
Annals of Biomedical Engineering, Vol. 25, pp. 303-314, 1997 0090-6964/97 $10.50 + .00 
Printed in the USA. All rights reserved. Copyright �9 1997 Biomedical Engineering Society 

Finite Element Modeling of Drug Distribution in the 
Vitreous Humor of the Rabbit Eye 

STUART FRIEDRICH, Y u - L I N G  CHENG, and BRADLEY SAVILLE 

Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario, Canada 

Abstract--Direct intravitreal injection of drug is a common 
method for treating diseases of the retina or vitreous. The 
stagnant nature of the vitreous humor and surrounding tissue 
barriers creates concentration gradients within the vitreous 
that must be accounted for when developing drug therapy. 
The objective of this research was to study drug distribution 
in the vitreous humor of the rabbit eye after an intravitreal 
injection, using a finite element model. Fluorescein and fluo- 
rescein glucuronide were selected as model compounds due 
to available experimental data. All required model parame- 
ters were known except for the permeability of these com- 
pounds through the retina, which was determined by fitting 
model predictions to experimental data. The location of the 
intravitreal injection in the experimental studies was not 
precisely known; therefore, several injection locations were 
considered, and best-fit retinal permeability was determined 
for each case. Retinal permeability of fluorescein and fluo- 
rescein glucuronide estimated by the model ranged from 
1.94 • 10 s to 3.5 x 10 -5 c m  s -1 and from 0 to 7.62 • 10 -7 
cm s 1, respectively, depending on the assumed site of the 
injection. These permeability values were compared with 
values previously calculated from other models, and the limi- 
tations of the models are discussed. Intravitreal injection 
position was found to be an important variable that must 
be controlled in both experimental and clinical settings. 

Keywords--Fluorescein, Fluorescein glucuronide, Intravi- 
treal injection, Retinal permeability, Injection location. 

INTRODUCTION 

The vitreous humor is a stagnant, viscous fluid that 
occupies the space between the lens and retina of the 
eye (Fig. 1). There are a number of diseases that can 
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affect the vitreous or the surrounding retina, which 
must be treated by administration of a drug. Due to 
physiological barriers within the eye, which prevent 
drug in the systemic circulation from entering the vitre- 
ous, the most common method of treating diseases 
affecting the vitreous or retina is a direct intravitreal 
injection of drug (8). Many of the drugs used have a 
narrow concentration range in which they are effective 
and may be toxic at higher concentrations (3,15-18). 
Knowledge of drug distribution after administration, 
therefore, is important if the disease is to be properly 
treated and damage to tissues by high concentrations 
of drug is to be avoided. 

There have been several models developed to simu- 
late the distribution and elimination of drugs from the 
vitreous (1,13,19-21). A number of other models have 
been used to determine the retinal permeability from 
the blood to the vitreous (4,7,9,10,12,14). Of  the former 
models, the simplest approach was used by Araie and 
Maurice (1), who represented the vitreous as a sphere 
with the entire outer surface representing the retina. 
A more complex model was used by Yoshida et al. 

(20,21), who divided the vitreous into anterior and 
posterior hemispheres. Each hemisphere was further 
subdivided into eight compartmental  shells and a sepa- 
rate permeability was used for the outer surface of 
each hemisphere. The model that most accurately du- 
plicates the geometry and boundary conditions of the 
vitreous was developed by Ohtori  and Tojo (13) and 
Tojo and Ohtori  (19). The model is cylindrical in shape, 
with one end of the cylinder and its curved surface 
representing the retina, and the opposite end of the 
cylinder divided into an outer section representing the 
hyloid membrane and an inner section representing 
the lens. In each of these models, a simplified geometry 
and set of boundary and initial conditions were used 
so that the mathematical expression of the model 
would be easier to develop and solve. Some of these 
simplifications affect the generality of the model, and 
may affect model predictions and estimates of the reti- 
nal permeability. 
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FIGURE 1. Anatomy of the human eye. The proposed model 
was based on the anatomy and physiology of the rabbit eye, 
which has a smaller vitreous volume due to a larger lens and 
smaller outer radius. (Adapted from 11.) 

The complex geometry of the vitreous and the 
boundary conditions created by the tissues that sur- 
round the vitreous make this problem particularly suit- 
able to modeling using finite element analysis. The 
main objective of the research described in this paper, 
therefore, is to develop a finite element model to de- 
scribe drug distribution in the vitreous body after an 
intravitreal injection. Because experimental injection 
sites are not precisely known, it was necessary to deter- 
mine the sensitivity of drug distribution to the initial 
location of the intravitreal injection. 

