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ABSTRACT
Purpose To extend the physiological features of the anatomically accurate model of the rabbit eye for

intravitreal (IVT) and intracameral (IC) injections of macromolecules.

Methods The computational fluid dynamic model of the rabbit eye by Missel (2012) was extended by
enhancing the mixing in the anterior chamber with thermal gradient, heat transfer and gravity, and
studying its effect on IC injections of hyaluronic acids. In IVT injections of FITC-dextrans (MW 10-157
kDa) the diffusion though retina was defined based on published in vitro data. Systematic changes in
retinal permeability and convective transport were made, and the percentages of anterior and poste-
rior elimination pathways were quantified. Simulations were compared with published in vivo data.
Results With the enhanced mixing the elimination half-lives of hyaluronic acids after IC injection were
61-99 min that are similar to in vivo data and close to the theoretical value for the well-stirred anterior
chamber (57 min). In IVT injections of FITC-dextrans a good match between simulations and in vivo

data was obtained when the percentage of anterior elimination pathway was over 80%.

Conclusions The simulations with the extended model closely resemble in vivo pharmacokinetics, and

the model is a valuable tool for data interpretation and predictions.

KEY WORDS (max 5)



ocular pharmacokinetics, intravitreal injection, intracameral injection, computational fluid dynamics,

macromolecule

ABBREVIATIONS

Atm amount of macromolecule eliminated through trabecular meshwork with agueous
drainage

AH aqueous humor

AMD age-related macular degeneration

AUC, area under the concentration curve in the agueous humor

C. mean concentration of macromolecule in the aqueous humor (anterior chamber)

C mean concentration of macromolecule in the vitreous

CFD computational fluid dynamics

D diffusion coefficient of macromolecule in water

Dret apparent diffusion coefficient of macromolecule in retina

2D/3D two/three-dimensional

f aqueous humor flow rate

FEM finite element modeling

IC intracameral

IOP intraocular pressure

IVT intravitreal

Kac elimination rate constant of macromolecule from the anterior chamber

ky elimination rate constant of macromolecule from the vitreous

MRI magnetic resonance imaging

MwW molecular weight

Papp apparent permeability coefficient of macromolecule in membrane

PK pharmacokinetics

ru hydrodynamic radius

RPE retinal pigment epithelium

ti2 elimination half-life

™ trabecular meshwork

V, volume of the anterior chamber

Vy volume of the vitreous



INTRODUCTION

Effective and economical drug therapies are needed for age-related macular degeneration (AMD) and
other retinal diseases in the aging populations (1). Intravitreal (IVT) injections of anti-VEGF proteins
are widely used in the clinics to treat the wet form of AMD (2), but there is a need for longer acting
and more economical drugs and dosage forms for retinal diseases. For this reason, much emphasis is
currently placed on the pharmacokinetic (PK) modeling of retinal drug delivery, especially of protein

drugs (3,4).

An important feature in the posterior eye PK is that the concentration of intravitreally injected drug is
not uniform in the vitreal cavity. Significant time-dependent concentration gradients of small mole-
cules and macromolecules have been revealed in rabbit vitreous using in vivo fluorophotometry and
magnetic resonance imaging (MRI) (5-8). The local drug concentrations in different parts of the retina
and choroid dictate the efficacy and safety of the drug treatment, but they cannot be modeled with
traditional compartmental modeling that assumes an even drug concentration throughout the vitre-
ous. Instead, computational fluid dynamics (CFD) based on finite element modeling (FEM) or finite
volume method (FVM) must be used, because the methods employ anatomically relevant three-di-
mensional (3D) geometric models that consist of thousands of tiny compartments (9-11). This allows

simulation of localized drug concentrations in the posterior segment of the eye.

Since 1990’s several CFD models of posterior eye segment have been developed to understand and
predict the drug concentration profiles in the vitreous. These models have been used to understand
roles and functions of the position and volume of IVT injection (9,10,12), different types of controlled-
release formulations (8,13,14) and transscleral drug delivery (15,16). Physiological aspects like aphakia
(17), vitreous substitutes (18), and vitreous liquefaction and saccadic motion (19) have also been sim-

ulated.

More recently, CFD models have been built for the complete eye enabling simultaneous evaluation of
drug kinetics in the anterior and posterior segments of the eye after IVT and topical application (11,20-
25). The most comprehensive study on IVT administration was published by Missel (11) who built an-
atomically accurate models for human, rabbit and monkey eyes based on MRI, and validated the rab-
bit model using published in vivo data on six compounds with a wide range of molecular weights (0.3-

157 kDa).

The general aim of our study was to extend the rabbit model developed by Missel (11). The first spe-
cific objective was to enhance the drug elimination from the anterior chamber by producing a circula-
tory flow pattern of aqueous humor (AH) in this chamber. This flow pattern results from temperature
and density gradients and gravity (26). Earlier, this phenomenon has been included in computational
models of the anterior chamber to explain the asymmetric dilatation of the pupil after topical appli-
cation of mydriatics (26,27) and the formation of hyphemas and Krukenberg spindles in a diseased or

traumatized eye (28,29). In our study, the circulatory flow pattern was added into a complete ocular



CFD model to describe realistically the elimination of macromolecules from the anterior chamber after

intracameral (IC) and IVT injection.

