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ABSTRACT
Purpose To determine the outward permeability of retina-
choroid-sclera (RCS) layer for different ophthalmic drugs and
to develop correlations between drug physicochemical proper-
ties and RCS permeability.
Methods A finite volume model was developed to simulate phar-
macokinetics in the eye following drug administration by intravitreal
injection. The RCS permeability was determined for 32 compounds
by best fitting the drug concentration-time profile obtained by
simulation with previously reported experimental data. Multiple
linear regression was then used to develop correlations between
best fit RCS permeability and drugs physicochemical properties.
Results The RCS drug permeabilities had values that ranged
over 3×10−6 m/s. Regression analysis for hydrophilic com-
pounds showed that more than 92% of the variation in per-
meability values can be explained by correlative models of drug
properties that include logarithm of the octanol-water partition
coefficient (LogP), protein binding (PB), number of hydrogen
bond acceptors (HBA), hydrogen bond donors (HBD), polar
surface area (PSA) and dissociation constant (pKa) as indepen-
dent variables. Regression analysis for lipophilic compounds
showed that no significant correlation can be found between
just physicochemical properties and RCS permeability.
Conclusion Using the RCS permeability obtained from this
study for different drugs, one can predict pharmacokinetics of
intravitreal drug delivery systems such as solid implants or colloidal
systems. Furthermore, the developed correlations between RCS
permeability and physicochemical properties of drugs are useful in
early drug development by predicting RCS permeability and drug
concentration in the vitreous without experimental data.

KEY WORDS computational fluid dynamic . intravitreal
injection . ophthalmic drug . physicochemical properties .
retina-choroid-sclera permeability

ABBREVIATIONS
AUC0-t area under the concentration-time curve
AUMC area under the first moment concentration-time

curve
CFD computational fluid dynamic
HBA hydrogen bond acceptors
HBD hydrogen bond donors
HPLC high performance liquid chromatography
KRCS permeability of retina-choroid-sclera membrane
LogDC logarithm of distribution coefficient at pH 7
LogP logarithm of the octanol-water partition coefficient of

the neutral form
MRT mean residence time
MW molecular weight
MLR multiple linear regression
PB protein binding
pKa ionization constant in water
PSA polar surface area
RCS retina-choroid-sclera membrane

INTRODUCTION

The aging of the general population, along with the higher
incidences of eye diseases, such as age-related macular de-
generation (AMD), diabetic retinopathy, endophthalmitis,
retinitis pigmentosa (RP) or retinal edema, has created a
need to deliver drugs to the posterior segment (i.e., retina
and choroid). Drug delivery to the posterior segment is a
challenge as most drugs fail to reach therapeutic levels in
this region after topical and systemic administration. It has
generally been observed that drugs applied topically to the
eye do not reach therapeutic levels in the posterior segment
tissues, except perhaps by way of absorption from the pre-
corneal area into the systemic circulation and redistribution
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into the retina/choroid (1). Most of the drug is cleared by the
aqueous humor flow and fails to reach a therapeutic level near
the retina. Systemic injections of drugs also yield low drug
concentrations in the eye (2). Intravitreal injection is the most
common approach used to deliver posterior levels of drugs in
humans. It offers two major advantages over systemic therapy.
First, it bypasses the blood-ocular barriers, allowing higher
intraocular drug levels than could be achieved by systemic or
topical administration. Second, it avoids many of the side
effects associated with systemic therapy.

The duration of effects of an intravitreally administered
drug depends on the retention of the injected drug at the site
of administration. Following intravitreal administration,
drug distributes within the vitreous by two different process-
es: diffusion and convection. For small to moderately sized
molecules, such as fluorescein, diffusion is the predominant
mechanism of transvitreal transport (3). Simultaneous with
drug distribution within the vitreous body, drug elimination
from the vitreous via two pathways also occurs: a) via the
retina-choroid-sclera (RCS layer); b) through the anterior
hyaloid membrane into the posterior chamber and then
elimination by aqueous drainage. Drugs eliminated pre-
dominantly through the aqueous route (path b) have longer
half-lives (15–30 h) resulting in prolonged therapeutic con-
centrations in the posterior segment tissues in comparison to
the drugs eliminated across the RCS (2–4 h) (4). Loss of
compounds eliminated primarily across the RCS is fairly