MODEL DEVELOPMENT 

The model was based on the physiological dimen- 
sions of a rabbit eye, using the cross-sections of the 
eye shown by Araie and Maurice (1) as a guide. The 
rabbit eye was chosen rather than the human eye be- 
cause of the availability of data for confirmation of 
model predictions. There are three main tissues that 
bound the vitreous humor: the retina, lens, and hyloid 
membrane. The retina covers the posterior portion of 
the interior of the globe and is immediately adjacent 
to the vitreous. In a rabbit eye, the retina is supplied 
with nutrients via the choroid, which is the tissue layer 
directly outside the retina. The chloroid has a vast 
network of capillaries, whereas the retina is avascular. 
The retina is made up of several cellular layers, some 
of which form the blood-retinal barrier that prevents 
extraneous compounds from entering the vitreous 
from the bloodstream. The vitreous to blood perme- 
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FIGURE 2. Cross-section view of the model. In addition to the 
vitreous, the model includes the posterior aqueous compart- 
ment and the surrounding retina layer. The aqueous compart- 
ment was included to account properly for drug loss across 
the hyloid membrane. 

ability of the blood-retinal barrier depends on the phy- 
siocochemical properties of the drug. Some drugs can- 
not penetrate the barrier, whereas others may be 
actively transported between the vitreous and the 
blood. The lens forms the majority of the anterior 
boundary of the vitreous humor. The lens is composed 
of highly compacted cellular material and is therefore 
almost impermeable to most drugs. The hyloid mem- 
brane is composed of loosely packed collagen fibers 
and hyaluronic acid, and spans the gap between the 
lens and the ciliary body. Although the hyloid mem- 
brane forms a boundary between the stagnant vitreous 
and the flowing aqueous humor, it does not form a 
limiting barrier to the transport of small molecules 
such as fluorescein. The aqueous humor is continu- 
ously produced by the ciliary body and drained from 
the anterior chamber of the aqueous humor after it 
passes between the iris and the lens. Once drugs pass 
through the hyloid membrane, they are eliminated by 
the flow of aqueous humor. 

Due to the difficulty in measuring concentration 
gradients within the vitreous, there has only been one 
published report that shows experimentally measured 
concentration profiles of model compounds across an 
entire cross-section of the rabbit vitreous (1). The com- 
pounds used in this study were fluorescein, fluorescein 
glucuronide, and fluorescein isothiocyanate. The main 
elimination route for fluorescein is across the retina; 
fluorescein glucuronide, conversely, has a very low 
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retinal permeability and is eliminated mainly across 
the hyloid membrane. Due to their different elimina- 
tion characteristics, fluorescein and fluorescein glucu- 
ronide are ideal compounds for testing the model. 

MODEL EQUATIONS 

As described previously, drugs that pass through 
the hyloid membrane are eliminated by the flow of 
aqueous humor. A relatively small fraction of fluores- 
cein would be eliminated across the hyloid membrane, 
due to its high permeability across the retina. In con- 
trast, almost all of the fluorescein glucuronide elimina- 
tion occurs across the hyloid membrane, which could 
then lead to a significant concentration in the aqueous 
humor. This was confirmed by Araie and Maurice (1), 
who measured concentrations of fluorescein and fluo- 
rescein glucuronide in both the aqueous and vitreous. 
To properly account for elimination across the hyloid, 
therefore, the posterior chamber of the aqueous humor 
was included in the model, and elimination from the 
anterior surface of the hyloid was determined by the 
flow dynamics of the aqueous humor. The choroid 
layer, which is situated outside the retina, is highly 
vascularized; therefore, a reasonable assumption is 
that the choroid will act as a perfect sink for drug 
transport across the retina. This was confirmed by a 
calculation that showed that, even at the maximum 
rate of loss of fluorescein across the retina, the flow 
rate of blood in the choroid results in a blood concen- 
tration that is approximately two orders of magnitude 
lower than the vitreous concentration next to the ret- 
ina. The maximum rate of loss of ttuorescein was deter- 
mined by finding the maximum concentration that is 
present next to the retina and assuming that this con- 
centration was the same along the entire inner surface 
of the retina. Figure 2 shows a cross-section view of 
the model that includes the dimensions of the relevant 
tissues of the rabbit eye. As described previously, the 
model dimensions were matched to those given by 
Araie and Maurice. Because rabbits that are used for 
ophthalmic research are usually of a specific size, the 
size of the rabbit eyes used by Araie and Maurice 
would have been relatively constant; therefore, the 
sensitivity of the model results to the dimensions of 
the rabbit eye was not examined. 

Mass transfer in the aqueous occurs by both convec- 
tive and diffusive transport. The flow velocity in the 
aqueous humor was determined using the Navier- 
Stokes equation that is shown in vector notation in 
Eq. 1. The flow within the aqueous was assumed to be 
at steady state and independent of the concentration of 
drug. The concentration in the aqueous was deter- 
mined using the conservation of mass equation, which 

includes convective and diffuse terms and assumes no 
decomposition of drug (Eq. 2). The Nomenclature sec- 
tion describes the terms used in the equations. 

p O .  v O  + v P  - = o. (1) 

aC + U" VC - DV2C = 0. (2) 
Ot 

Within the vitreous, hyloid, and retina, there is no fluid 
flow; therefore, the conservation of mass equation in 
these regions does not include the convective term 
(Eq. 3): 