The second specific objective was to use the extended model for a quantitative analysis of anterior
(drainage through trabecular meshwork, TM) and posterior (permeation through retina) elimination
of macromolecules after IVT injection by comparing simulated vitreal and aqueous concentrations
with published in vivo data (30,31). Earlier, CFD models have been used to evaluate the percentages
of the elimination routes theoretically without direct comparisons with in vivo data (14,24,25). In our
model the diffusion rate through retina was defined based on our previously published in vitro per-
meability data (32). Additionally, in analogy with several previous CFD studies (11,20,24,25) the con-
vective transport of macromolecules in the vitreous was changed systematically because a small por-
tion of AH flows into posterior direction and this flow probably varies in different physiological condi-

tions (6,33).

METHODS

A general description of the methods is given in this section. A more detailed description of CFD mod-

eling is given in the Electronic Supplementary Material.

Software

The geometry of the rabbit eye was constructed using AutoCAD 2015 2015 (Autodesk, Inc., San Rafael,
CA, USA). CFD modeling based on FEM was made with Comsol Multiphysics 5.3 software (COMSOL
AB, Stockholm, Sweden). The modules for laminar flow, heat transfer in fluids, non-isothermal flow
multiphysics, and transport of diluted species were used. Simulations were run with Intel Core i7-6700

16 GB RAM PC running under Windows 10.
Geometry and meshing

The rabbit’s eye was based on the 2D-axisymmetric geometry by Missel (11) (Fig. 1). A symmetric 3D
eye was obtained by rotating the geometry around the anterior-to-posterior axis. In the base model
the minimum distance between the lens and the iris was 30 um which enabled practically equal intra-
ocular pressure (IOP) in the anterior and posterior chambers (no valve-effect). The geometry without
the canal of Petit was used in the simulations unless otherwise stated. The thickness of the canal of

Petit was 100 um. The geometry was divided into 36 613 mesh elements.



Figure 1. 2D-axisymmetric geometry of rabbit’s eye based on Missel (11). The area around the fluid
inlet is shown in inserts without and with the canal of Petit. The external pressures at outer cornea,

outer sclera and pressure outlet are also shown.

A0 sclera

choroid
retina

s Without the canal of Petit
posterior
dose sphere
4000 - ciliary body
vitreous
2000 —
A Fluid flow 3 pl/min
0
£ 2 K
=4 posterior K
chamber . .
With the canal of Petit
2000 lens

canal of Petit

-4000 [- | anterior
dose sphere

-6000 [~ anterior NN
chamber trabecular NN Fluid flow 3 ul/min
meshwork '~
\.\ Souter sclera: 10 Torr
-8000 - = cornea pressure outlet: 10 Torr

® outer cornea: 0 Torr
| | | | | | | | | |

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
©m




Materials

The properties of rabbit ocular tissues are presented in Table I. TM was assumed to have the same

thermal conductivity and specific heat as cornea.

Table I Properties of the rabbit ocular tissues

Tissue Thermal Specific Density® Porosity Hydraulic per-
conductivity  heat?® meability®
(Wm™K) (Jkg'K?) (kg m?) (m?)

Cornea 0.52° 3600 1050 1 1.04x1018

Aqueous humor 0.62¢ 4177 994-995¢ 0 -

Iris/ciliary body 0.52? 3600 1100 —f —f

Lens 0.40° 3000 1050 = =

Vitreous 0.60¢ 3900 1000 1 5.8x10M

Retina/Choroid/Sclera  0.522 3600 1100 1 1.04x1018

Trabecular meshwork 0.52° 3600 1050 1 Adjusteds

— not applicable; 2 Ref (34);  Ref (35); ¢ Ref (11), hydraulic permeability obtained as the inverse of hydraulic
resistivity; ¢ Built-in value in Comsol Multiphysics for water at 34—37 °C; ¢ Ref (36); f Impermeable to fluid; &

Described in Formation and outflow of aqueous humor.

Formation and outflow of aqueous humor

The flow of AH was defined based on Missel (11) using incompressible flow of water with Navier-
Stokes equations in free flow and Brinkman equations in porous media. The dynamic viscosity of water
was 7.32-6.89x10% kg mts? at 34-37 °C in all tissues. AH was formed in the inlet port of the posterior
chamber (Fig. 1) at the rate of 3 pl min™. In our model, this inflow was defined as the influx velocity of
0.1332 mm min’! (without Petit’s canal) or 0.1655 mm min (with Petit’s canal) which were obtained
by dividing 3 mm?3 min by the surface area of the inlet port. The flow pattern of AH in the eye was
governed by the porosity and hydraulic permeability of the tissues (Table 1), and by the pressures (Fig.
1). Lens, iris and ciliary body were set impermeable to fluid. Fluid flow from the posterior chamber
back to the inlet port and from the fluid outlet ports (outer cornea, posterior choroid and TM) back to
the inner eye was not allowed. The pressure in the outlet port behind TM and at outer sclera was set
to 10 Torr, and that at outer cornea to 0 Torr, respectively. The hydraulic permeability of TM was
adjusted to produce the desired IOP values of 10.1, 12.5, 15, 17.5 and 20 Torr, respectively. For each
pair of IOP and hydraulic permeability of TM (given in Results), the steady-state fluid flow pattern and
pressure contour were simulated, and the fluid outflow (ul min) through TM, retina, and cornea was
determined. The increase in IOP directed more fluid toward the posterior eye and through retina, and
at 20 Torr the simulated fluid outflow through retina was the same as the mathematically estimated

fluid outflow in in vivo rabbit study by Araie and Maurice (6) (see Results). This was a technical way to



study the effects of convection on drug distribution and elimination, and not a physiological descrip-
tion of water transport across retina because osmotic and oncotic gradients across retina, and hydro-
static pressures in choroidal tissue, choriocapillaris and suprachoroid were not considered (33,37). In

addition, the fluid outflow through TM was considered to include the uveoscleral outflow.

