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ABSTRACT

Purpose To model the kinetics of penetration of fluorescein
across the cornea from the endothelial surface.

Methods Rabbit corneas mounted in vitro were exposed
to fluorescein at their endothelial surface. Trans-corneal
fluorescence were acquired periodically for 6 h using a
custom-built confocal microfluorometer. The profiles were
then employed to fit a kinetic model for calculation of
permeability and diffusion coefficients across the cellular
layers and stroma, respectively.

Results At the endothelium-stroma and stroma-epithelium
interfaces, the fluorescence profile exhibited sudden jumps.
In each case, the fluorescence was higher at the stroma,
indicating reduced partitioning of the dye into the lipid-rich
cellular layers. The stroma did not swell significantly until
180 min of perfusion. The fluorescence profiles reached a
pseudo-steady state at ~6 h. A transport model, which
included convective and diffusive fluxes into the stroma,
showed a good fit to the trans-corneal profiles at different
time points. The estimated permeability coefficients for the
cellular layers were close to the values reported previously,
but the diffusion coefficient of fluorescein in the stroma was
found to be smaller than the values obtained previously using
Ussing chambers.

Conclusions The penetration of fluorescein could be modeled
accurately by a combination of diffusion and convection.
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INTRODUCTION

Drug administration to the eye is most frequently accom-
plished by the topical route. In this approach, the drugs,
mnstilled as drops, on the ocular surface have a brief resi-
dence time (half-life ~4 min), during which they access the
anterior chamber (a/c) mainly by penetration across the
cornea (1,2). The cornea is a tri-laminate structure consist-
ing of epithelium, stroma, and endothelium, and resembles,
from a pharmacokinetic point of view, an oil:water:oil ma-
trix. In the human cornea, the epithelium, which forms the
anterior surface of the cornea, is ~50 pm thick and is
stratified into 5-7 layers. The superficial epithelial layers,
known to contribute significantly to the trans-epithelial elec-
trical resistance (3), exhibit multi-stranded tight junctions
and therefore form a significant barrier to the penetration
of topical drugs. While lipophilic molecules readily pene-
trate the epithelium by dissolving in the lipid bilayers of the
plasma membrane (4), hydrophilic molecules are restricted
by the tight junctions as they have to penetrate through the
paracellular route. The stroma, the connective tissue com-
ponent of the cornea, contains ~80% water and hence is
hydrophilic. Therefore, stroma offers resistance to transport
of hydrophobic molecules but the net transport through
cornea increases with hydrophobicity because of the in-
creased transport through the epithelium, which frequently
represents the rate limiting step (4). The endothelium, which
forms the posterior surface of the cornea, is leaky, and
accordingly, does not offer much resistance to the para-
cellular movement of solutes (5,6).

Drug transport across the cornea has been frequently
investigated by mounting the tissue in an Ussing chamber
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(7-13). The flux across the tissue is then measured by setting
up a concentration differential between the chambers facing
the epithelium and endothelium. While such measurements
are useful for an understanding of drug penetration, a
mechanistic examination of the transport is limited. This is
because the trans-corneal concentration profiles of drugs
cannot be easily measured, and accordingly, the entire cor-
nea is treated as a homogenous (i.e., well-mixed) compart-
ment. The calculations of permeability of the drugs from
such lumped models can be made only after the concen-
trations in the various layers reach a pseudo-steady state.
This takes much longer than the residence time of topical
drops (1,2). Thus, it is not valid to utilize the permeability
measurements obtained from Ussing chamber experiments.
Moreover, the resistance offered by each layer cannot be
assessed; hence, whether drug transport is achieved by the
transcellular or paracellular route cannot be assessed.

Some of the above drawbacks can be addressed by mak-
ing use of fluorescent compounds as drug analogs (4). Given
the transparency of the cornea, it is possible to determine
the depth-resolved trans-corneal fluorescence profile to as-
sess the penetration kinetics of fluorescent substances
(14,15). The kinetic parameters, thus obtained, can be cor-
related to physicochemical properties of the compounds. In
a previous publication (4), we employed a custom-built
confocal scanning fluorescence microscope to determine
the depth-resolved trans-corneal penetration of
Rhodamine B (RhB) to exemplify the transport mechanisms
typical of a lipophilic molecule. The time- and depth-
resolved fluorescence profiles of RhB were then fitted to a
multi-scale transport model (4). The RhB profiles and our
model showed that transport of hydrophobic molecules
across the cellular layers occurs v the lipid bilayers with a
characteristic slow intracellular accumulation. Transport of
RhB from the lipid bilayers to the hydrophobic domains
inside the cells was found to be responsible for the slow
accumulation, which creates a depot effect for the delivery
of drugs to the a/c (4).