0C 
- -  - DVZC = 0. (3) 
0t 

Initial Conditions 

The initial condition that needs to be specified is 
the initial location and concentration of the injected 
fluorescein or fluorescein glucuronide within the vitre- 
ous humor at Time 0. Araie and Maurice (1) assumed 
that the injection was placed at the center of the vitre- 
ous humor. Due to the difficulty of locating a specific 
point in the vitreous when performing an injection, it 
is likely that the drug was not placed in the exact center 
of the vitreous in each case. Needle gauge, needle 
length, penetration angle of the needle, speed of the 
injection, rheology of the injected solution, and rheol- 
ogy of the vitreous could all affect how a drug is initially 
distributed in the vitreous. The position of the injected 
drug could affect the elimination of drug from the 
vitreous; therefore, rather than simulating only a cen- 
tral injection, four extreme injection positions were 
studied that cover a range of possible positions wherein 
the injected drug may have been placed in the in vivo 
experiments performed by Araie and Maurice: (i) a 
central injection, (ii) an injection placed next to the 
lens on the symmetry axis, (iii) an injection placed 
next to the retina on the symmetry axis, and (iv) an 
injection placed close to the hyloid membrane (Fig. 
3). In the second and third cases, the injection was 
displaced 2 mm along the symmetry axis on either side 
of the midpoint between the retina and lens. In the 
fourth case, the injection site was displaced by 5.25 
mm in a direction perpendicular to the symmetry axis 
and 3.25 mm in an anterior direction from the midpoint 
between the lens and the retina on the symmetry axis. 
The shape chosen to represent the injected drug solu- 
tion was a cylinder of equal height and diameter (i.e., 
the injected drug solution forms a cylinder within the 
vitreous immediately after the injection). Inside this 
cylinder, the concentration at Time 0 would be equal 
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FIGURE 3. Injection positions studied using the model. Four 
distinct injection positions were studied to determine the sen- 
sitivity of the model-calculated retinal permeability to the ini- 
tial location of the injected drug. 

to the concentration of drug that was injected, and 
outside the cylinder, the concentration would be zero. 
The cylindrical shape was chosen rather than a sphere 
to simplify the creation of the finite element mesh 
within the model. The sensitivity of drug distribution 
to the shape of the injected drug will be discussed 
in Results. The injection volume used by Araie and 
Maurice for both fluorescein and fluorescein glucuron- 
ide was 15 ~1, and the concentrations were 2 mg ml -~ 
and 1.7 mg ml -~, respectively. 

Boundary Conditions 

Because the vitreous is symmetrical about an axis 
that passes through the center of the lens and the 
vitreous, only a fraction of the vitreous and aqueous 
needed to be modeled. The fraction that was modeled 
depended on the placement of the injection. The 
boundary conditions, vitreous, and injected drug are all 
symmetrical about the same axis for the lens displaced, 
retina displaced and central injection cases; therefore, 
only a small section (1/20th) of the whole vitreous 
was modeled (Fig. 4). Although a two-dimensional, 
axisymmetric model would have sufficed for these 
three injection locations, a three-dimensional section 
was modeled so that all of the models would have the 
same configuration. For the injection that was dis- 
placed toward the hyloid membrane, half of the vitre- 

Posterior Chamber 
Symmetry of Aqueous Humour 

Injected Symmetry ~ 

FIGURE 4. Finite element distribution for spherical central in- 
jection. The finite element mesh was created by first pave- 
meshing one of the symmetry surfaces and then map-meshing 
this surface around the symmetry axis. In this case, only 
1/20th of the entire vitreous was modeled due to symmetry. 
For the lens-displaced injection and retina-displaced injection 
cases, the mesh is very similar except for the location of the 
injected drug. 

ous was modeled, with the symmetry plane passing 
through the middle of both the injection and the vitre- 
ous (Fig. 5). 

Four boundary conditions were defined for the 
aqueous humor flow dynamics. The fluid velocity at 
the surface of the iris and at the anterior surface of 
the lens was set at zero (Eq. 4). The ciliary body pro- 
duces the aqueous fluid, so the fluid velocity was calcu- 
lated from the rate of production of aqueous fluid 
[2.2 • 10 -3 ml min ~ (4)] and the area of the ciliary 
body boundary (0.41 cm2). The aqueous fluid was as- 
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FIGURE 5. Finite element distribution for hyloid-displaced in- 
jection. In this injection case, the injected drug is not located on 
the symmetry axis; therefore, half of the vitreous was modeled 
with the symmetry plane bisecting both the injection and the 
vitreous. Note that the injected drug is only contained within 
Section A shown on the diagram. 
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sumed to flow in a normal direction with respect to 
the surface of the ciliary body (Eq. 5) and, conse- 
quently, the two tangential velocity components were 
set equal to zero (Eq. 6). At the symmetry surfaces 
of the aqueous, where the model was sectioned, the 
velocity normal to the surface was set equal to zero 
(Eq. 7). This assumes that aqueous is produced and 
eliminated at a uniform rate around the posterior 
aqueous humor compartment. Because the flow dy- 
namics within the posterior aqueous humor can be 
completely defined using velocity boundary condi- 
tions, pressures can be calculated with respect to a 
reference pressure at one point. 