Enhanced mixing in the anterior chamber with heat transfer

A circulatory motion of AH in the anterior chamber was generated with temperature gradient, heat
transfer, and gravity based on the model by Karampatzakis and Samaras (38). The temperature of
sclera, choroid, retina and aqueous humor inlet was set 37 °C, and that of cornea to 34 °C (29,39,40).
Heat transfer from the posterior eye towards the cornea was defined using a convection-diffusion
equation for heat conservation based on thermal conductivity and specific heat of the tissues (Table
1) which created a temperature gradient in the eye. Gravity was set along the symmetry axis from
anterior to posterior eye. This orientation (a horizontal head with eyes looking up) is not physiologi-
cally relevant for the rabbit, but the only option in 2D-axisymmetric model. Later, the model with the
combination of temperature gradient, heat transfer and gravity is called simply as the model with heat

transfer.

Transport of macromolecules by convection and diffusion

The transport of the macromolecules were defined with a convection-diffusion equation for conser-
vation of species. The flow pattern of AH described above carried macromolecules by convection. Dif-
fusion of macromolecules in the anterior and posterior chambers was defined using diffusion coeffi-
cients (D) in water (see below). Diffusion of FITC-dextrans in the vitreous was also based on D in water
using same assumption as Missel (11). Diffusion of FITC-dextrans through retina was defined using
apparent retinal diffusion coefficients (see below), and the sink with zero concentration was at the
anterior surface of the choroid. Diffusion coefficient of macromolecules in TM was the same as in AH,
but convection was the dominant transport mechanism in TM. All the other boundaries in the eye
were impermeable to macromolecules. Thus, the only elimination routes of macromolecules were

through TM (anterior pathway) and retina (posterior pathway).



Diffusion coefficients of macromolecules in water and in retina

Diffusion coefficients of FITC-dextrans in water (37 °C) were taken from Missel (11) (Table I1). Diffusion
coefficients of hyaluronic acids (D; cm? s) were calculated at 20 °C from their molecular weight (MW;

Da) using equation 1 based on published data (41) and then scaled to 37 °C using equation 2:
Dyo = 0.0001408 * MW ~0-58217 (1)

T37m20
Dy = x D 2
57 = e * Do )

where T is absolute temperature and n viscosity of water. Apparent diffusion coefficients of FITC-
dextrans in retina (Dr.t) were estimated from in vitro permeability data in bovine retinal pigment epi-
thelium (RPE)-choroid preparations (32) assuming that RPE is the rate-limiting barrier in retina and the
retinal barrier in rabbit is similar to bovine based on the similar basic structure of RPE in these species
(e.g., tight junctions) (42,43). The apparent permeability coefficients (P.pp; cm s) of FITC-dextrans (4-
80 kDa) (32) versus hydrodynamic radius (ry; nm) were described with equation 3 using ry vs. MW

relationship from published data (44):
Papp = exp(— 14.4428) X exp( — 0.4816 X 1) (3)

This equation was used to estimate Pap, for FITC-dextrans shown in Table Il. These were converted to

Dret Using the definition of Py, (equation 4):

Dyer XK
PappzreT (4)

where K is the partition coefficient between retina and water and h the thickness of the retina (100
pum in this model). For technical convenience, K was assumed to be 1 and Dt Wwas obtained with equa-

tion 5:

Dyer = Papp X h (5)

Table Il Diffusion coefficients of macromolecules in water (D) and in retina (Dret) at 37 °C

Molecule MW D ry Papp Dret

(kDa) (x10®cm?s?t)  (nm) (x107 cm s) (x10° cm?s?)
FITC-dextran D10 10.5 1.62 2.03 2.01 2.01
FITC-dextrans D66 and D67°  66-67 0.606 5.42 0.393 0.393
FITC-dextran D157 157 0.386 8.51 0.0887 0.0887
Hualuronic acid HA18 18 0.727 - - -
Hyaluronic acid HA500 500 0.105 - - -
Hyaluronic acid HA4000 4000 0.0313 - - -

MW molecular weight, ry hydrodynamic radius, P.p, apparent permeability coefficient in bovine retinal pigment
epithelium-choroid preparation in vitro, — not applicable;