In this study, we have adopted a similar approach to
explore the transport of a relatively hydrophilic molecule
fluorescein across the cornea. Hydrophilic molecules en-
counter significant resistance to transport across epithelium
and endothelium due to the high lipid content of the cellular
layers. The resistance of the endothelium is likely substan-
tially smaller than that of epithelium because of the smaller
thickness. In most practical situations drugs are delivered
into the tears and the drugs diffuse from the epithelium
towards the a/c. Due to the large resistance offered by the
cornea to diffusion of the hydrophilic molecules, the trans-
port of fluorescein from tears to a/c will be rate limited by
epithelium. Thus the concentration profile in the stroma
and the endothelium will likely be at a pseudo-steady state
which will prevent accurate determination of the transport
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parameters for these two layers. Furthermore due to the
slow diffusion across the epithelium, an experiment in which
fluorescein 1s instilled on the tear side will be required to be
performed for a longer period of time which is not feasible
due to deterioration in the integrity of cornea with time. It is
thus preferable to study diffusion of fluorescein from the a/c
towards the epithelium, as described below in the methods
section. The time and spatially resolved fluorescence data in
the stroma is modeled through a convection-diffusion mod-
el, while endothelium and epithelium are modeled as
lumped systems with uniform spatial concentration. The
convective transport is included in the stroma from the a/c
towards the epithelium to account for stromal swelling as
noticed in the data. The fluorescence data is fitted to the
mathematical model to obtain all the relevant transport and
the partition coeflicients in the various layers of the cornea.
Finally the reliability of the parameters is assessed by para-
metric sensitivity analysis.

The mechanisms of fluorescein transport explored here
were found to be significantly different from those of RhB.
Hence, this study along with our previous report (4), is very
valuable in understanding the effects of relative hydropho-
bicity of solutes on transport across the cornea.

MATERIALS AND METHODS

Sodium fluorescein and reagents for Ringers were obtained
from Sigma Chemical Company (St. Louis, MO). Eyes were
obtained from freshly euthanized albino (New Zealand
White) rabbits of both sexes. All procedures for animal
handling were followed in accordance with the guidelines
set by the Association for Research in Vision and
Ophthalmology (ARVO) and were approved by the
Laboratory Animal Care Committee in the laboratory of
the (late) Prof. DM Maurice, Ophthalmology at Stanford
University, CA.

A schematic of the experimental setup used in this study
1s shown in Fig. 1 and was similar to earlier reports (14,15).
The corneas were isolated, mounted, and maintained at 34°
C and perfused with HCOj3™ Ringers (containing reduced
glutathione, glucose, adenosine, 20 mM HEPES, and
25 mM NaHCO3) both at the anterior and posterior surfa-
ces. The corneal thickness was allowed to stabilize for
~30 min, and then the endothelial surface was exposed to
fluorescein dissolved in the Ringers solution (10 pg/mL) as a
step change. The trans-corneal profiles of fluorescein were
obtained using a custom-built confocal scanning microfluor-
ometer, which has been described previously (14,15). Depth
scanning was performed through a stepper motor coupled
to the fine focus knob of the microscope. The depth resolu-
tion for trans-corneal fluorescence scan was ~8 pum at a
sensitivity of 107° g/mL of fluorescein (SNR>20) using a
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Fig. | Schematic representation of the experimental design for in vitro
mounting of cornea in a diffusion cell. The perfusion medium in the a/c is
circulated through a pump. The outflow from the a/c was passed through
the larger bore tubing to a height of 20 cm in order to keep the cornea
inflated under its normal pressure. The tube diameter for flow in and out of
the a/c is sufficiently large to ensure negligible pressure drop across the
tubes, ensuring that pressure in a/c is independent of the flow rate of the
perfusion medium.

40x water immersion objective of 0.75 NA (Zeiss Inc; work-
ing distance=1.5 mm). The excitation and emission wave-
lengths were 485+ 10 nm and 530£10 nm, respectively.
Scanning was performed at 600 pm/min over 1200 pm
depth. Eight experiments were performed identical to the
protocol used in this study, out of which six eyes could be

maintained healthy for >4 h. The data set from one such
experiment (i.e., obtained with one rabbit cornea) has been
used for modeling purposes. Although there were variations
in the total duration of the experiment between corneas,
there were no remarkable variations regarding penetration
of fluorescein.