~I = 0 @ tissue surfaces (4) 

Un = 9 X 10 -5 cm s -1 @ aqueous next to ciliary body 
(5) 

Utl and Ut2 = 0 @ aqueous next to ciliary body (6) 

Un = 0 @ symmetry surfaces of aqueous (7) 

At the surface of the lens, and at all the symmetry 
surfaces, a no-flux boundary condition was applied 
(Eq. 8), and, because the blood is a perfect sink, the 
concentration at the outer surface of the retina could 
be set equal to zero (Eq. 9). 

0C 
- -  -- 0 @ lens surface and symmetry surfaces (8) 
On 

C = 0 @ outer surface of retina (9) 

The parameters required to solve the model are 
flow rate, viscosity and density of the aqueous humor, 
diffusivity of the vitreous, and permeability of the ret- 
ina. Of these five parameters, only the permeability of 
the retina must be estimated using the model. The 
remaining four were known based on previous experi- 
ments or on physical properties of the model drugs. 
The velocity within the aqueous next to the ciliary 
body, used as a boundary condition to determine the 
aqueous humor velocity profile, was calculated using 
the production rate of aqueous humor in the rabbit 
eye. A viscosity of 6.9 • 10 -3 g cm 1 s-1 and a density 
of i g cm -3 were used, because the fluid properties of 
the aqueous are essentially identical to that of water. 
Although the vitreous and hyloid membrane contain 
hyaluronic acid and collagen, the concentration of 
these components is very low. Therefore, the diffusiv- 
ity of small molcules, such as fluorescein and fluores- 
cein glucuronide in the vitreous and hyloid membrane, 
is essentially the same as in an aqueous solution 
[6 X 10 -6 cm 2 s -1 (1)]. Using an empirical relationship 

developed by Davis (2) for calculating the diffusivity 
of molecules in a hydrogel, it can be shown that, for 
the diffusivity in the vitreous or hyloid membrane to 
decrease by 50%, the concentration of collagen and 
hyaluronic acid that is normally present would have 
to increase by a factor of 400, which is not possible 
physiologically. 

The retinal permeability of fluorescein and fluores- 
cein glucuronide has been previously determined by 
fitting model-predicted concentrations and experimen- 
tal concentrations (1,20,21). However, the reported 
permeability values may be inaccurate due to the sim- 
plifying assumptions made in the models and the un- 
certainty of the injection position. In this work, we 
endeavor to predict retinal permeability using a model 
based on the actual physiology of the eye, with a mini- 
mum of simplifying assumptions. There are two un- 
known variables in this model: the initial position of 
the injected drug and retinal permeability; both of 
these factors directly influence the rate of drug elimina- 
tion and concentration profiles in the vitreous. Retinal 
permeability is a constant for a specific drug and will 
not change unless there is a physiological change in 
the retina. In the ideal situation, injection position 
would be known precisely, and a unique, physiologi- 
cally accurate value for retinal permeability could be 
predicted using experimentally measured concentra- 
tion profiles. However, because the exact injection lo- 
cation in Araie and Maurice's (1) experiments are not 
known and different injection positions were assumed 
in this study, retinal permeability values that corre- 
spond to each assumed injection position were found. 
By choosing extreme injection positions, the range of 
retinal permeabilities predicted by the model should 
cover a range that includes the actual physiological 
retinal permeability. These retinal permeability values 
will be compared with other published values. 

Although the model can calculate the concentration 
of fluorescein or fluorescein glucuronide at any point 
within the vitreous, model predicted concentrations 
were fit to the experimental data collected by Araie 
and Maurice at only the point immediately adjacent 
to the lens on the symmetry axis of the vitreous. This 
limited fitting was done for several reasons. A more 
rigorous fitting was limited by the quantity of experi- 
mental data reported by Araie and Maurice. Experi- 
mental concentration profiles were collected only at 
15 hr for fluorescein and at 24 hr for fluorescein glucu- 
ronide. For fluorescein, these data were presented in 
two ways: a single concentration contour profile that 
showed the absolute concentration values for an entire 
cross-section of a typical eye, and a plot that showed 
the average normalized concentration profile along the 
symmetry axis between the lens and the retina for 
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eight eyes. For fluorescein glucuronide, concentrations 
at the lens and retina on the symmetry axis were found 
to be equal; therefore, a normalized concentration pro- 
file between the lens and retina for the eight eyes was 
not shown. The reference concentration that was used 
to produce the normalized profile of fluorescein was 
not reported; therefore, the only way to obtain average 
absolute concentrations of fluorescein between the 
lens and retina for all eight eyes would be to correlate 
the normalized profile of fluorescein to the absolute 
concentration of fluorescein reported at one point of 
the typical eye. However, this assumes that the abso- 
lute concentration at the selected point of the typical 
eye adequately represents the average for all eight 
eyes. Even if this assumption was valid, fitting the 
model predicted concentrations to the experimental 
data at a large number of points within the vitreous 
would be very computationally intensive. Calculations 
of the residual between the model-predicted data and 
the experimental data would have to be done sepa- 
rately after each finite element model simulation, and 
retinal permeability would be adjusted manually until 
the residual was minimized. Furthermore, because the 
normalized data of Araie and Maurice do not indicate 
the mean _+ SD, but rather a range, the error in each 
data point could not be determined, and a full scale 
fit could not be justified. Finally, matching the model- 
predicted concentrations to only one point of the ex- 
perimental data, while allowing the model to calculate 
the concentrations in the rest of the vitreous, would 
also test the robustness of the model. 