rapid because the anterior bottleneck between the lens and
ciliary body is replaced by the wide surface area of retina for
elimination. Previous studies shows that some compounds,
such as fluorescein (5) or dexamethasone (6) tend to exit
mainly via the RCS (path a). On the other hand, other
substances with poor retinal permeability, such as foscarnet,
diffuse primarily through the hyaloid membrane into the
posterior chamber and eventually into the anterior chamber
(path b) (7). The rational development of intraocular drug
delivery systems and dosing regimens for treating posterior
segment diseases require the understanding of the clearance
behaviour of drugs from the vitreous chamber. The route of
elimination from vitreous body is primarily determined by
the physicochemical properties of the drug molecules. How-
ever, there does not exist any systematic study to address the
correlation between RCS permeability and physicochemical
properties. A scientific understanding of the relationship
between drug physicochemical properties and its elimina-
tion from the eye is essential for the development of thera-
peutic agents with desired intravitreal pharmacokinetic
properties. In vitro values of RCS permeability can be deter-
mined by diffusion studies with isolated tissues (8) or by in-
vitro cell culture models (9). In addition to being laborious,
such in vitro methods do not properly capture in vivo
transport mechanisms such as active pumping. In vivo
ocular pharmacokinetic studies are challenging, because
several animals must be sacrificed for each time point in the

Fig. 1 Geometry of
the rabbit eye.
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concentration-timecurve. In thepresentwork,acomplementary
method is presented that offers a way of predicting RCS perme-
ability of drugs based only on drug properties. A CFD model
combinedwith an optimization procedure was applied to calcu-
late the RCS permeability of different drugs using previously
reported experimental data of vitreous drug distribution after
intravitreal injection in the rabbit eye; correlations between
RCS permeability and drug physicochemical properties were
then developed.

METHODS

CFD Model

In light of the importance of intravitreal drug distribution,
several mathematical models and computer simulations have
been developed to predict spatial–temporal distribution of
drug in the vitreous (10–14). Some of these models are very
detailed and require information regarding the diffusivity and
partitioning of drug in various tissues surrounding the eye
separately (i.e. retina, choroid and sclera), active pumping by
RPE, choroidal loss and also loss to conjuctival lymphatics and
episcleral veins. Since these data are not always available for
different drugs, simpler models such as one developed by
Friedrich and co-workers (11) which need fewer parameters
are more applicable. In this study, a finite volume model has
been used to find drug distribution in the vitreous humor of
the rabbit eye after intravitreal injection. The physiological
dimensions of the rabbit eye adapted in this study (Fig. 1) are
in accordance with the model presented by Missel et al.(15).
The rabbit eye was chosen because of available in vivo exper-
imental data. Key dimensions of the model appear in Table I.
Because the vitreous is symmetrical and uniform about an axis
that passes through the center of the lens and the vitreous, the
2D axis-symmetric geometry of the rabbit eye was generated.
The vitreous chamber can be generated by rotating the model
360° about the axis. An unstructured mesh with 604 cells, 939
faces and 336 nodes are used in the computational domain.

Details of the computational model are provided in the
Appendix I. In the present model, retina, choroid and sclera
were considered as a single membrane (RCS membrane) with
an average assigned permeability (KRCS) for a specified drug.
Drug clearance via the posterior rout is related to KRCS as:

n: �DrC þ v!Cð Þ ¼ Krcs � C ð1Þ
where, C is the concentration of the drug adjacent to RCS in
the vitreous, D is the diffusion coefficient of drug in the
vitreous, v! is the velocity vector of fluid flow. RCS perme-
ability, KRCS, which is the unknown parameter in the model,
is one of the major determinants of the vitreous drug concen-
tration profile. To determine the best-fit KRCS, an initial guess
for KRCS was made based on the mean vitreal residence time
of the drug (MRT). It is already known that the drugs with
lower RCS permeability are cleared more slowly from the
vitreous and therefore have higher MRT and vice versa. The
optimum value of KRCS was obtained by searching for the
minimum of the objective function, which is defined as:

y ¼
Xt¼tf

t¼ti

Cexp;t � Ct

Cexp;t

 !2

ð2Þ

where Cexp,t and Ct are the mean drug concentration in the
vitreous at time t determined by experiment and simulation
respectively. Nelder and Mead’s simplex method which is,
within reasonable limits, insensitive to a starting point was used
in searching for the minimum of y. Previously reported expe-
rimental data of intravitreal injection of drugs in the New
Zealand white (albino) rabbits was used to obtain the optimum
value of KRCS for each drug. Fig. 2 shows comparison of the