RESULTS

Fluorescence Profiles After Exposure
of the Endothelial Surface to Fluorescein

The trans-corneal fluorescence profiles are plotted in
Fig. 2 at different time points after introduction of fluo-
rescein into the chamber bathing the endothelial surface
(referred to as anterior chamber or a/c). The fluorescence
in the a/c is constant as the fluorescein-containing medi-
um is continuously perfused. The region of decreased
fluorescence adjacent to the a/c corresponds to the endo-
thelium. The fluorescence increases in the stroma com-
pared to the endothelium due to the hydrophilic nature of
fluorescein and the stroma. The fluorescence in stroma
decreases along the direction of its diffusion towards the
tear side. Finally the fluorescence in the epithelium is
negligible for a long time due to the small permeability
of the layer to the hydrophilic fluorescein. The fluores-
cence 1n stroma is both time- and space-dependent but
the space-dependence of fluorescence in the epithelium
and endothelium is not resolvable.

Fig. 2 Transient concentration
profiles of fluorescein across the
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Swelling of the Cornea

The thickness of the various layers of the cornea can be
determined by utilizing the jumps in fluorescence profiles at
the interface of stroma with the cellular layers as a result of
partitioning fluorescein as noted above (Fig. 2). Such fluo-
rescence discontinuities are, however, convolved with the
instrument response function (IRF). Thus, the location of
cach of the interfaces can be detected by calculating the
slope of the concentration profiles and determining the local
maxima of the slope. After the interfaces are located, the
thickness of each layer can be determined as the distance
between the relevant interfaces. The thicknesses of the epi-
thelium, the stroma, and the endothelium are denoted by
Lg, Ls, and Ly, respectively. The thickness of the stroma
and that of the epithelium are plotted as a function of time
in Fig. 3. It is evident from Fig. 3 that the thickness of the
stroma is relatively unchanged in the first 200 min but shows
an increase at a relatively constant rate of 0.5 pm/min. The
thickness of the epithelium is also constant for the first
200 min, but subsequently shows rapid swelling (at
10 um/h).

DISCUSSION

Fluorescence Profiles After Exposure
of the Endothelial Surface to Fluorescein

The fluorescence profiles in Fig. 2 demonstrate that fluores-
cein partitions into various layers of the cornea and diffuses
from the endothelium towards the epithelium following step
change in the a/c fluorescein concentration. At 81 min and
beyond, fluorescence in the stroma is higher compared to
that at the epithelial and endothelial layers (Fig. 2). This is
consistent with the hydrophilic nature of fluorescein and the
high water content of the stroma. Next, we note that the
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Fig. 3 Transient swelling of corneal layers the stroma and the
epithelium. The location of each of the interfaces was specified by
local maxima of the slope of the fluorescence profiles. The slope is
theoretically infinite due to differences in partitioning of the dye in
different corneal layers, but the profiles are smoothed due to the
instrument response function.
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fluorescence in the endothelium (indicated by arrows in
Fig. 2; right insert), represented by the fluorescence minima
at the troughs (indicated by arrows) noted between the
perfusion chamber and stroma, increases with time, as does
the fluorescence in the stroma. This observation suggests
that fluorescein is diffusing across the lipid bilayers of the
endothelium and accumulating in its cytoplasm. In contrast
with the changes in the fluorescence of the endothelium, its
increase in the epithelium is not apparent up until 205 min.
This is apparent by the fact that the penetration depth of
fluorescein into the stroma (i.e., concentration boundary
layer thickness) is ~175 pm at 42 min. However, the pene-
tration extends to the stroma-epithelium interface, which is
350 pm away from the endothelium, in <81 min.

If fluorescein were to diffuse only through the paracellular
route, then the concentration of fluorescein in the endotheli-
um would be small and independent of time. In fact, the ratio
of fluorescence at the stroma-endothelium interface (indicated
by filled circles) to that of fluorescence from the endothelium
(cytoplasm; indicated by arrows) is relatively constant and
concentration in endothelium increases with time. This is
shown in Fig. 4 and indicates that the concentrations in the
endothelium and in the stroma at the stroma-endothelium
boundary are in equilibrium. These observations together
suggest that the dominant mechanism for the transport of
fluorescein across the endothelium is the transcellular route
through the lipid bilayers of the endothelium.