FINITE ELEMENT ANALYSIS 

The fraction of the vitreous and aqueous described 
previously was divided into a number of brick elements 
that were defined by eight corner nodal points. Equa- 
tions 1 to 3, which describe fluid mechanics and mass 
transport within the eye, are replaced by ordinary dif- 
ferential equations for transient analysis and algebraic 
equations for steady-state analysis. This system of 
equations has matrix coefficients that are derived by 
approximating the continuum equations on each ele- 
ment. The resulting nonlinear system of equations is 
then solved to determine the degree(s) of freedom of 
the model (velocity components or concentration) at 
each node of every element. 

FIDAP (Fluid Dynamics International, Inc., Evans- 
ton, IL, USA) was used to perform the finite element 
analysis, and simulations were run on a Silicon Graph- 
ics Iris workstation. Approximately 9,000 finite ele- 
ments were used for the cases where the injection was 
placed on the symmetry axis of the vitreous, whereas 
the hyloid-displaced injection case used 40,000 ele- 

ments. Figures 4 and 5 show the element distribution 
for the spherical central injection case and the hyloid 
displaced injection case, respectively. The smallest ele- 
ments were needed at the boundary around the site 
of injection because, at Time 0, there would be a very 
steep concentration gradient between the injection site 
and the surrounding vitreous. Small elements were 
also used within the aqueous to ensure that the fluid 
velocity profile was calculated accurately, and within 
the retina due to the higher concentration gradients 
expected across the retina. The velocity profile within 
the aqueous was solved independently of the drug 
distribution problem, and this solution was used in the 
simulations that solved the mass-transport portion of 
the problem. The time required to simulate 24 hr in 
real time ranged from -1  hr for the injections located 
on the symmetry axis to 5 hr for the hyloid-dis- 
placed injection. 

Sensitivity of the model results to the element mesh 
configuration was studied during the creation of the 
models by examining the solution residual at each node 
at each time step. The final element mesh used for 
each model produced solution residuals that ranged 
from 0.01 to 0.1, which is within the range recom- 
mended by FIDAP. The shape of the elements was 
also optimized for each model by ensuring that their 
aspect ratio and distortion were within recommended 
guidelines. When developing the mesh, the first step 
is to define the lines that bound the model, and define 
the number and distribution of nodes on these lines. 
After this, the three-dimensional mesh was developed 
by first pave-meshing the symmetry plane that is de- 
fined by the boundary lines, which includes the inner 
region that defines the injected drug, and then pro- 
jecting this two-dimensional mesh along a curved line 
using a mapped mesh. Pave-meshing refers to an auto- 
matic mesh generation routine the can be used to mesh 
an irregular two-dimensional area. Mapped meshing 
is used when the area or volume to be meshed has 
lines or sides that can be uniquely mapped to a second 
line or side of the model. 

SIMULATION RESULTS A N D  DISCUSSION 

Figure 6 shows the model predicted velocity profile 
within the aqueous humor as both a contour plot (A) 
and a vector plot (B) on a cross-section of the aqueous 
humor. As expected, the velocity increases as the gap 
between the lens and the iris grows smaller. 

Figures 7 and 8 show the model-predicted concen- 
tration profiles for fluorescein at 15 hr and for fluores- 
cein glucuronide at 24 hr, respectively, after a spherical 
central injection (A) and a cylindrical injection dis- 
placed toward the hyloid membrane (B). Concentra- 
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tion profiles for the cylindrical central injection, the 
cylindrical injection displaced toward the lens, and the 
cylindrical injection displaced toward the retina were 
qualitatively similar to the concentration profile pro- 
duced by the spherical central injection. Qualitatively, 
the contour profiles found using the model are similar 
to those found experimentally by Araie and Maurice 
(1). In Fig. 7, the concentration contour lines are paral- 
lel to the retina as expected, because the flux of fluo- 
rescein across the retina was the dominant elimination 
mechanism. For each injection position along the sym- 
metry axis, the maximum model-predicted concentra- 
tions were next to the lens, on the symmetry axis as 

in Fig. 7A. In the case where fluorescein was injected 
closer to the hyloid membrane (Fig. 7B), the maximum 
model-predicted concentration was next to the lens; 
however, it is displaced slightly closer to the site of 
the injection. 

