 is the current density
vector when the same current I is injected between the two voltage
sensing electrodes. Thus, the sensitivity at each location depends
solely on the angle and magnitude of these two vectors and can be
positive, negative or null. A positive value for the sensitivity means
that, if the resistivity of this volume element is increased, a higher
value of impedance is measured. A negative value means that, if
the resistivity of this zone is increased, a lower value of impedance
is measured. A higher absolute value for the sensitivity means a
greater influence on the total measured impedance.

Z= /deu (3)

Table 2
Evaluated ranges for the conductivity and thickness of the modeled layers.

Layer Conductivity [S/m] Thickness [pm]
Tear 1.5 5-15
Epithelium? 2x104to6x 104 55

Stroma 0.1-0.5 325-425

2 Frequency depending values. These values correspond to 10 Hz.

is the conductivity, &; is the relative permittivity, &, is the permit-
tivity of the vacuum, and w is the angular frequency. In the same
way, the measured impedance due to each layer can be determined
integrating each sub-volume v; corresponding to each layer.

Zy, = / pSdv; (5)
Vi
/ pSdv;
ZUi Vi
Sely, = 2 = ——— (6)

/ pSdv
v

Another parameter, selectivity, was also analyzed in the present
study [30]. It provides the impedance of each layer as a fraction of
the total impedance measured and is defined in Eq. (6). In other
words, it analyzes the ability of a given electrode arrangement to
detect changes in the conductivity of the layer of interest. There-
fore, this parameter is a convenient indicator for analyzing whether
or not a set of electrodes is suitable to detect changes in the con-
ductivity of the layer of interest.

3. Results
3.1. Simulation results from the impedance sensitivity analysis

Sensitivity map for the sensor with a width of 5 mm is presented
in Fig. 6. The results for three different frequency values, 100 Hz,
6 kHz and 100 kHz, are shown. The represented zone corresponds
only to the electrodes V— and I—, because of symmetry. It can be
observed a negative sensitivity zone between the voltage electrode
and the current electrode. It is interesting to note that the sensitiv-
ity of the interior layers, stroma, endothelium and aqueous humor,
is increased with the frequency range. On the other hand, the sensi-
tivity at the external boundaries of the model is much lower than in
the centre of the model. Thus, the assumption that tissues located
beyond the limits of the model do not affect the impedance mea-
surement can be considered true.

Fig. 7 shows the contribution of each layer to the total
impedance as function of frequency. As expected, the contribution
of each layer is different depending on the measured frequency.
Three frequency ranges can be vaguely differentiated. At low fre-
quencies the main contribution is due to the epithelium layer
whereas at high frequencies the main contribution is due to
the stroma layer and the aqueous humor layer. At intermedi-
ate frequencies, in a constrained frequency range, is where the
endothelium layer reaches its maximum contribution. The approx-
imate boundaries of these three behavioral frequency regions
depend slightly on the sensor width. It is interesting to note that the
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Fig. 6. Representation of the sensitivity field evaluated at three frequency points, 100 Hz, 6 kHz and 500 kHz. The sensitivity values are represented using a logarithmic scale
color; positive sensitivities are visualized with a hot color map and negative with a cool color map.

contribution of the tear layer is considerable across the whole spec-
trum and that it has a negative contribution at frequencies above
1kHz.

3.2. Simulation results when varying endothelial permeability

The results of these simulations are shown here in two ways:
(1) the measured impedance in the frequency range from 10Hz to
1MHz and (2) the measured impedance at certain frequencies as
function of the endothelial damage.

Fig. 8 shows the measured impedance for different values of the
parameter H. It can be observed that the variation of this parameter
affects the measured impedance at the frequency range from 2 kHz
to 12kHz. As expected, the measured impedance is lower when
the damage in the endothelial layer is increased (parameter H is
decreased) according to the higher conductivity of this layer. It is
interesting to note that the variation is more significant with the
sensor width of 5 mm.