Regarding the penetration depth of fluorescein into the
stroma, we recall that the thickness of a purely diffusive
boundary layer changes as the square root of time.
Therefore, the time taken for the boundary layer noted in
Fig. 2 to reach a depth of 350 pm should be 4x the time that
it took to reach a depth of 175 pm. Since it took 42 min for
concentration boundary layer to reach 175 um (as noted
above), it should take ~168 min to reach full thickness of
stroma (i.e., 350 um). However, as shown in Fig. 2 it takes
less than 81 min for boundary layer to reach full thickness of
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Fig. 4 Relationship between the concentration of fluorescein at the
stroma-endothelium interface and the concentration in the endothelium
(cytoplasm in the endothelium) with time as the parameter. Both axes
represent fluorescence in arbitrary units (AU). The plot is a straight line
showing that the ratio of the concentrations is relatively independent of
time.



Solute Transport across the Cornea

3329

stroma which is much less than 4x the time for the boundary
layer to traverse half of the stroma. This observation sug-
gests that fluorescein transport in the stroma must be occur-
ring as a combination of diffusion and convection.

Modeling the Transport of Fluorescein
Across the Cornea

Figure 5 illustrates the concentration profile of fluorescein as
it is transported from the a/c toward the tear-cornea inter-
face. The barriers for the transport include endothelium,
stroma, and epithelium, with the transport mechanisms
being different in each layer due to differences in their
composition and structure.

The corneal swelling during the experiment, as noted
above, complicates the transport model since it implies
moving boundaries. Since mechanisms of swelling are not
the focus of this paper, we have utilized the data for the first
180 min to model fluorescein transport across stroma and
the endothelium. However, during this period, the fluores-
cence in the epithelium is negligible so that data beyond
180 min is employed to predict epithelial concentrations
from the model.

Transport in the Stroma

We approximate the fluorescein transport in the stroma by a
combination of diffusion and convection. The latter phe-
nomenon, as noted above, is invoked in the model to ac-
count for the apparent fluid movement from the
endothelium toward the epithelium. The corneal stroma is
composed of about 260 lamellae of collagen fibrils bound
with glycosaminoglycans (GAGs). The solute molecules

Epi Stroma Endo
N Co
C,
} L ‘F L - %}

s en

Fig. 5 Schematic representation of the transport of fluorescein from the
Anterior Chamber toward the tear side. Abbreviations: C; Concentration
in endothelium; C, Concentration in stroma; C3 Concentration in epithe-
lium; Co Fixed concentration in the anterior chamber; x Depth across
cornea. The partition coefficient ®; represents the ratio of concentrations
in region i and j at equilibrium, e.g., @5 is the ratio of concentration in
endothelium and stroma at equilibrium. Fluorescein partitions from a/c to
endothelium, and then it diffuses across endothelium into stroma. The
transient diffusion in stroma creates a boundary layer, which reaches the
epithelium-stroma boundary in about 300 min. Fluorescein then partitions
into epithelium and continues to diffuse toward the tear side.

could bind to collagen and GAGs. However, the binding-
unbinding events occur on a faster time scale compared to
that of diffusion; thus, we assume that the bound and un-
bound forms are in equilibrium so that we can write only the
mass balance for the total solute amount. Therefore, the
governing equation for fluorescein transport in the stroma
can be written as:

oC,  0C,

9*Cy
o o M

o2 ox

where Cj, is the total concentration of fluorescein (or equiva-
lently fluorescence) in the stroma, D is the average diffusivity
in the stroma, and v is the net convection velocity of the fluid
in the stroma. The effective diffusivity depends both on the
true diffusivity of the solute in stroma and on the binding of

the solute to the polymer in the stroma, with an increased
binding leading to reduced effective diffusivity. The boundary
conditions for Eq. | at the interfaces formed with the endo-
thelial and the epithelial layers will be discussed below.

Transport in the Endothelium

Transport across the endothelium can occur through two
routes: paracellular (i.e., transport through tight junctions)
and transcellular (i.e., transport across the cells). Due to the
relatively hydrophilic nature and the small molecular weight
of fluorescein (376 Da), its permeation through the para-
cellular route can be expected. The transcellular flux, on the
other hand, requires the molecules to traverse the lipid
bilayers of the endothelium. The cross-sectional area for
paracellular transport being much smaller compared to that
for the transcellular transport, the flux through the latter
route could be the prominent mechanism. When measuring
the permeability of the endothelium using Ussing chambers,
it is not feasible to determine the dominant mechanism.
However, the accumulation of fluorescein in the endotheli-
um, as evident in the profiles in Fig. 2 shows that the solute
must cross the lipid bilayers to accumulate inside the cyto-
plasm. In addition, as mentioned earlier, the ratio of the
fluorescence in the endothelium and that in the stroma at
the interface with the endothelium is relatively constant
(Fig. 4), suggesting that the two concentrations are in equi-
librium due to transport through the lipid bilayers of the
cells. Based on these considerations, we propose the follow-
ing mass balance across the endothelium to define fluores-
cein transport:

91 afco- 1) (O
VEka(CO @10> kA(w12 Cg) (2)

where C is the concentration in the endothelium, C,, is the

concentration in the Ringers bathing the endothelial sur-
face, @10 1s the partition coeflicient of fluorescein between
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the cytoplasm of the endothelium and the aqueous humor,
@19 1s the partition coeflicient between the cytoplasm in the
endothelium and the stroma, and k is the permeability of the
endothelial lipophilic membranes. In the equation above,
the first term on the right-hand side accounts for the net
transport from the a/c to the endothelium, while the second
term defines the net transport from the endothelium to the
stroma. The surface area A is the transcellular area available
for transport, and Vg is the volume of the endothelium.

The endothelium is coupled to the stroma through the
following boundary condition:

0Cs _ a(E1
—Dg_m(wm CQ> (3)

The diffusion resistance in the stroma (L;/D) is much larger
than that in the endothelium (1/k) because of the larger
thickness of the stroma in comparison to that of the endo-
thelium (this assumption is verified later after comparing the
estimated parameter values). Accordingly, the above bound-
ary condition can be simplified to:

_G
CQ - @12 (4-)

This simplification implies that the stromal concentration
at the interface 1s in equilibrium with that in the endothelium,
which is clearly supported by the data in Fig. 4. This simplified
boundary condition can now be applied in the governing
equation for the endothelium (Eq. 2) to yield the following
simplified mass balance for the endothelium:

aC; el

The above equation can be solved by using C;=0 as the
mitial condition to get the following expression for the
endothelial concentration:

C = (Z)lOCo(l — eﬁ) = @1000(1 _ e—ku) (6)
where:

kA
" 7)

= Vo

Using Eq. 7 in Eq. 4, we get the following boundary
condition for transport across the stroma at the stroma-
endothelium interface:

Gy = @2101000<1 - e_kll) = [Z)CO(I - g_k”) )

where 01 (= 1/09) is the partition coefficient of the drug
between the stroma and the cytoplasm in the endothelium.
It should be noted that (§ = (ly; x () is the effective parti-
tion coeflicient of the drug between the stroma and the
Ringers solution bathing the endothelial surface.
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Transport in the Epithelium

Based on the transport in the endothelium, the mechanism
for the epithelium is likely to be transcellular as well.
However, due to the multiple layers, the epithelium is
expected to offer significantly larger resistance to transport,
and hence we assume that for short periods of time
(< 200 min), the flux from the stroma to the epithelium is
essentially zero. Thus:

—p%2 e, =0 (9)
Bx

This simplified model cannot predict the concentra-
tions in the epithelium. The validity of the above as-
sumption can be evaluated by noting that the epithelial
concentrations are significantly less than the concentra-
tions in the endothelium, and additionally, the slope of
the fluorescence profiles is negligible at the epithelium-
stroma interface.

The governing equation for the transport in the stroma
(Eq. 1), along with the boundary conditions (Eqs. 8 and 9)
can be solved numerically by finite difference to obtain the
concentration profiles as a function of time in the stroma
and the concentration transients in the endothelium. It is to
be noted that the model presented above has no non-linear
terms. Therefore, the response is linearly proportional to the
solute concentration in the a/c. Furthermore, if the fluores-
cence 1s linearly proportional to the concentration with the
same constant of proportionality in each layer, the concen-
tration can simply be expressed in fluorescence units. Based
on these assumptions, we interchangeably use fluorescence
for fluorescein concentration below.

Parameter Estimation

The procedure for parameter estimation is similar to the strat-
egy that we employed for the data of Rhodamine B previously
(4). Briefly, we first recall that the fluorescence at any location x
is obtained by convolution of the predicted fluorescein profile
and the Instrument Response Function (IRF). Thus,

Cirodal (X)) = JOOOC(X) IRF(x — x')dx (10)

where

IRF(x — x) = “—— (11)

where (2.366) represents the full width of the Gaussian profile
of the IRF, which 1s taken as 20 um as before. The unknown
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model parameters (D, v, ¢, k) are next obtained by matching
the model prediction to the experimental data by minimizing
the following objective function E, which is the sum of the
squares of the difference between the model and the experi-
mental results.