2 D66 and D67 were considered identical molecules in simulations whereas separate in vivo data were available.



Simulations of intracameral and intravitreal injections

IC dose of hyaluronic acids was defined as an even initial concentration (1 mM) either in the whole
anterior chamber (248 pl) or in the anterior dose sphere (4.3 ul), respectively (Fig. 1). IVT dose of FITC-
dextrans was given in the posterior dose sphere (10 pl). Simulations were made with and without the
heat transfer, and the simulations of IVT injections also with and without the canal of Petit were con-
ducted. Additionally, the simulations of IVT injections were made with three different settings for the
retinal permeability of FITC-dextrans: 1) impermeable retina (only fluid passed retina), 2) diffusion
though retina was allowed, but convection through retina was blocked meaning that convection was
allowed to carry molecules only to the anterior surface of retina, whereas the transport of FITC-dex-
trans through retina was purely diffusive (fluid passed retina, but fluid flow velocity for convective
transport in retina was set to zero), 3) convection of FITC-dextrans though retina was allowed in such
a way that the retina did not offer any hindrance for convective transport. The simulation was carried
out in two steps. First, the steady-state flow pattern of the AH in the eye was calculated. Second, the
time-dependent concentration profile of macromolecule was simulated. Solutions were calculated
with the default solver using backward differentiation formula and the largest possible integration
steps. This was achieved by means of an adaptive step size. The step was accepted if it fulfilled the
requirement for the error estimate, otherwise it was adapted. The length of the simulations for IC and
IVT injections were 600 min and 3000 h, respectively. The simulation of IVT injection typically lasted 1

min.
Pharmacokinetic parameters and model validation

For IC injections of hyaluronic acids, one or two elimination rate constants from the anterior chamber
(kac) and the corresponding elimination half-lives (ti2) were determined based on the shape of
log(concentration) vs. time curve using Phoenix WinNonlin version 6.3 software (Certara, Princeton,
NJ, USA). The simulations were compared with the corresponding in vivo data (45) and with the theo-

retical half-life in a well-stirred anterior chamber:

In2xV, In2x248ul
tl/Z = f =

3 Wl min—t =57min (6)

where V, is the volume of anterior chamber, and f is the AH flow rate. For IVT injection of FITC-dex-
trans, the elimination rate constant from the vitreous (k,) and the corresponding elimination half-life
(t1/2) were determined from the log-linear portion of the vitreous concentration vs. time curve. The
ratio of mean aqueous (anterior chamber) to mean vitreous concentration (C./C,) was determined at
200 h where this ratio had already stabilized. These values were presented in a log-log plot of (C./Cy)
vs. ky based on the theoretical equation 7 by Maurice (46,47) that is valid for those compounds that

are eliminated from the vitreous only via the anterior pathway with the aqueous drainage:

Ca _Vy
LT (7
Cv f v ()



where the theoretical slope is the ratio of vitreous volume (Vy; 1.52 ml) to f (3 ul mint), and this slope
was marked in the plot. The corresponding in vivo data of D10, D66, D67 and D157 (30,31) were added

in the same plot that is called later as Maurice plot.

The cumulative amount of FITC-dextran eliminated through the anterior (outlet port behind TM) and
posterior (posterior retina) pathways was integrated with Comsol Multiphysics and is presented as
the percentage of dose. The cumulative amount of macromolecule eliminated through TM (Amv) was

also determined using the theoretical equation 8:

where AUC, in the area under the aqueous concentration curve (anterior chamber).

RESULTS
Aqueous humor flow distribution in the eye

The outflows though TM, retina and cornea were changed by adjusting the hydraulic permeability of
TM to get the desired IOP values (Table Ill). The increase of IOP from 10.1 to 20 Torr lead to a 100-fold
and 2-fold increases in the outflows through retina and cornea, respectively, while TM remained the
major route with a minor decrease in the outflow. The outflow through retina at 20 Torr (0.1 pl min™?)
was the same as the experimental value by Araie and Maurice (6). The fluid velocity and pressure
contours in the eye at 15 Torr are shown in Electronic Supplementary Material (Figs. S2 and S3). With-
out heat transfer the outflows through TM, retina and cornea differed less than 1 %, 2 % and 6 % from

those with heat transfer, respectively.

Table Ill Aqueous humor outflow through trabecular meshwork (TM), retina and cornea at different intraocular

pressures in the model with heat transfer

Intraocular TM hydraulic Outflow Fluid velocity at retinal
pressure permeability (ul mint) surface?

(Torr) (x10%6 m?) ™ Retina Cornea (x 107 cm s?)

10.1 202.5 2.917 0.001 0.060 0.034

125 7.797 2.878 0.025 0.075 0.84

15 3.840 2.837 0.051 0.091 1.7

17.5 2.522 2.796 0.076 0.107 2.6

20 1.863 2.755 0.102 0.123 3.4

2 Mean value obtained by dividing the outflow through retina by the retinal surface area (4.96 cm?).



Aqueous humor flow pattern in the anterior chamber

The temperature difference between the anterior and posterior eye and heat transfer created a tem-
perature gradient (Fig. 2). Without heat transfer the center of anterior chamber was poorly mixed and
the maximum fluid velocity in the anterior chamber (excluding the region close to iris tip) was approx-
imately 0.002 mm s (Fig. 3a). The combination of heat transfer and gravity markedly increased the
fluid velocity in the anterior chamber and produced a circulatory flow (Fig. 3b). The direction of gravity
was from the anterior to posterior eye. Because AH entering the anterior chamber was warmer (ap-
prox. 37 °C) and less dense than elsewhere in the anterior chamber it was elevated towards the cor-
nea, being slightly cooled close to cornea and turned towards the anterior chamber angle. At the
chamber angle part of AH escaped through TM, while the rest of the fluid started a new cycle. The
maximum velocity of the whirl was approximately 0.02 mm s™. The flow patterns were similar be-

tween 10.1 and 20 Torr.