Fig. 9 shows the effect of the stroma layer on the measured
impedance. Two parameters of this layer have been studied: the
stroma conductivity and the thickness. The effect of the changes in
this layer is reflected at frequencies above 1 kHz, and is larger when
the sensor of 3 mm is used. Fig. 10 shows the measured impedance
for different values of tear layer thickness and epithelium con-
ductivity. It can be observed that the variation of the epithelium
conductivity only is reflected at frequencies below 1kHz. On the
other hand, the variations in the tear layer thickness are notable in
all the frequency range.

Several simulations have been carried out for finding out the
most reliable indicator of the endothelial damage. As mentioned,
the effect of the endothelium conductivity has been simulated
together with reasonable variations for the other parameters of the
model. The studied parameters of the model and their simulated
range values are shown in Table 2. For each studied parameter a
five points parametric analysis has been performed. At each point
of these analyses, other five values for the parameter H have been
analyzed. Therefore, a total of 20 results have obtained. From all
those results, a robust indicator (i.e. only related to the endothelial
damage) was looked for. Fig. 11 shows the measured impedance
modulus at 6 kHz function of the parameter H, which is inversely

proportional to the endothelial damage. All simulation results are
shown in a boxplot representation. It can be observed that these
parameters are strongly related with the endothelial damage, but
they have a significant dispersion. The dispersion is mainly caused
by the variations of the stroma conductivity and tear layer thick-
ness. In order to reduce the dispersion, two new indexes based in
the measured impedance have been evaluated. Those indexes are
presented and justified in Section 4.

4. Discussion

Observing the sensitivity results (Fig. 6), and the impedance con-
tribution of the different layers (Fig. 7), three frequency zones can
be easily differentiated. In the low frequency region (up to frequen-
cies of about 1kHz), the measurement is only affected by the tear
layer and by the epithelium layer. This observation can be explained
as being the result of the fact that the resistivity of the epithelium
layer is very high in this frequency range and, therefore, the current
cannot pass easily through it. Therefore, the measured voltage drop
is only due to the resistivity of these two layers. It is worth noting
that a similar effect has been reported in the case of skin impedance
measurements [31]. The second zone of intermediate frequencies
is limited in the frequency range from 1 kHz to 100 kHz. This zone
can be defined as a transition zone, the contribution of the exterior
layers is decreasing and the contribution of the interior layers is
increasing. As can be observed, the maximum contribution of the
endothelium layer is reached in this zone. Finally, the third zone
corresponds to high frequency range; it can be defined by frequen-
cies above 100 kHz. In this frequency range the conductivity of the
cellular layers is very low and the current can pass through them
easily. Therefore, the layers with major contribution to the measure
are the thickest layers, the stroma and the aqueous humor.

Fig. 8 shows the measured impedance for the different values of
parameter H. According to the study of the contribution of each
layer, the variation of the endothelium conductivity is reflected
in the frequency range from 2 kHz to 12 kHz. The analysis of the
measured impedance at this frequency range is quite complex
because multiple factors contribute to it. On one hand, the conduc-
tivity of the aqueous humor layer is larger than the conductivity
of the stroma layer and, as consequence, the current will tend to
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Fig. 7. Contribution of each layer to the total measured impedance as function of
frequency for the two studied sensor width: (a) 3mm and (b) 5mm. Note that
the contribution of each layer has a big dependence on frequency. At intermediate
frequencies is where the endothelium layer reaches its maximum contribution.

go through the aqueous humor. On the other hand, the amount of
current than can pass from the stroma to the aqueous humor layer
is modulated by the conductivity of the endothelium layer. There-
fore, the decrease in the measured impedance is not only due to
a decrease in the conductivity of the endothelium layer, but also
due to an increase of the contribution of the aqueous humor. The
profundity of the measurement is proportional to the separation
of the electrodes. Hence the variation of the measured impedance
due to changes in the conductivity of the endothelium layeris larger
when electrodes of 5 mm width are used. The corneal impedance
measurement presents two frequency dispersions, one due to the
epithelial layer and another due to endothelial layer. The sensor
width determines to some extent the frequency range of these two
dispersions: a reduction of the sensor width produces an increase
in the frequency of the epithelium dispersion, which ends up hid-
ing the endothelium dispersion. Therefore, in order to observe the
dispersion due to the endothelial layer and thereby to obtain infor-
mation on its permeability, the sensor width has to be maximized.
However, this parameter is limited by the size and curvature of the
cornea. For this reason, the sensor width of 5 mm was the maximum
size considered here.