E= Z {(CModel - CExp)2i| i

i=1

(12)

where Ciy, and Cyoqa are the measured and predicted con-
centrations at the given position and time, and N represents the
total number of data points. The four unknown parameters can
be obtained by fitting all the data in the stroma and the
endothelium, or alternatively, the parameter k; can first be
determined by fitting the endothelial data, and the remaining
three parameters can be obtained by fitting the stromal data.
We adopt the second approach as the endothelial data are
highly sensitive to the parameter k;, and thus, more reliable
values of k; can be obtained by fitting the endothelial concen-
tration or, equivalently, the stroma concentration at the
stroma-endothelium interface. The remaining three parame-
ters were obtained by minimizing the sum of the squares
(Eq. 12) in the stroma. The values of the fitted parameters are
presented in Table I, and the best fit fluorescence profiles are
compared with the experimental data in Fig. 6. It is noted that
a model in which the endothelium is treated as a membrane
with constant permeability, which is a suitable model for para-
cellular transport, cannot fit the experimental data (results not
shown). This further supports the hypothesis that transport of
fluorescein through the endothelium is dominated by trans-
cellular transport.

Sensitivity Analysis of the Parameters

To further address the robustness of the model, it is impor-
tant to show that the parameters in Table I are unique. We
adopted various approaches to test the reliability of the

Table 1 The Optimal Values of the Model Parameters Obtained by
Minimizing the Total Error Between the Model Prediction and Experimental
Data. &, D, and v are Obtained by Fitting the Time- and Position-
Dependent Stroma Data, and the Parameter k; is Obtained by Fitting the
Time-Dependent Data from the Stroma-Endothelium Boundary. Sensitivity
Analysis of the Transport Model. Values of the Sensitivity Index Larger than
5 Indicate that Error Between the Experimental Data and the Model Fit
Increased by Less than 5% for a 10% Change in the Model Parameter,
which Implies a Robust Fit and a Reliable Value of the Fitted Parameter

Parameter Estimated Value Units Sensitivity Index
(o) 1.79 - 132.8
ki 0.12 hr™! 94.0
D 7761072 m?/s 17.8
v 1.38x 1078 m/s 43

3331
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g -~ 41 min-Expt
g -+ 41 min-Model
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T =+ 81 min - Expt
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8 -~ 152 min - Model
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Fig. 6 Comparison of the model predictions and the experimental profiles
of the fluorescein concentration in the stroma for short durations (t<3 h)
using the best-fit values of the parameters D, v, and ¢. Here x = 384 um
represents the epithelium-stroma interface while x =50 um represents
the stroma-endothelium interface. The time at which the profiles are
compared is indicated on each curve.

three parameters (D, v, and ¢), including construction of
contour plots, and calculation of correlation coeflicients and
sensitivity indices.

The contour plots were constructed by choosing two
parameters, varying them within £50% of their estimated
values, and plotting the contours along which the error E, as
defined in Eq. 12, is constant. The shapes of the contour
plots reflect the correlation between the two parameters that
are varied for the plot. For instance, if the contour plots
around the minimum are concentric and culminate in a
point or a small line segment, we are assured that the
parameters are not correlated around the estimated values.
However, if the contours are elliptic, culminating in a line, it
implies that the parameters are correlated, i.e., changes in
one parameter can be compensated by changes in the other
parameter, and thus, accurate determination of the param-
eters is not possible. If; on the other hand, the contours are
vertical (or horizontal lines), the error is independent of the
parameter on the x axis (or y axis for horizontal contours).
The plots in Fig. 7a and b show that the contours for ¢-D
and ¢-v pairs converge onto a single point, which mean that
these parameters are well identified. The contour plots for
the D-v pair (Fig. 7c) show that, close to the location of the
minimum error, there are multiple contours that have sim-
ilar error values, which implies the existence of multiple
local minima. In this case, the parameter estimation may
depend on the initial guesses of the parameters. However,
the three minima are relatively close to each other, and thus,
the best-fit values in Table I are reliable.