In Fig. 8, the model-predicted concentration con- 
tour lines are perpendicular to the retina, because flu- 
orescein glucuronide is eliminated mainly across the 
hyloid membrane. Araie and Maurice found that the 
concentration of fluorescein glucuronide in the vitre- 
ous was approximately the same next to the retina and 
next to the lens on the symmetry axis of the vitreous 
at 24 hr. However, the model predicted that the con- 
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FIGURE 8. Model-predicted concentration profile for fluores- 
cein glucuronide at 24 hr for a spherical central injection (A) 
and a hyloid-displaced injection (B). Fluorescein glucuronide 
has a very low retinal permeability; therefore, concentration 
contour lines are perpendicular to the retina. The concentra- 
t ion profile for the lens-displaced injection and the retina-dis- 
placed injection was qualitatively similar to the central in- 
jection. 

centration next to the retina (12.1/~g ml -l) is slightly 
higher than the concentration next to the lens (10.4 
t~g ml -z) for all injection positions. For the hyloid- 
displaced injection, the maximum concentration was 
shifted slightly toward the injection site, similar to what 
was noted for the hyloid-displaced injection of fluo- 
rescein. If the hyloid membrane was the only elimina- 
tion route, theory would suggest that the maximum 
concentration would be next to the retina on the sym- 
metry axis, because this is the point where a drug 
molecule must travel furthest to be eliminated. 
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FIGURE 9. Concentration gradient between the lens and ret- 
ina, 15 hr after an intravitreal injection of fluorescein. Concen- 
trations have been normalized wi th respect to the concentra- 
t ion next to the lens. Experimental bars represent the 
min imum and maximum distances from the center of curva- 
ture of the retina that each specific experimental concentration 
contour line was observed (1). Model-predicted profiles were 
produced using the retinal permeabilit ies shown in Table 1. 
Retinal permeabilit ies were predicted by f i t t ing only the experi- 
mental concentration next to the lens. However, the model 
was able to predict the entire profile accurately. 

In Fig. 9, the model-predicted concentration gradi- 
ents of fluorescein between the lens and the retina 
along the symmetry axis are compared with the experi- 
mental data of Araie and Maurice. In each case, con- 
centrations have been normalized with respect to the 
concentration found next to the lens. Considering that 
the model gradients were calculated by matching only 
the experimental concentration next to the lens, the 
fact that all the model-predicted gradients follow the 
experimentally observed gradient provides strong vali- 
dation of the model and its inherent assumptions. Of 
particular note is that even 15 hr after the intravitreal 
injection, significant variations were observed when 
different injection locations were considered. At ear- 
lier times after the injection, the concentration varia- 
tions would be much larger, which suggests that injec- 
tion position is an important variable that must be 
controlled when performing experiments or when in- 
jecting drugs into patients. 

Table 1 shows, for each of the simulated injection 
positions, the retinal permeabilities of fluorescein and 
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TABLE 1. Comparison of model-calculated retinal permeabilities and other 
published values 

Retinal Permeability 
(cm s -1) 

Posit ion of  Injection 
and Other Published Fluorescein 

Values Fluorescein Glucuronide 

Central spherical injection 
Central cyl indrical inject ion 
Injection displaced toward  lens 
Injection displaced toward  retina 
Injection displaced toward  hyloid 

membrane 
Araie and Maurice (1) 
Koyano et aL (6) 
Yoshida et al. (20,21) a 

2.88 • 10 5 6.41 • 10 7 
2.88 • 10 5 6.41 • 10 7 
3.50 • 10 -5 3.89 • 10 -7 
2.03 • 10 -5 7.62 • 10 7 
1.94 • 10 .5 0 

2.33 x 10 -5 Not calculated 
0.6 x 10 ~ to 1.8 • 10 5 6.3 • 10 _6 

1.27 • 10 _5 1.5 • 10 5 

"These data were col lected for  monkey eyes, but were included fo r  compar ison.  

fluorescein glucuronide that were found to match the 
experimental data best, and compares them with val- 
ues predicted by other published models, and that were 
found in vitro by Koyano et al. (6) using an excised 
rabbit retina. As mentioned previously, retinal perme- 
ability for a compound is a constant. Different values 
obtained from the various simulations occur because 
retinal permeability is the only free parameter that 
may be adjusted to predict experimental data. Because 
the injection position affects the concentration gradi- 
ents in the vitreous, different estimates of the perme- 
abilities are obtained. Retinal permeabilities calcu- 
lated for a central spherical injection and a central 
cylindrical injection were the same. This confirms that 
the use of a cylindrical injection shape to simplify the 
creation of the finite element mesh was valid. Esti- 
mated fluorescein retinal permeabilities were much 
lower when the injection was displaced toward the 
retina or the hyloid membrane. In the former case, 
fluorescein was placed closer to the retina, producing 
a higher initial concentration gradient of fluorescein 
across the retina than obtained from a central injection. 
Since the concentration gradient is higher, a lower 
retinal permeability is required to fit the experimental 
data. In the latter case, the injection position is closer 
to both the retina and the hyloid membrane than with 
a central injection. Retinal penetration is the dominant 
elimination mechanism for fiuorescein; however, when 
the injection is placed closer to the hyloid membrane, 
more fluorescein will be eliminated across the hyloid 
membrane than if the injection was placed in the center 
of the vitreous. The combination of a greater loss 
across the hyloid membrane and a higher initial con- 
centration gradient across the retina results in a lower 
retinal permeability required to match the experimen- 
tal data. Displacement of the injection toward the lens 
led to the highest estimate of the retinal permeability, 
because this injection position places fluorescein fur- 

