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Abstract

A pharmacokinetic model of intravitreal drug delivery was developed for describing the elimination and distribution of ganciclovir in the
eye following intravitreous polymeric delivery. The model was based on Fick’s second law of diffusion and assumed a cylindrical vitreou
body. The model parameters such as the diffusion coefficient and the partition coefficient of the drug in the vitreous body and it
surrounding tissues were determined from in vitro experiments using rabbit tissues. The time course of in vivo mean concentration
ganciclovir in the rabbit vitreous body agreed well with the profile calculated from the present pharmacokinetic model for both membrane
controlled polymeric devices and biodegradable rod-matrix systems. The clinical vitreous concentration following implantation of the
membrane-controlled delivery system was the same order of magnitude but approximately four times lower than that predicted from tl
present model. This may indicate the metabolism of ganciclovir and/or the facilitated transport across the retina/choroid membrane in t
human eye[] 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction local concentration following intravitreal delivery of the
drug must be carefully examined. The pharmacokinetics
It is well known that only a small fraction of drugs of intravitreal drug injection has been widely analyzed by
applied topically may reach internal ocular tissues due to a compartment model, which assumes the drug molecules
tear flow drainage, dilution by blinking, corneal diffusion are uniformly distributed throughout the vitreous body [6].
resistance and aqueous humor washout [1]. Therefore, deli-However, this assumption may not be applied to long-last-
vering drug molecules directly to the vitreous body using ing delivery systems because of a constant rate of release
biodegradable or biocompatible polymeric implants [2] may and efficient elimination across the surrounding tissues. A
treat vitroretinous diseases better. Recently, intravitreal significant concentration difference may be formed between
injection or polymeric delivery systems for ganciclovir the surface of the delivery device and the boundary on the
have been used for the treatment of cytomegalovirus retini- elimination pathways such as the retina/choroid/sclera
tis in patients with acquired immunodeficiency syndrome (RCS) membrane and the posterior agueous chamber. The
[3-5]. Since not only the efficacy but the toxicity is also concentration distribution in the vitreous body is obviously
influenced by the concentration at the site of action, the influenced by the rate of elimination through these sur-
rounding tissues.
The elimination profile of lomefloxacin in the rabbit eye
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were evaluated from the in vitro experiment designed inde- hand, if the device is a reservoir-type drug delivery system,
pendently from the in vivo experiment [8]. In the present the release rate is constant because of the rate-controlling
study, we have extended this cylindrical diffusion/partition- membrane. Smith et al. measured the ganciclovir concen-
ing model for predicting the performance of implantable tration both in the rabbit and in the human vitreous bodies
delivery systems of ganciclovir. A series of in vitro experi- following the implantation of a reservoir-type intravitreal
mental procedures for determining the model parameters fordelivery system [10,11]. Kunou et al. measured the in vivo
solving the pharmacokinetic model are also established release profile and the in vivo vitreous concentration in the
using isolated rabbit tissues. The in vivo concentration pro- rabbit eye following a biodegradable rod-shaped delivery
files of ganciclovir in the rabbit vitreous body are then system for ganciclovir [9]. The present pharmacokinetic
compared with the present model for both a biodegradable model has been applied to correlate the release profile
polymer-rod delivery system [9] and a membrane-con- and the mean vitreous concentration in the rabbit eye for
trolled implantable device [10]. The clinical data for the the intravitreal drug delivery systems. The appropriate
membrane-controlled implantable device [11] are also com- initial and boundary conditions are described by:

pared with the profiles predicted from the present pharma-

cokln_et|c_ model using the model parameters determmedt>0,x:0; d_C:O @)
from in vitro rabbit experiments. dx
t>0,x=R; Dd—C= _DKiC (3)
2. Methods dx O
2.1. Mathematical model t>0,y=0; Di_i’:: D'éKrC 4)
r
The present pharmacokinetic model of intravitreal drug dc DK.C
delivery assumes a cylindrical vitreous body in contactwith t>0,y=H;  D—_==- '(37' (0=x<Po) )
the retina/choroid membrane, the lens posterior capsule and y :
the posterior agueous humor (Fig. 1). The drug molecules dc D.K.C
released from a delivery system distribute throughout the t>0,y=H; Dd_y: - % (b<x<R) (6)
p

vitreous body by diffusion and then move into the surround-
ing tissues. The rate of elimination of the drug molecules whereby, K, R andH are the effective radius of the lens, the
from the vitreous body depends upon the diffusion and par- partition coefficient, the effective radius of the vitreous
tition characteristics of the surrounding tissues. In spite of body, and the effective height of the vitreous body, respec-
high water content (more than 99%) in the vitreous body, a tively (Fig. 1). D, andé, in Egs. (3) and (4)) are the diffu-
uniform distribution or single compartment model may not sion coefficient through the RCS membrane and its
be assumed as indicated by Kinsey [12] because the localeffective thickness, respectivelip; and §, in Eq. (5) are
concentration gradient is influenced by the rate of elimina-
tion through each surrounding tissue.