The behavior of the impedance measurements of the cornea in
relation to different model parameters has been studied. Physiolog-
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g
N
&
D
o0
©
X =
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Freq [Hz]
(b) Sensor width 5 mm <4 H=1.00

—&—H=0.78
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Fig. 8. Calculated impedance modulus and phase shift for different values of param-
eter H, showing the effect of the endothelial damage (inversely to parameter H) in the
measured impedance for the two studied sensor widths: (a) 3 mm and (b) 5 mm. The
major influence of the endothelial damage in the measured impedance is observed
with a 5mm sensor at the intermediate frequency range.

ical variations and changes due to the variation in the endothelial
permeability have been modeled. For instance, it is known that an
increase in the endothelium permeability leads to an increase in
the level of the stroma hydration and this effect has been modeled
by an increase of its conductivity due to an increment of its ionic
concentration and by an increase of its thickness, due to a swelling
produced by increment of water content. Moreover, other varia-
tions such in some modeled parameters, such as the conductivity
of the epithelium and the thickness of the tear layer, have been
introduced for modeling physiological variability. Table 2 shows
the ranges of changes implemented in the model. Fig. 9 shows the
effect of the stroma in the measured impedance, according with the
sensitivity analysis, the changes in its conductivity and thickness
can be observed in frequencies above 1kHz. The thickness varia-
tion produces slight alterations in the measured impedance and
its effect is noticeable in frequencies above 10 kHz. On the other
hand, the alterations produced by the stroma conductivity are more
important and have influence in the frequency range where the
endothelium conductivity can be detected. The stroma conductivity
variations have a more importance when a narrower sensor is used,
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Fig. 9. Calculated impedance modulus and phase shift for different stroma con-
ductivities and thickness values using a 5 mm width sensor (a) for different values
of stroma conductivity (b) for different values of stroma thickness. The variation
of the stroma conductivity implies an alteration of the measured impedance in
the same frequency range where the endothelial damage can be detected. How-
ever, the stroma thickness variation only modifies the measured impedance at high
frequencies.

because the contribution of this layer to the measured impedance
is greater, as can be observed in Fig. 7. Finally, the simulations of the
variations of the tear film thickness confirm that this layer has influ-
ence in the measured impedance in a large frequency range, from
10Hz to 100 kHz (Fig. 10). As can be observed, the major influence
of the tear thickness is on the phase shift measurement, reach-
ing values minor than —90°. Apparently, this phase shift values are
incongruous, but, they can be explained for the big difference of
conductivity between tear film, the epithelium and the stroma. This
fact produces two different paths for the current. This tends to go
through the layers with lower conductivity, the tear film and the
stroma. Thus, the measured voltage drop is mainly due to the cur-
rent that goes through the tear film, but the measured impedance
is evaluated over the total current. Grimnes and Martinsen [27]
inform of this effect for explain strange values of phase shift in the
case of skin impedance measurements when tetrapolar electrodes
are used.

As we have mentioned, the physical dimensions of the model
correspond to a rabbit cornea. After analyzing the results, we can
discuss the feasibility of the results for a human cornea: the main
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Fig. 10. (a) Calculated impedance modulus and phase shift of different values of
tear thickness using a 5 mm width sensor. (b) Calculated impedance modulus and
phase shift of different values of epithelium conductivity using a 5 mm width sensor.
The variation of the tear thickness modifies the measured impedance at all frequen-
cies. This alteration is very noticeable in the phase shift. However, the epithelium
conductivity only modifies the measured impedance at the low frequency range.

structural difference between the human and the rabbit cornea is
the thickness of the stroma layer, 350 wm for a rabbit and 500 pm
for a human. The current penetration inside the model is much
greater than the thickness of the cornea because the detection of
the endothelial permeability is based on how this layer regulates
the pass of current from stroma to aqueous humor. For this reason,
qualitatively, the major part of the assumptions carried out in this
paper should be valid in a human cornea.