thest from the retina, compared with the other three 
injection positions. 

A retinal permeability of zero was obtained when 
the injection of fluorescein glucuronide was displaced 
toward the hyloid membrane. A low retinal permeabil- 
ity is expected, because penetration across the hyloid 
membrane is the main elimination route for fluorescein 
glucuronide, and an injection placed closer to the hy- 
loid membrane will increase the amount of fluorescein 
glucuronide eliminated across the hyloid membrane. 
Therefore, a lower retinal permeability will be re- 
quired to fit the experimental data. Because fluorescein 
glucuronide is known to penetrate the retina and the 
model has estimated a retinal permeability of zero, it 
is reasonable to conclude that the extreme position of 
the hyloid displaced injection is significantly different 
than the actual experimental injection position, thus 
leading to an error in the estimation of the retinal 
permeability. This result is also due to the low sensitiv- 
ity of the fluorescein glucuronide concentration at 24 
hr to retinal permeability. For the other three injection 
positions, as the injection site is moved further from 
the hyloid membrane, the net elimination across the 
hyloid is reduced. To compensate, the simulated 
amount of drug transferred across the retina must in- 
crease, and, therefore, the estimated retinal permeabil- 
ity increases as the injection site is placed further from 
the hyloid membrane. 

Retinal permeability of fluorescein predicted by the 
models of Araie and Maurice and Yoshida et al. (20,21) 
and found in vitro by Koyano et al. are close to the 
range of retinal permeabilities predicted by the model. 
As described in the Introduction, Araie and Maurice 
assumed that the vitreous could be adequately repre- 
sented by a sphere, where the entire surface of the 
sphere represented the retina (Fig. 10). The concentra- 
tion profile calculated by this model would be the same 
for any cross-section that passes through the center of 
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FIGURE 10. Comparison of models developed by Araie and 
Maurice (1) and Yoshida et  aL (21) to the proposed model. The 
proposed model has a geometry and boundary conditions that 
more accurately reflect the true conditions present in the eye 
and allows a more accurate prediction of drug distribution. 

the sphere, with the highest concentration in the center 
and the lowest concentration next to the outer surface. 
In a rabbit eye, the center of curvature of the retina 
is immediately next to the lens, on the symmetry axis 
of the vitreous. Qualitatively, the concentration profile 
calculated by a spherical model will be correct for the 
posterior hemisphere of the vitreous that is behind 
the center of curvature of the retina. In a spherical 
geometry, the concentration profile in the anterior 
hemisphere will be the same as the posterior hemi- 
sphere, because the two hemispheres are the same. 
The concentration profile based on a spherical model 
for the portion of the vitreous that is in front of the 
center of curvature of the retina, therefore, will not 
accurately reflect the actual profile that would be pres- 
ent. A spherical model also assumes that there is no 
flux across the plane that passes through the center of 
curvature of the retina and is perpendicular to the 
symmetry axis. For this assumption to be true, the loss 
across the retina that is behind the center of curvature 
of the retina must equal the sum of the loss across the 
hyloid membrane and the loss across the retina in front 
of the center of curvature of the retina. This condition 
will only be true for a particular retinal permeability. 
The fluorescein retinal permeability calculated by Ar- 
aie and Maurice agrees with the retinal permeability 
calculated with our model. Therefore, this permeabil- 
ity value is coincidentally the value that is required 
to balance the anterior and posterior losses. Retinal 
permeability calculated with a spherical model for any 
compound that does not have an actual retinal perme- 
ability similar to fluorescein, therefore, will be in error. 