Figure 2. Temperature gradient (°C) in the eye. The white lines represent isothermal contours.

8000

7000

6000

5000

4000

3000

2000

1000

-1000

-2000

-3000

-4000

-5000

-6000

-7000

-8000

-9000

37

36.5

N 35.5

35

34.5

| | | | | | | | | |

0 1000 2000 3000 4000 5000 6000 7000 8000 9000



Figure 3. Aqueous humor velocity (m s*) and flow pattern in the anterior chamber at 15 Torr without

(a) and with (b) the temperature gradient, heat transfer and gravity.
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Intracameral injection of hyaluronic acids

IC injection was initially simulated with a uniform initial concentration in the whole anterior chamber.
Without heat transfer, hyaluronic acids were eliminated fairly rapidly from the peripheral anterior
chamber whereas the elimination from the central region was poor (Fig. 4a-c). For this reason, two
distinct phases appeared in the aqueous concentration curves and the simulated half-life of the latter
phase was much higher than in in vivo study (Fig. 5 and Table IV). The enhanced mixing obtained with
heat transfer augmented the elimination of hyaluronic acids from the whole anterior chamber (Fig.
4d-f). For HA500 and HA4000, two phases appeared in the concentration curve, but the initial fast
phase ended soon (Fig. 5). With heat transfer, the simulated elimination half-life of HA18 and those
of the second phase for HA500 and HA4000 were similar to in vivo data (Table 1V), and all these values

were fairly close to the theoretical value for a well-stirred anterior chamber (57 min).

When the dose was placed in the anterior dose sphere the model with heat transfer produced almost
similar results to those shown in Fig. 5 (a short lag time was observed), whereas without heat transfer
the elimination was very slow (Figs. S4 and S5 in Electronic Supplementary Material). Further tests
were conducted using the model without heat transfer. When the shortest distance between the lens
and iris was reduced from 30 um to 4 um to get an enhanced jet of AH into the anterior chamber the
performance of the model did not improve markedly (the rate constants were 95-113 % of those in
Table 1V). Furthermore, the reduced gap acted as a pressure valve and the pressure at the posterior
eye was 0.6 Torr higher than in the anterior chamber. When the diffusion coefficient (D) of HA500 in
AH was set to an extremely high value (10’ cm? s?) the anterior chamber behaved as a well-stirred

compartment and the simulated elimination half-life of HA500 was 62 min.



Fig. 4 Concentration gradient of HA500 in the anterior chamber at 5, 15 and 60 min after intracameral

injection at 15 Torr without (upper panels) and with (lower panels) heat transfer. At time zero the

concentration was uniform (red color) in the whole anterior chamber.
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Table IV Elimination of hyaluronic acids from the anterior chamber after intracameral injection with the uniform

initial concentration in the whole anterior chamber

Molecule Without heat transfer With heat transfer In vivo data®

Kac ty Kac ty Kac ty

(103x mint)  (min) (103x mint)  (min) (103 x min?) (min)
HA18 22.2;2.71 31; 256 11.3 62 111411 62 (44-109)
HA500 21.5;1.44 32; 482 28.9; 6.96 24; 100 9.7+0.6 71 (63-83)
HA4000 23.3;1.51 30; 459 28.6; 8.02 24; 86 8.410.6 83 (69-103)

kac elimination rate constant from the anterior chamber; ty; elimination half-life; two kac and ty; values were esti-
mated when there were two phases in the concentration curve. IOP was 15 Torr and the shortest distance be-
tween lens and iris 30 um.

@ Ref (45) with ksc as meanzSD, and t, as mean (95% confidence interval)

Intravitreal injection of FITC-dextrans

General description of simulated concentrations

IVT injections of FITC-dextrans were initially simulated with heat transfer and without the canal of
Petit. Figure 6a shows representative concentration curves for D157. Generally, after the initial distri-
bution phase, the vitreal concentrations (C,) of FITC-dextrans declined exponentially enabling the de-
termination of vitreal elimination rate constant (k,) and the corresponding elimination half-life (ti/2).
The aqueous concentrations (C,) peaked between 50 and 100 h followed by the elimination with the
same rate constant as the vitreal concentrations. The aqueous to vitreous concentration ratio (C./Cy)
was stable after 200 h. Figure 6b shows the concentration contour at 200 h from the same simulation.
In this simulation, the vitreal concentration declined in the posterior to anterior direction revealing

that the diffusion towards the anterior eye dominated over the diffusion through the retina.



Figure 6. Simulated concentrations of D157 after intravitreal injection: (a) the mean vitreal (C,) and
aqueous (C,) concentrations (log scale on the left) and aqueous to vitreous concentration ratio (C./C,)
(scale on the right); (b) the concentration contour at 200 h. The model with heat transfer and without

the canal of Petit was used at 15 Torr. Diffusion of D157 through the retina was allowed in this simu-

lation.
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Impermeable retina

When the retina was set impermeable to FITC-dextrans the simulated C./C, and k, values were close
to the theoretical line in Missel plot (Fig. 7a). At 10.1 Torr k, values of D10, D66, D67 and D157 were
118, 91, 97 and 66 % of the in vivo values, respectively. The simulated ky values decreased with in-
creasing IOP. This was caused by the enhanced fluid flow rate toward posterior eye and through retina
(Table 111), i.e., the increased convective transport of FITC-dextrans toward the posterior vitreous re-
duced their diffusion toward the anterior chamber. The simulated C,/C, ratios also decreased with

increasing I0P.