The qualitative information in the contour plots can be
quantified by computing the correlation coefficients be-
tween various pairs of parameters. Such coefficients for each
pair of parameters are presented in Table II. They lie
between —0.9 and 0.9, indicating that the parameters are
uncorrelated.
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Fig. 7 Contour plots of error, i.e., square of the difference between the
model predictions and experimental values for fluorescence in cornea. The
error is constant along any contour. The parameters on the x and the y
axes are varied in a range of £50% around the optimal values, while
keeping all other variables fixed at the optimal values. The contours for (a)
(D, @) and (b) (v, ®) show a single minimum, and contours converge,
proving that the fitting is robust. Contours for (c) (D, v) show three local
maxima, which implies that the optimized values of the fitted parameters
depend on the initial choice. All three maxima are, however, relatively
within a narrow region, which implies that the variations in the fitted values
due to initial choice are small.
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To further examine the sensitivity of each model param-
eter, we determined sensitivity index, which is a measure of
the relative increase in error E, as defined in Eq. 12, for
changes in that parameter. A large value of the index value
implies that small changes in the parameter lead to relatively
large changes in the error, and thus, the parameter value is
robust. Since all parameters except one are fixed in this
analysis, the error can be expanded as a Taylor series
around the point of minimum error:

1 &°E 9
§W (u - umin)

Umin

E= Emin + (13)
where E,;, 1s the minimum error or the error corresponding
to the predicted parameter, u is the specific parameter (any
one of the four model parameters), and u,,;, is the value of u
at which the error is the minimum or the estimated value of
u. It is noted that the linear term is absent from the above
expansion because the first derivative, dE/du is zero at the
minimum. As discussed previously (4), the sensitivity index o
is defined by the following equation:
E—Fiin 5 e
[K} uminz dZE
a= = —
U—Umin 2 2Emin du2
Umin
The second derivative of E was obtained by computing E
around U, in the range —0.05 E,;, <(E - E,;;;,)<0.05 E, ;i
and then fitting the data to a quadratic polynomial (without
the linear term). Equation 14 was then used to calculate the

(14)

Umin

value of a for all the parameters, and the results are pre-
sented in Table I. All sensitivity indices are about 5 or
larger, which again implies that the model is sensitive to
cach of the parameters.

Hydraulic Permeability of the Cornea

The convection through the cornea is generated because the
continuous flow of fluid into the a/c creates a pressure differ-
ence across the cornea. The velocity of the fluid obtained by
the approach described above can be utilized to compute the
hydraulic permeability of the cornea. According to Darcy’s

Table 1l Coefficient of Correlation Between all the Model Parameters
Obtained by Fixing All Parameters Except the Two Chosen Parameters.
Correlation Coefficient is Calculated for the Limiting Contours Encompass-
ing the Minima. Coefficient of Correlation Should Lie Between —0.9 and
0.9 for Variables to be Uncorrelated

Parameter [} D v

[0} \ —0.58 0.09
D I —-0.33
v |
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law, the specific hydraulic conductivity of a porous medium,
K can be obtained by the following expression (16):

e

K =
or

(15)

where p is the fluid viscosity, U is the fluid velocity in the
medium, /is the length or depth of the medium, and 8P1is the
pressure gradient across the porous media. We measured a
pressure gradient of 20 cm of water on the endothelial side as
the epithelium side was exposed to atmosphere (pressure loss
due to flow of viscous fluid through the tubes pipe is calculated
to be negligible). In addition, using velocity obtained by fit
from the model (Table I), the viscosity of 1 cP for water, and
the thickness of the stroma at 340 um (Fig. 3), we obtain the
specific hydraulic conductivity of the medium to be 2.4 %
107" em?,

Permeability of the Epithelium

The permeability of the epithelium is likely to be much
smaller than the permeability of the endothelium, and thus,
it was neglected in the analysis presented above. Due to the
small permeability, the epithelial concentration is negligible
(undetectable) during the first 150 min, which is the dura-
tion utilized for modeling the stromal profiles. At longer
times, both the stroma and the epithelium swell, complicat-
ing the transport processes. As noted earlier, based on the
transport across the endothelium, it can be expected that the
dominant transport mechanism is transcellular transport
through the lipid bilayers. Since the detailed fluid transport
during swelling has not been measured, it is it is not feasible
to develop a detailed model for corneal transport.
Accordingly, a simple model is developed to estimate the
permeability of the epithelium.