Yoshida et al. used their model to calculate retinal 
permeability of ftuorescein and fluorescein glucuron- 
ide in monkey eyes, which means that any differences 
between the retinal permeability calculated by their 
model and the proposed model could be due to differ- 
ences between the models and also due to differences 
between the physiology of the rabbit and monkey ret- 
ina. However, a comparison of the two models on a 
theoretical basis can still be made. Yoshida et al. di- 
vided the vitreous into anterior and posterior hemi- 
spheres. Each hemisphere was further subdivided into 
eight compartmental shells, and a separate permeabil- 
ity was used for the outer surface of each hemisphere. 
Within each concentric compartmental shell, the con- 
centration calculated by the model would be uniform, 
because each compartment is assumed to be perfectly 
mixed. As noted experimentally by Araie and Manrice, 
and with our model, the concentration contours of 
fluorescein form concentric rings that are parallel to 
the retina in the rabbit eye. Concentration contours 
in a monkey eye would be similar due to the high 
permeability of fluorescein through the monkey retina. 
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Concentration contours calculated using Yoshida's 
model for the posterior portion of the vitreous, there- 
fore, would be qualitatively correct. Because the ante- 
rior portion of Yoshida's model is also defined by con- 
centric compartmental shells and the concentration 
contours in the region close to the hyloid membrane 
are not parallel to the retina, the concentration profile 
calculated for the anterior portion of the vitreous 
would be incorrect. Yoshida's model is a more accurate 
representation of the true vitreous than a spherical 
model, because a separate permeability is calculated 
for the outer surface of the anterior and posterior 
hemispheres. However, an accurate estimate of retinal 
permeability will only be obtained for compounds that 
are primarily eliminated across the retina. Compounds 
that are eliminated mainly across the hyloid mem- 
brane will have concentration contours that are per- 
pendicular to the retina and, therefore, the concentric 
compartmental shells will not accurately predict the 
correct concentration profile. The profile predicted 
by a model that uses concentric compartmental shells 
will always have concentration contours that are 
parallel to the retina, because the concentration 
within each compartmental shell must be uniform. 
Furthermore, because the concentration in the vitre- 
ous (adjacent to the retina) calculated by a concentric 
shell compartmental model will be always be uniform 
over the entire inner surface of the retina, the model 
will be unable to account for conditions that result 
in nonuniform concentrations adjacent to the retina. 

Although the retinal permeability of fluorescein 
found in vitro by Koyano et al. is similar to the values 
found using the proposed model, the retinal permeabil- 
ity of fluorescein glucuronide that was found is signifi- 
cantly different than the value found using the pro- 
posed model. To test the value that was found by 
Koyano et al., a model simulation was performed using 
their permeability value and a central injection of flu- 
orescein glucuronide with the same injected concentra- 
tion used by Araie and Maurice. As described pre- 
viously, concentration contour lines of fluorescein 
glucuronide were found to be perpendicular to the 
retina at 24 hr experimentally by Araie and Maurice 
and by the proposed model for any of the injection 
positions. When the retinal permeability value found 
be Koyano et al. was used in the model, however, the 
concentration contour lines at 24 hr were found to be 
parallel to the retina, very similar to the profiles for 
fluorescein. If the profiles found experimentally by 
Araie and Maurice are assumed to be correct, then it 
must be concluded that the retinal permeability values 
found in vitro by Koyano et al. are not accurate. This 
may be due to the difficulty of excising a retina from 

the eye and maintaining its viability while permeation 
experiments are performed. 

With our model, we have analyzed the effects of 
injections placed at extreme positions within the vitre- 
ous. The actual position and shape of an intravitreal 
injection will most likely not be the same as any of 
these assumed conditions; however, the model results 
have indicated the variability that can occur when the 
injection is not placed in the same position each time. 
Not only is knowledge of the actual injection position 
and shape required to calculate the correct retinal per- 
meability, it is also very important for calculating the 
correct concentrations within the vitreous. Different 
injection positions and shapes will produce different 
concentrations within the vitreous and, therefore, the 
quality of the treatment afforded by the drug will 
change. 

CONCLUSIONS 

A finite element model has been developed and 
shown to accurately predict drug distribution within 
the vitreous humor. Using the finite element model 
of the vitreous, we have shown that the site of an 
intravitreal injection has a substantial effect on drug 
distribution and elimination in the vitreous. Retinal 
permeability of fluorescein and fluorescein glucuron- 
ide calculated by the model ranged from 1.94 • 10 -5 
to 3.5 • 10 5 cm s -1 and from 0 to 7.62 x 10 -v cm s 1, 
respectively, depending on the assumed site of the 
injection. The actual physiological retinal permeability 
will be a constant that should lie within these ranges. 
If the exact initial location and distribution of the drug 
were known, the model would be able to calculate 
the actual, unique, retinal permeability. Future plans 
include modifying the model to match the geometry 
of the human eye and studying the effect of different 
injection positions, and conditions such as aphakia and 
a breakdown of the blood-retinal barrier, on concen- 
trations within the vitreous. 
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NOMENCLATURE 

C = concent ra t ion  of  drug (g m1-1) 
D = diffusivity (cm 2 S -1) 
P = pressure (g cm -1 s -2 o r / z P a )  
t = t ime (sec) 
LI = velocity vector  (cm s -1) 

~z = viscosity (g s -1 cm -1) 
p = density (g cm -3) 
V = grad (vector  opera tor )  

= dot  p roduc t  (vector  opera tor )  

Subscripts 

n = normal  direction 
t l , t2  = tangential  directions 