Table I Key Radii and Coordinates for the Rabbit Eye Model (Dimensions in cm)

R1 R2 X Z

Vitreous-retina boundary (inner retina- curve CD)a 0.8695857 0.7078275 0 0

Rear Lens (curve AE) 0.4786011 0 −0.4286011

Curved portion of hyaloid membrane (curve BC) 0.3836340 0.5067752 0

Intersection lens equator with hyaloid membrane (point A) 0.475 −0.37

a The shape of the posterior segment is considered to be oval with radius R1 and R2
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Fig. 2 Comparison of the predicted concentration–time profile of vitre-
ous chamber following intravitreal administration of fluorescein with previ-
ously reported experimental results.
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predicted concentration–time profile of vitreous chamber fol-
lowing intravitreal injection of fluorescein with previously
reported experimental results (37). The graphs for some other
drugs are presented in the Appendix II.

The injection volume, vitreous sampling and assay meth-
od, mean residence time (MRT) in the vitreous chamber
and duration of experiment for the selected drugs are sum-
marized in Table II. MRT was calculated as follows:

MRT ¼ AUMC
AUC0�t

ð3Þ

where AUC0-t is area under the concentration-time
curve and AUMC is area under the first moment
concentration-time curve, both calculated by the trape-
zoidal rule:

AUC0�t ¼
X

Cn�1 þ Cnð Þ=2½ � tn�1 þ tn½ � ð4Þ

AUMC ¼
X

Cn�1tn�1 þ Cntnð Þ=2½ � tn�1 þ tn½ � ð5Þ

The optimum values of KRCS for different drugs are
listed in Table III.

Correlation Between RCS Permeability and Drug
Properties

To find the correlation between RCS permeability and drug
physicochemical properties, molecular descriptors were
listed and independent variables were selected. Multiple
linear regression analysis of independent variables was then
performed to determine statistically significant relationships
between the variables and RCS permeability.

Molecular Descriptors

Eight descriptors that are known to affect biomem-
branes permeability were selected for this study: molec-
ular weight (MW), logarithm of the octanol-water
partition coefficient of the neutral form of the drug
(LogP), logarithm of distribution coefficient at pH 7
(LogDC), dissociation constant (pKa), protein binding
(PB), number of hydrogen bond acceptors (HBA), num-
ber of hydrogen bond donor (HBD), and polar surface
area (PSA). The values of these molecular descriptors for the
listed compounds in Table III were collected from http://
www.drugbank.ca. For some drug molecules, not all the phy-
sicochemical properties could be obtained and therefore they
were not included in the statistical analysis.

Selection of Independent Variables

It is known from previous studies that lipophilic com-
pounds prefer transcellular pathway while hydrophilicTa
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Table III Physicochemical Properties and RCS Permeabilities of Various Soluble Drugs in New Zealand White (Albino) Rabbits
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compounds are mainly transported via paracellular path-
way (17). Since different mechanisms contribute in each
of these two pathways, the data set was divided into two
groups based of the lipophilicity/hydrophilicity of the
drug. A measure of the lipid solubility of a drug is
usually given by its octanol/water equilibrium partition
coefficient. The partition coefficient (P) is determined by
adding the drug to a mixture of equal volumes of
octanol and water and shaking the mixture vigorously
to promote partitioning of the drug into each phase.
When equilibrium is attained, the phases are separated
and assayed for drug. P is given by:

P ¼ Coctanol

Cwater
ð6Þ

where Coctanol is concentration of drug in the octanol phase
and Cwater is concentration of drug in the water phase. Often,
the logarithm of the partition coefficient of the drug is used
(LogP). For a given drug, if Log P00, there is equal distribu-
tion of the drug in both phases; if Log P>0, the drug is lipid
soluble; if Log P<0, the drug is water soluble.

Based on this definition, the two distinct groups were con-
structed. Group I consisted of hydrophilic drugs (drugs with
negative LogP), andGroup II consisted of lipophilic drugs (drugs
with positive LogP). Correlation matrix of all the predictor

Table III (continued)

a Data obtained from www.drugbank.ca
b From reference (28)
c Obtained using formula: logD ¼ log P� log 1þ 10 PKa�pHð Þ

h i
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variables for the two groups of drugs was formed (Tables IV and
V). Multicollinearity condition that exists when independent
variables are highly correlated with each other was tested. High
values of correlation coefficients have been marked with an
asterisk in Tables IV and V. Mathematically it is an ill-defined
approach to use collinearly related parameters rather than
independent parameters in multi-linear regression. Therefore,
based on multicollinearity analysis, 2-parameter subsets of inde-
pendent variables for both groups were constructed.