Diffusion through retina was allowed

When diffusion of FITC-dextrans through retina were defined based on in vitro permeability experi-
ments, ky values increased slightly in comparison with impermeable retina (Fig. 7b). All simulated k,
values for D157 were still lower than in vivo. At 10.1 Torr the percentage of posterior elimination
pathway for D10, D66/D67, and D157 was 20%, 11%, and 4%, respectively (Table V). The simulated
data points for D10 were markedly below the theoretical line because of the increased portion elimi-
nated via the posterior pathway. Generally, an increase in IOP resulted in an increase in the portion
of posterior pathway (Table V) and a decrease in k, (Fig. 7b). This means that concerning the total
elimination rate from the vitreous (k,) the increased elimination via the posterior pathway at higher

IOP values did not fully compensate for the hindered diffusion toward the anterior eye.



Convection through retina was allowed

When the fluid flow through retina was allowed carry FITC-dextrans across retina by convection with-
out any sieving effect of retina, k, values increased with IOP because of enhanced posterior fluid flow
(Fig. 7c). For example, the fluid velocity through retina at 20 Torr was 3.4x107 cm s* (Table Ill) that
was much higher than P, values of D66/D67 and D157 (Table Il). For this reason the convective
transport of D66/D67 and D157 through retina at 20 Torr was much faster than the diffusion through
retina in the previous simulations (Fig. 7c vs. 7b). At higher I0Ps the simulated data points for D66/D67
and D157 deviated markedly from in vivo data, and the posterior pathway became the dominating

elimination route (Table V).

Figure 7. Maurice plot of simulated and in vivo data (30,31) of FITC-dextrans after intravitreal injection.
Simulations were made with impermeable retina to FITC-dextrans (a), with diffusion through retina
(b), and with convection through retina (c). Fluid passed the retina in all options. Aqueous to vitreous
concentration ratio (C./Cy) is shown on the vertical axis, and the elimination rate constant from vitre-
ous (ky) and the corresponding elimination half-life (t1/2) on the lower and upper horizontal axes. Sim-
ulated values are shown for different intraocular pressures, and the order of values is always the same
as shown for D157. A dashed line shows the theoretical line for those compounds that are eliminated
only via the anterior route by aqueous drainage. The model with the heat transfer and without the

canal of Petit was used.
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Table V Simulated elimination of FITC-dextrans via the posterior pathway after intravitreal injection when diffu-

sion or convection through retina was allowed

Intraocular  Posterior elimination of Posterior elimination of Posterior elimination of

pressure D10 D66 and D67 D157

(Torr) (% of dose) (% of dose) (% of dose)
With dif- With convec- With dif- With  convec- With dif- With convec-
fusion tion fusion tion fusion® tion

10.1 20.1 0.4 11.0 1.0 4.1/2.9 1.6

125 21.0 10.0 12.4 23.1 5.1/3.3 33.3

15 22.0 19.0 14.2 40.9 6.4/3.9 55.5

17.5 23.0 27.2 16.2 54.5 8.0/4.6 70.4

20 241 34.5 18.5 65.1 10.1/5.4 80.3

The remaining portion was eliminated via the anterior pathway. The mass balance at the end of simulation was
98-102% of the dose.

2 Value with the original diffusion coefficient (D) in water and vitreous (Fig. 7b)/value with 1.5xD (Fig. 9b)

Effect of removing heat transfer or adding the canal of Petit

When heat transfer was removed from the model with retinal diffusion, the percentage of posterior
elimination pathway, k, and C,/C, values of FITC-dextrans were 96-105% of those with heat transfer,
respectively. The canal of Petit had a slightly larger effect. When the canal was added to the model
with heat transfer and retinal diffusion, k, values increased by 9-21% and C,/C, values decreased by 2-
8%, respectively, but these changes did not improve the overall match between simulated and in vivo
data when all other model parameters were fixed (Fig. 8; compare with Fig. 7b). At the same time the

relative decrease in the percentage of posterior elimination pathway was 8-17%.



Figure 8. Maurice plot of simulated and in vivo (30,31) data on FITC-dextrans after adding the canal of

Petit. The model with heat transfer and retinal diffusion was used.
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Parameter sensitivity analysis for D157

The model with heat transfer and retinal diffusion was considered to be the most relevant basic model
(Fig. 7b). However, the simulated C,/C, and k, values for D157 were significantly lower than in vivo
values at all I0Ps, and therefore, parameter sensitivity analysis was performed for this compound.
When D,et of D157 was increased 10-fold the simulated ky, at 10.1 Torr was close to in vivo value, but
the simulated C./C, was much lower than in vivo (Fig. 9a). This change increased the percentage of
posterior pathway at 10.1 Torr from 4.1% (Table V) to 29.7%. The model performance was much more
sensitive to the changes in diffusion coefficient (D) of D157 (same value in water and vitreous). When
D was increased by 50 % the simulated C./C, and ky values for D157 at 10.1 Torr were similar to in vivo
values (Fig. 9b). The percentage of posterior elimination pathway at 10.1 Torr decreased slightly from

4.1% to0 2.9 % (Table V).