The concentration of ganciclovir in the cylindrical vitr-
eous body model following intravitreal drug delivery can be
described by:

ocC_10 oD 0/ 0C
5= ;&<XD&>+ a/(Da—y>—R(X, y, ) +S(x,y,t)

1)
whereD is the diffusion coefficient in the vitreous body, ” y
R(xy,t) is the metabolism and degradation rate of ganciclo- , rcs /ﬁ/
0

to posterior chamber to posterior chamber

to lens

to RCS
membrane

vir, and S(xy,t) is the source term for drug molecules ™™o
released from the intravitreal delivery system. In this math-
ematical model, we assume that the drug is released in the

small volume elements with 1.8% of the total vitreous body

located along the central axis (the shaded area in Fig. 1).
Beyond this volume elements, therefore, no source term is
considered $=0). If the delivery system is a simple Fig. 1. Cylindrical vitreous body model for analyzing the pharmacokinetics

. . . . . of intravitreal delivery of ganciclovir. The surface of the vitreous body is
matrix device in which the drug molecules are umformly in contact with three different tissues as elimination pathways: the poster-

distributed th_rOLfghOUt t_he polymer matrix, the release rate jor chamber, retina/choroid membrane and posterior lens capsule. Key (site
decreases with increasing the time for release. On the otherof implantation) A, anterior; B, center; C, posterior.

R

to RCS membrane
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the diffusion coefficient in the lens tissue and the effective
thickness of the lens, respectively. We previously found I
that the thickness of the intact retina/choroid membrane 12
is 0.082 cm for the rabbit. However the drug molecules i
may be eliminated through the central retinal capillary
layer which is located in the retinal membrane. In the pre-
sent model, therefore the distance from the vitreous surface
to the front of the capillary layer is assumed to be40.
D, and §, are the aqueous diffusion coefficient and the
thickness in a diffusion boundary layer formed in the vitr- L
eous body/aqueous humor boundary. The diffusion bound- 2
ary layer in the posterior chamber is not known at this stage 0 [ o . . .
of research either in the human eye or in the rabbit eye. 0 10 20
From mathematical simulation, however, the effect of the Time, min
diffusion boundary layer on the drug transport from the
vitreous body to the posterior chamber is almost negligible
when the boundary layer is thinner than about 200.
Under mild mixing conditions in in vitro diffusion chamber The vitreous humor carefully removed from the rabbit
experiments, the thickness of the diffusion boundary layer eyes was inserted into a glass ring of 3.0 mm thick and
was found to be the order of 40—%0n [7]. In the present 9.0 mm i.d. After supporting it with two membrane filters
study, therefore, we assume that the thickness of the bound{Millipore: pore size 0.45m) to avoid the leakage of vitr-
ary layer in the posterior aqueous chamber is 260 The eous humor, the ring was mounted in the side-by-side diffu-
method of lines [13] is employed to solve Eq. (1). The sion cell system [8]. A solution of ganciclovir (25®/ml)
details of the solution method were previously described was charged in the donor cell, while the fresh phosphate
[14]. All calculation in this study was carried out on an buffer solution (pH 7.2) was charged in the receptor cell.
IBM ThinkPad personal computer. A Microsoft Fortran The temperature of the in vitro system was maintained at
optimizing compiler was used for running the computer 37°C. At predetermined time intervals, 1@0samples were
program, written in FORTRANT77. The cumulative amount taken from the receptor solution. The concentration of the
of the drug eliminated was then calculated by integrating drug in the receptor solution was then assayed by HPLC
the concentration distribution profiles in the vitreous body. [10]. The concentration of the drug in the donor solution
was approximately constant during the entire period of the
2.2. In vitro experiment for determining the model experiment since only a small fraction of the drug molecules
parameters penetrated the membrane. The diffusion coefficient in the
vitreous body and the partition coefficient between the vitr-

The model parameters for solving the present pharmaco-eous body and the donor solution were then determined by
kinetic model together with the initial and boundary condi- the time lag and the steady state penetration rate [16]. For
tions were determined from the in vitro membrane diffusion the posterior lens capsule, however, it is difficult to obtain
and partitioning experiment using isolated rabbit tissues. the time lag from penetration experiments because of the
thickness of the membrane (approximately dB). There-
fore, the partition coefficient of ganciclovir across the lens
tissues (posterior capsule) was determined by the in vitro
partitioning experiment. The diffusion coefficient was then
evaluated from the steady state rate of penetration based on
the linear portion of the penetration-time profile.