Furthermore, in order to better understand the impor-
tance of each physicochemical property, the linear correla-
tion between the LogKRCS and each of the eight variables
for the two mentioned groups was determined (Table VI).
The scatter plots of LogKRCS versus significantly correlated
variables of group I are shown in Fig. 3. For the purpose of
comparison, the values of LogKRCS for group II are also
shown in Fig. 3.

Multiple Linear Regression Analysis

Multiple linear regression (MLR) models are useful: to un-
derstand which physicochemical properties have greatest

effect on the RCS permeability (KRCS); to find the direction
of the effects; and to predict RCS permeability for other
drugs not listed in the table.

In order to determine statistically significant relationships
between the independent variables and KRCS, 2-parameter
subsets of independent variables for both hydrophil and
lipophil group were constructed. Then linear regression
between LogKRCS and the two independent parameters
was performed and the best-fit models were obtained. A P-
value of 0.05 or less was considered statistically significant.
The various statistical parameters used to evaluate the mod-
el included coefficient of determination (R2), adjusted R2, F-
ratio and standard error (S.E). R2 is an indicator of how well
the model fits the data. Models with R2 value of greater than
0.9 were selected in this study. Addition of variables to a
regression equation improves R2 even in the absence of
significant predictive capability. The adjusted R2 avoids this
difficulty as it is adjusted for the degrees of freedom. Upon
addition of variables to an equation, adjusted R2 improves
only if the new variables have an additional significant
predictive capability. F-ratio is defined as the ratio of regres-
sion mean square and residual mean square.

Table IV Correlation Matrix of the Predictor Variables for Group I (Hydrophil Drugs)

LogMW LogP LogDC pKa PB HBA HBD PSA

LogMW Pearson Correlation 1

Sig. (2-tailed)

N 8

LogP Pearson Correlation −.696 1

Sig. (2-tailed) .055

N 8 8

LogDC Pearson Correlation −.787* .730* 1

Sig. (2-tailed) .021 .040

N 8 8 8

pKa Pearson Correlation −.597 .430 .891** 1

Sig. (2-tailed) .118 .288 .003

N 8 8 8 8

PB Pearson Correlation .542 .157 −.503 −.737 1

Sig. (2-tailed) .267 .766 .310 .094

N 6 6 6 6 6

HBA Pearson Correlation .896** −.831* −.715* −.476 .283 1

Sig. (2-tailed) .003 .011 .046 .233 .587

N 8 8 8 8 6 8

HBD Pearson Correlation .700 −.863** −.580 −.256 .035 .917** 1

Sig. (2-tailed) .053 .006 .132 .540 .948 .001

N 8 8 8 8 6 8 8

PSA Pearson Correlation .844** −.839** −.687 −.420 .233 .988** .964** 1

Sig. (2-tailed) .008 .009 .060 .301 .657 .000 .000

N

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)

48 Haghjou, Abdekhodaie and Cheng



RESULTS AND DISCUSSION

In order to determine KRCS for different compounds, previ-
ously reported experimental data of concentration-time pro-
files of 32 intravitreally injected drugs/drug surrogates in the
albino rabbit eye were used. A finite volume model was devel-
oped to predict the drug concentration in the vitreous after
intravitreal injection. RCS permeability for various com-
pounds was determined by minimizing the total difference

between experimental concentration and simulation predicted
concentration at all time points (Table III). The fitted value of
RCS permeability for fluorescein was consistent with previous-
ly experimental results such as Cunha-Vaz &Maurice (18) and
Araie & Maurice (5).

Different physicochemical properties that seem to have in-
fluence on biological membrane permeability were listed and
checked for multicollinearity. Since most of physicochemical
properties selected as molecular descriptors are highly

Table VI Correlation Coefficients Between KRCS and Each Physicochemical Property for Two Groups of Drugs

LogMW LogP LogDC pKa PB HBA HBD PSA

LogKRCS (Group I) Pearson Correlation −.780* .815* .827* .732* −.489 −.899** −.794* −.880**

Sig. (2-tailed) .023 .014 .011 .039 .325 .002 .019 .004

N 8 8 8 8 6 8 8 8

LogKRCS (Group II) Pearson Correlation −.074 −.037 .181 0.004 −0.103 −.360 −.331 −.245