Figure 9. Maurice plot of simulated and in vivo data (30) on D157 in the parameter sensitivity analysis.
The apparent retinal diffusion coefficient (Dr.t) of D157 was increased 10-fold (a) or the diffusion co-
efficient of D157 (D) in the aqueous humor and vitreous was increased by 50% (b). The model with

heat transfer and retinal diffusion was used.

t¥a (h) t¥a (h)
350 230 140 350 230 140
0.05 T 0.05 T
® D167 simulated ® D167 simulated
* Invivo a 5 *  Invivo 10.1 T;)rr.
'3?15}"" 125 Torr Qj_w--"
. - 15 Torr
0.03 1 003
/')‘,.-‘1071 Torr. 17.5 TDrr.
20 Torr
& 125 Torr 3 .«
0.02 ' 15 Torr | 0.02
17.5 Torr
L]
20 Terr |
0.01 - 0.01
0.002 0.003 0.005 0.002 0.003 0.005
kv (1/h) kV (1/h)

Percentage of anterior elimination pathway using aqueous AUC

The simulated amounts and percentages of FITC-dextrans eliminated via the anterior pathway were
calculated using equation 8 for the model with heat transfer and retinal diffusion all IOP values. When
the exact outflow through TM (Table IIl) was used as f in equation 8 the calculated percentages were
100-103% of those obtained with the integration function of Comsol software (the latter in Table V,
100 % minus the value given with diffusion). This indicated that the mass balance was correct in the
model. This calculation method is expected to be useful in PK data analysis of macromolecules (see

Discussion).

DISCUSSION
Model performance

The general objective of this study was to extend the CFD model of the rabbit eye developed by Missel
(11). Our base model without heat transfer was identical to Missel based on similar hydraulic perme-
ability values in TM to obtain IOP values of 10.1, 15 and 20 Torr (Table Ill) which resulted in similar
fluid flow and pressure contours in the vitreous (Figs. S2 and S3 in Electronic Supplementary Material).
After converting hydraulic permeability to hydraulic resistance in TM, our values were 86-91 % of Mis-

sel’s values.

In our study, the mixing in the anterior chamber was enhanced by producing a circulatory flow pattern

with temperature gradient, heat transfer and gravity based on the model by Karampatzakis and Sa-



maras (38). We used anterior-to-posterior direction of gravity to be able to work with the 2D axisym-
metric model. With this model the simulated IC injections of hyaluronic acids closely matched with in
vivo data (45), and the elimination half-lives of the compounds were close to the theoretical value for
the well-stirred anterior chamber. Yablonski et al. (48) observed earlier that the anterior chamber of
rabbits is well-mixed. We think that the enhanced mixing is essential for the CFD simulations of drug

concentrations in AH after IC and topical drug administration.

We also found that the anterior chamber behaved as a well-stirred compartment without heat trans-
fer if the diffusion coefficient of the macromolecule in this chamber was set to an extremely high
value. However, in this case the CFD model does have any advantage over a traditional compartmental
model. Furthermore, it needs to be remembered that the anterior chamber is not truly a well-stirred
compartment with an instantaneous uniform concentration. Instead, the physiological circulatory
flow pattern obtained with the CFD model may be crucial for realistic simulations. This has been
shown with the more physiological, forward-looking eye using more complicated 3D models. In this
case AH flows upward near the warmer iris and downward near the cooler cornea producing a mixing
whirl. This provides an explanation for the asymmetric dilatation of the pupil after topical application
of mydriatics (26,27) and for the location of hyphemas and Krukenberg spindles in the anterior cham-

ber of a traumatized eye (28,29).

The effect of heat transfer on our simulations of IVT injection of FITC-dextrans was fairly small as the
relative changesin the percentage of posterior elimination pathway, ky and C,/C, values were less than
5%. This is explained by the fact that after IVT injection the diffusion of the macromolecule in the

vitreous is the rate-limiting step for the elimination via the anterior route (46,49,50).

The extended model was used in a quantitative analysis of anterior and posterior elimination path-
ways of FITC-dextrans after IVT injection. In this analysis, systematic changes in retinal permeability
and convective transport were made. Simulated and in vivo data were shown in Maurice plot (Fig. 7)
where the location of the data point close to the theoretical line suggests that the anterior route is
dominant (46,47). In the retinal diffusion model (Fig. 7b) the diffusion of FITC-dextrans through the
retina was defined based on our previously published in vitro data on bovine RPE-choroid preparations
(32) assuming that RPE is the rate-limiting barrier. Bovine data was used because the corresponding
rabbit data are not available. With this model the simulated percentage of the posterior pathway for
D10, D66/D67 and D157 at 10.1 Torr was 20%, 11% and 4%, respectively (Table V). At 10.1 Torr the
simulated data point for D66/D67 was close to in vivo values for D66 and D67 (Fig. 7b), whereas the
fit for D157 was markedly improved by increasing the original diffusion coefficient (D) in the aqueous
humor and vitreous by 50% (Fig. 9b) which decreased the percentage of the posterior pathway to 3%.
In the case of D10 the simulated data point with impermeable retina (Fig. 7a) was closer to in vivo
data than that with retinal diffusion model (Fig. 7b). Overall, these simulations suggest that percent-
age of the posterior elimination route is below 20 % for D10 and D66/67, and below 10 % for D157,
respectively. These estimates are similar to the published values for 50-150 kDa antibodies (13-18 %)

determined with a semi-mechanistic 3-compartment model (3).