To determine the rate of elimination through the retina/
choroid/sclera membrane, the permeability of ganciclovir
was measured in an in vitro side-by-side diffusion cell sys-
tem designed specially to adjust the curvature of the RCS
membrane of rabbits. The same experimental procedure as
in the vitreous diffusion experiment was employed in the
RCS membrane permeability study. Either intact RCS mem-
brane or sclera with the retina/choroid removed was
Fig. 2. The cumulative amount of ganciclovir which penetrated the vitr- \qnted to the diffusion cell system. The cumulative

eous gel membrane of rabbi®) Vitreous body; W) membrane filters. amount of the drug permeation was then measured by sam-
Data presented as meanSD (n = 6). The dashed line is the intrinsic ap y

penetration profile after correcting the effect of supporting filter mem- Pling from the receptor solution at predetermined time inter-
branes [8]. vals.

Fig. 3. The cumulative amount of ganciclovir which permeated the poster-
ior lens capsule. Data presented as me&8D (n = 6).
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Fig. 4. The cumulative amount of ganciclovir which penetrated the retina/
choroid/sclera membrane®] Intact RCS membraneA( sclera (retina/ Fig. 6. Comparison of mean vitreous concentration following biodegrad-
choroid was removed). Data presented as me&D (n = 6). The major able ganciclovir delivery system in rabbit eye with the present calculation.
resistance to ganciclovir transport resides in the retina/choroid membrane; (®) Kunou et al. [9], ©) Hashizoe et al. [18]; the solid line was calculated
less resistance was found in the scleral transport. from the present mathematical model.

The elimination of the drug in the vitreous body due to 3. Results and discussion
metabolic reaction or degradation was studied by means of
an incubation experiment in a light-resistant vial (5 ml). The penetration profiles of ganciclovir across the vitreous
Vitreous humor (0.5 ml) freshly removed from the rabbit humor, the posterior lens capsule and the retina/choroid/
eye was quickly placed in the vial. After injecting 1@Dof sclera membrane are shown in Figs. 2—4, respectively.
the drug solution (2%g/ml), the vitreous gel was incubated The diffusion coefficient and the partition coefficient in
at 37°C for 0, 1, 3, 6 and 24 h. The drug concentration at the ocular tissues were then determined from the in vitro
each time interval was determined by HPLC. We found that penetration profiles and summarized in Table 1. The effec-
the drug was stable in the vitreous humor for both rabbits tive radius and height of the cylindrical vitreous body model
and bovines [17]. were evaluated after cutting frozen rabbit eyes. The effec-
The ocular membrane/donor solution partition coefficient tive dimensions of the human eye are also summarized in
was also determined by measuring the ratio of membrane Table 1. Once the model parameters have been determined,
concentration to elution medium concentration after 24-h the governing equation Eq. (1) subject to the boundary con-
incubation. The drug concentration in the ocular tissues ditions Egs. (2)—(6)) can be solved numerically for the rab-
was determined after complete extraction using methanol. bit eye as well as for the human eye.
All the in vitro studies were performed following the
guiding principles for the care and use of laboratory animals 3.1. Comparison with rabbit in vivo data
approved by the Japanese Pharmacological Society.
The mean vitreous concentration of ganciclovir following
1000 a membrane-controlled polymeric delivery in the rabbit
vitreous body [10] was compared with the concentration
calculated from the present pharmacokinetic model (Fig.
5). The calculated profiles of the mean concentration agreed
well with the in vivo data of Smith et al. [10]. From integra-
(i{ Ax—x { tion of the concentration gradient on the surface of vitreous
e I - S T N - S body, the fraction of elimination of ganciclovir from three
elimination pathways could be evaluated. Table 2 sum-
marizes the mean vitreous concentration and the fraction
of elimination from each pathway as a function of the posi-
tion of the delivery system placed following the constant
release of ganciclovir at 2g/h. The mean concentration of
1 . ) 4 ganciclovir in the vitreous body is higher in the anterior
0 25 50 75 100 implantation than in the posterior implantation. This is
Time, day due to the surface area of the retina/choroid membrane
Fig. 5. Comparison of mean vitreous concentration following membrane- which is much greater than th.at Of.the pQSte.no.r agueous
controlled ganciclovir delivery system in rabbit eye [10] with the present humor. The .present mthem_atlcal SImUIat.Ion indicates _that
calculation. () dQ/dt = 2 ug/h: () dQ/dt = 5 ug/h. The lines are calcu-  the €limination of ganciclovir from the vitreous body in
lated from the present model. rabbits, and presumably in humans, occurs mainly across

s

=

Concentration, pg/ml
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Table 1