In order to find out a robust indicator of the endothelium per-
meability, the effect of the variation of the endothelial conductivity
on the impedance measurement has been analyzed together with
changes in other parameters of the model detailed in Table 2.
Apart from the endothelial conductivity, it has been modified:
the tear film thickness, the epithelium conductivity, the stroma
conductivity and the stroma thickness. For each of these 4 param-
eters, 5 points sweeps in the specified range have been simulated.
For each point of these sweeps another 5 points nested sweep
of the endothelial conductivity have been done. Thus, a total
of 20 measurements for each evaluated endothelial conductivity
value have been realized. On one hand, the relationship between
the impedance modulus at 6 kHz and the endothelium conduc-
tivity have been studied, because this is the frequency where
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Fig. 11. Representation of the different presented indexes for the assessment of
the endothelium permeability as a function of the endothelial damage (inversely
proportional to parameter H). The effect of the endothelial damage is presented
together with the other variations of the model parameters. The boxplot represen-
tation shows the mean value, the dispersion of the measures grouped by quartiles
(boxes and bars) and the outliers values (as crosses).(a) Index based on the measured
impedance modulus at 6 kHz, (b) index based on the measured impedance modu-
lus at 6 kHz minus the measured impedance modulus at 1 MHz, (c) index based on
the measured impedance modulus at 6 kHz minus the measured impedance mod-
ulus at 1 MHz scaled by a factor of 2. The measured impedance at 6 kHz presents a
strong linear correlation with the endothelial permeability. The observed dispersion
is mainly due to the variation of the tear thickness and the stroma conductivity. This
dispersion can be reduced by subtracting the modulus impedance at 1 MHz.

the endothelial layer has a larger contribution to the measured
impedance. On the other hand, the possibility of to compensate
the dispersion produced by variations applied to the model has
been studied. Represented in a boxplot Fig. 11a shows the mea-
sured impedance at 6 kHz as function of the parameter H, As can
be observed, the modulus of the impedance at 6 kHz presents a
strong linear correlation with the endothelial permeability, but also
presents a big dispersion. This dispersion is mainly due to the vari-
ation of tear film thickness and of the stroma conductivity. A new
index based on the impedance modulus measured at 6 kHz has been
evaluated in order to reduce the dispersion observed. This index is
obtained by subtracting the modulus of impedance at 1 MHz and
the impedance modulus to 6 kHz. At 1 MHz, the main contribution
to the measured impedance is due to the stroma layer and the aque-
ous humor. Therefore, the physical justification for the proposed
index is to try to cancel the effect of the stroma layer on the mea-
sured impedance at 6 kHz, so that this index will only depend on
the variation of the endothelium conductivity. As can be observed
in Fig. 11b, the reduction of dispersion is notable, but not sufficient.
So that, the value measured at 1 MHz is scaled up by a factor of 2 in
order to compensate the different contributions of the layers along
the frequency range. As shown in Fig. 11¢, the results obtained with
the latter indicator are acceptable, since the overlaps between data
sets are minimal.

5. Conclusions

In this paper, we have evaluated the influence of the
corneal endothelium permeability in the measurements of the
corneal impedance by using FEM simulations. From the measured
impedance by means of four electrodes placed on the cornea
surface, it was found that the variation in the endothelium per-
meability can be detected. Furthermore, it was found that the
impedance measurement is also influenced by the other layers of
the cornea. But, it was found an indicator based on the impedance
measurement of the cornea that is only related to the electrical
properties of the endothelium. Thus, we conclude that the method
presented here can be used as a non-invasive method for assessing
endothelium layer function. This new method could be used in the
clinical practice, filling the existing lack of this kind of methods.
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