As described above the best match between simulated and in vivo data was generally obtained at 10.1
Torr where the fluid flow through the retina (Table Ill) and the resulting convective transport of mac-
romolecules in the vitreous toward the posterior eye was very low. The published estimates of the
fluid flow through retina vary from practically zero (51) to 0.1 pl min™ (6) for rabbit, and up to 2.9 pl
min? for monkey with an experimental retinal detachment (33). These estimated were usually ob-
tained with a mathematical analysis of the transport of fluorescent probes. More accurate quantita-
tive data on the fluid flow are needed before a definite answer on the role of the convective transport
can be given. Hopefully in the future, novel imaging methods will allow a direct measurement of fluid

outflow through retina and other pathways in healthy and diseased eyes of laboratory animals.

Our simulations with an unrestricted convection through retina (Fig. 7c) were similar to Fig. 19 in Mis-
sel (11). However, we think that this setting is not physiologically relevant (we prefer retinal diffusion
model) and it also substantially increased the percentage of the posterior pathway at higher IOP values
(Table V). Additionally, we confirmed Missel’s (11) finding that the canal of Petit affects the simulated
concentrations to some extent (Fig. 8), but more accurate determination of in vivo geometry of this

canal is needed before its importance can be properly estimated.

Regarding the limitations of our study, we compared simulated IVT injections of FITC-dextrans with in
vivo data by Johnson and Maurice (30) and by Araie (31) who did not show full vitreal and aqueous
concentrations curves. In the future, the performance of the extended model should be challenged by
comparing simulations with the full concentration curves which will enable the parameter estimation
with the curve fitting (52). The comparison with time-dependent vitreal concentrations gradients, e.g.,
from the posterior surface of lens to the retinal surface, is very valuable when such data are available
(8,10). Furthermore, it would be important to model the drug concentrations in retina and possibly in
other posterior tissues. Recently, antibody concentrations in the vitreous, retina, and aqueous were
simultaneously modeled with a semi-mechanistic 3-compartment model, and separate permeability
coefficients were estimated for the inner limiting membrane and RPE (3). The advantages of CFD mod-
els over compartmental models include the possibilities to model local drug concentrations (no well-

stirred compartments) and to incorporate physiological mechanisms in a more realistic manner.

In summary, we have built an extended 3D model for ocular kinetics of macromolecules. The model
takes into account in a realistic manner: 1) fluid mixing and drug elimination from the anterior cham-
ber; 2) permeability of macromolecule through retina; and 3) fluid flow to the posterior direction
within the vitreal cavity. These are essential features that will be useful in later scaling of the model
to the human eye. This model will be a useful tool for understanding the concentration differences of
injected macromolecules in the vitreous and their elimination pathways. Obviously, the model is ap-
plicable also in the pharmacokinetic simulations of controlled drug release systems that are inserted
into the vitreous cavity or anterior chamber. It isimportant to note that the current model is suitable
for the simulations of the macromolecule kinetics, but not for small molecular drugs. In order to sim-
ulate small molecular drugs, the model must be extended to include their permeability in the ocular

barriers, such as blood retina barrier and blood aqueous humor barrier.



Percentage of anterior elimination pathway from the aqueous AUC

When a macromolecule is not taken up by the iris and it is eliminated from the anterior chamber solely
by aqueous drainage, the amount of macromolecule eliminated via the anterior pathway after IVT
injection can be estimated by multiplying the aqueous AUC (AUC,) with agueous humor flow rate (f)
(equation 8). We used this equation to verify the correct mass balance in our CFD model. Furthermore,
as a preliminary test of its applicability in the actual PK data analysis, we calculated from recently
published in vivo data for four antibodies (50-150 kDa) (3) that the percentage of anterior pathway
was 74-97% when using f of 2.5 ul min', and 89-114 % when using f of 3.0 pul min™, respectively (Table
SVl in Electronic Supplementary Material; measured f was not available). These values are close to
those obtained with a semi-mechanistic 3-compartment model (82-87 %) (3), and support the general
conclusions about the dominant role of the anterior pathway in the elimination of macromolecules.
The proposed calculation method places high demands for the experimental procedure including an
exact dosing, an excellent injection technique, a well-designed aqueous sampling schedule, and an
accurate and precise assay method. In addition, a good estimate of f is required, and the best option
is to measure f in the experimental animals with topical fluorescein and in vivo fluorophotometry and

take the diurnal variation in f into account (48,51).
Conclusions

The anatomically accurate CFD model of the rabbit eye by Missel (11) was extended for intravitreal
and intracameral injections of macromolecules. The mixing in the anterior chamber was enhanced
with thermal gradient, heat transfer and gravity, and this feature is expected to be essential in intra-
cameral and topical drug administration. For intravitreal injections of FITC-dextrans the diffusion
though retina was defined based on our previously published in vitro data, and a good match with in
vivo data and a quantitative estimate of the percentages of the anterior and posterior elimination
pathways were obtained. The extended model is a valuable tool for data interpretation and predic-

tions.
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