We model epithelium as a well-mixed compartment of
volume Vg, that is in contact with the stroma on one side
and tears on the other side. Furthermore, the concentration
on the tear side can be assumed to be zero due to continuous
clearance. The concentration in the epithelium can thus be
described by the following mass balance:

dc, Cs
VEpi dl =4 <kxe (¢_ - C(>> — ka Ce)

where C, is the average concentration in the epithelium

(16)

(spatial average of Cs), A is the cross-sectional area of the
cornea, k. is the permeability of the epithelium at its stro-
mal interface, C; is the concentration in the stroma at the
stroma-epithelium interface, ¢ is the partition coefficient of
fluorescein between the stroma and the epithelium, and k,
is the permeability of the epithelium. The epithelial

concentration is far from equilibrium, as evident from the
fact that the concentration in the epithelium is much less
than that in the endothelium. The above equation can then
be simplified in the short time regime to the following form:

dCe_ik o
a v,

Mgf)_m (17)

The above equation can be integrated to get:
ke
C,=— / Cy(t)dt
hipi P

where hgp,; is the epithelial thickness assumed to have an
average value of 40 um (Fig. 3). To get the permeability, ki,

(18)

@y 1s assumed to have a similar value as the partition
coefficient for the stroma-endothelium interface due to the
very similar structural properties of the epithelium and the
endothelium. A rough estimate of the partition coeflicient of
the stroma-endothelium interface, @91, is obtained as 2.05
by plotting the stromal concentration at this interface as a
function of the endothelium concentration. The experimen-
tally obtained concentration profiles for the epithelium con-
centration as a function of time are fitted to Eq. 17 (Fig. 8) to
obtain the permeability of the epithelium-stroma interface
(equal to 0.92x 107 m/s).

Comparison of Fitted Values to Previously Reported Values

The sensitivity analysis suggests that parameters are well
identified, and the model clearly explains the important
characteristics of the experimental data. However, to further
test the validity of the model, it is useful to compare the
fitted model parameters with prior values reported in the
literature.

The effective diffusivity, D, in the stroma has been
reported to be 1.21x107'° m?/s (17), which is an order
higher than the estimated value in this study (Table I). The
discrepancy could perhaps be caused by significant
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Fig. 8 Comparison of the model prediction and experimental data for the
epithelial concentration. Epithelial permeability is obtained by minimizing
the error between the experimentally measured concentration profiles and
the model prediction.
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differences in the experimental design or due to differences
in assumptions regarding the physical situation. In addition,
@, the partition coeflicient between the stroma and the
aqueous humor, has been measured to be 1.33 (17), 1.5
(18), and 1.90 (9), which is in good agreement with our
model prediction of 1.79 (Table I). Johnson e al. have used
quick freeze/deep-etch method to morphometrically predict
specific hydraulic conductivity of corneal stroma to be be-
tween 0.46x 107" em? and 0.3x107'* em? (19). Also,
hydraulic conductivity measured through experimental
methods available in the literature ranges between 0.5X
107" em? and 2x 107" em? (19). We calculate hydraulic
conductivity to be 2.4x10™"* em?, which is in close agree-
ment with both the morphometric and experimental values
reported so far. The low epithelial permeability (8) justifies
our assumption of zero flux into the layer for short time
scales. In addition, our estimate of epithelial permeability of
0.92x107? m/s in rabbits is within the range of values
reported by Araie and Maurice (8) as 4.3x 1077 m/s and
Hughes and Maurice (20) as 0.5% 10”7 m/s. Based on the
estimated value of the parameter k;, using an average value
of the endothelial thickness of 13 pm (obtained from exper-
imental profiles), 019 =0/0y = 0.87, and assuming the
area of the paracellular route as negligible in comparison
to the transcellular route, we predict the endothelial perme-
ability to be 0.37x 10~ m/s (Eq. 7). This value is expectedly
of the same order as the estimated value for epithelial
permeability due to the structural similarities of both layers,
but it is different from previously reported values in the
literature (9). Nevertheless, the low endothelial permeability
justifies our theory of transcellular flux as the dominant
mechanism.

CONCLUSION

A mechanistic depth-resolved pharmacokinetic model has
been developed for the transient transport of fluorescein in
the rabbit cornea. The experimental data accompanied by
the model suggests that apart from traversing through the
paracellular route, fluorescein is transported across by the
transcellular route, which leads to a persistent increase in
concentration of the dye in the endothelium. This study also
shows that the transport of fluorescein through the excised
cornea occurs through a combination of diffusion and con-
vection. The convection, however, might be absent under in
viwo conditions. The parameters used in fitting the model to
the experimental results are independent and accurately
characterize the transport of fluorescein. The fitted values
are reliable with low uncertainty values and are sensitive to
the model. This study improves the fundamental under-
standing of transport of hydrophilic molecules through

@ Springer

cornea and presents a framework that could be used to
model transport of hydrophilic drugs or other solutes in a
human cornea.
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