Model parameters obtained in the in vitro experiment and the dimensions of the vitreous body used in the pharmacokinetic model

Diffusion coefficient in the vitreous body) (cn/s) 9.89x 107°
Diffusion coefficient in the retina/choroid membrariz, (cn’/s) 5.51x 1077
Diffusion coefficient in the lens (capsuld); (cm?s) 1.83x 10°°
Diffusion coefficient in the aqueous humd, (cn/s) 1.00x 107°
Partition coefficient of retina/vitreous humd, 0.74
Partition coefficient of aqueous humor/vitreous hunigy, 111
Partition coefficient of lens (capsule)/vitreous hunir, 0.324
Thickness of retinag, (cm) 0.0040
Thickness of the diffusion boundary layer in the posterior aqueous chamdem) 0.0100
Effective thickness of the lens, (cm) 0.38
Effective volume of the vitreous body, (ml)

Rabbit 1.2
Human 3.9

Radius of the vitreous bodR (cm)

Rabbit 0.72
Human 0.94
Height of the vitreous bodyl (cm)

Rabbit 0.72
Human 1.41

Mean Radius of the leng, (cm)

Rabbit 0.36
Human 0.40
Metabolic reaction rate constant in the vitreous bdgfx,y,C.t) 0

Release rate of ganciclov(x,y,t)

Reservoir systemug/h) 2.0,5.0
Biodegradable implant (Fig. 7) f(t)

the retinal surface. Because of a large surface area of theexperiment by Kunou et al. [9]. However, the same authors
retina/choroid membrane, the anterior implantation causedreported new data recently, as shown in Fig. 6, indicating
the mean vitreous concentration to be appreciably higher clearly that the rabbit in vivo data agreed very well with the
than that for the posterior implantation. The elimination present mathematical model (Hashizoe et al. [18]). A high
through the lens is insignificant because of a small effective plasma concentration similar to the present analysis was
area. also observed at the late period in the PLGA microcapsule
The in vivo rabbit data following the biodegradable rod formulations (Sanders et al. [15]). This late period bursting
matrix delivery system reported by Kunou et al.[9] and release due to bulk erosion of the polymer must be carefully
Hashizoe et al.[18] are also compared with the calculated investigated in order to avoid the toxic levels in the vitreous
profile from the present pharmacokinetic model (Fig. 6). body and its surrounding tissues.
The in vivo release rate which is a function of time as
shown in Fig. 7 is substituted t§x,y,t) in Eq. (1). As can
be seen from Fig. 6, the experimental time course of the
drug concentration in the vitreous body is similar to the  The present pharmacokinetic model of intravitreal drug
calculated profiles although the deviation is observed delivery is used to predict the clinical performance of the
around 30—-40 days and beyond 100 days. This deviationreservoir-type ganciclovir delivery system reported in the
is probably due to back diffusion of ganciclovir from the literature [11]. We assume that the physicochemical proper-
surrounding tissues most likely the retina and choroid to the
vitreous body since the in vivo release of ganciclovir during
30-40 days and beyond 100 days after implantation is mean vitreous concentration and fraction of elimination across three elim-
almost negligible as shown in Fig. 7. The back diffusion ination pathways as a function of the site of implantation of reservoir-type
was not considered in the present pharmacokinetic model.delivery system
The deviation in the low concentration as shown in Fig. 6 site of im- Mean vitreous Fraction of elimination
may not cause any significant misunderstanding on pharma-plantation concentration
cological or toxicological effects. The highest concentration (Fig. 1) (ng/mi)
appeared both in the in vivo and calculated profiles around
70 days after implantation is caused by the late stage burst-
ing release due to bulk erosion of the polymer as can be Anterior 8.61 0.380 0.096 0.524
expected from the in vivo release profile (Fig. 7). This phe- center 8.26 0.275 0.042 0.683
. . . . Posterior 5.12 0.137 0.019 0.844
nomenon was not clearly observed in the original in vivo

3.2. Comparison with clinical data

Table 2

Posterior Lens Retina/
chamber choroid
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puter simulation based on the present pharmacokinetic
1007 ) model of intravitreal drug delivery.
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