Sig. (2-tailed) .777 .887 .486 .991 .763 .206 .248 .399

N 17 17 17 10 11 14 14 14

** Correlation is significant at the 0.01 level (2-tailed)

* Correlation is significant at the 0.05 level (2-tailed)

Table V Correlation Matrix of the Predictor Variables for Group II (Lipophil Drugs)

LogMW LogP LogDC pKa PB HBA HBD PSA

LogMW Pearson Correlation 1

Sig. (2-tailed)

N 18

LogP Pearson Correlation .483* 1

Sig. (2-tailed) .043

N 18 18

LogDC Pearson Correlation −.075 .449 1

Sig. (2-tailed) .769 .062

N 18 18 18

pKa Pearson Correlation −.526 −.344 −.185 1

Sig. (2-tailed) .079 .274 .566

N 12 12 12 12

PB Pearson Correlation .614* .280 .418 .095 1

Sig. (2-tailed) .034 .377 .176 .782

N 12 12 12 11 12

HBA Pearson Correlation .884** −.003 .066 −.342 .322 1

Sig. (2-tailed) .000 .992 .814 .277 .307

N 15 15 15 12 12 15

HBD Pearson Correlation .670** .103 .094 −.129 .458 .624* 1

Sig. (2-tailed) .006 .714 .740 .688 .135 .013

N 15 15 15 12 12 15 15

PSA Pearson Correlation .853** .096 .144 −.379 .593* .841** .810** 1

Sig. (2-tailed) .000 .734 .608 .224 .042 .000 .000

N 15 15 15 12 12 15 15 15

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)
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correlated with each other, a model including all these proper-
ties as independent variables can’t be interpreted correctly.
Therefore 2-parameter sets of non-correlated variables for each
group were constructed. The best-fit models were obtained
from regression analysis of the different sets of independent
variables for both groups. Considering a P-value of less than

0.05 and R2-value of greater than 0.9 for the models to be
statistically significant, 4 models could be constructed for hy-
drophilic compounds (Group I, Table VII). For this group,
LogP and PB were selected as the independent variables in
the first model. In the second model pKa and HBA were used.
In the third and fourth models HBAwas replaced by HBD and
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Fig. 3 Correlation between RCS permeability and physicochemical properties of drugs: (a) LogKrcs vs. Log MW, (b) LogKrcs vs. LogP, (c) LogKrcs vs.
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PSA respectively. Regression analysis showed that 99.4%,
92.7%, 92.9% and 93.4% of the variability in permeability
data can be explained by models 1, 2, 3 and 4 respectively. The
correlation between calculated RCS permeability based on
best fitting with the experimental data (Table III) and model-
predicted values based on the presented equations in Table VII
are shown in Fig. 4. Good agreement was observed between
calculated and predicted values of RCS permeability for all
four models. In Group II, KRCS showed no significant corre-
lation with any of the specified sets of physicochemical prop-
erties. This can be attributed to difference in transport
mechanisms of lipophilic and hydrophilic compounds. Across
RCS barrier, drug can be transported via two routes : trans-
cellular route and paracellular route. Lipophilic molecules
have specialized transport processes and prefer the transcel-
lular route, whereas hydrophilic molecules lacking membrane
transport processes prefer the paracellular route. However, it
is difficult to determine the fraction contributed by each
pathway (19). The transport of most of the drugs is contribut-
ed by both pathways. Nine important mechanisms for drug
transport and elimination from the RCS layer can be
addressed as: 1) passive diffusion; 2) facilitated diffusion; 3)
primary and secondary active transport; 4) transcytosis; 5)
convective transport; 6) clearance via choroidal circulation;
7) binding to melanin; 8) loss to conjuctival lymphatics and
episcleral veins; 9) drugmetabolism (20). The mechanisms of
transcellular transport include simple diffusion, facilitated dif-
fusion, active transport, and endocytosis. Therefore, RCS per-
meability of lipophilic drugs can’t be simply modelled by only
physicochemical properties selected in this study.

The correlation coefficients (R values) between KRCS and
each physicochemical property for two groups of drugs are
presented in Table VI.

Molecular weight (MW) which is often taken as the size
descriptor of choice was negatively correlated with RCS per-
meability in Group I. This was predictable, because as men-
tioned before paracellular route is the main path for hydrophilic
drugs and is mainly governed by the size and charge of the
intercellular spaces and drug molecules (17). The correlation
between LogMW and RCS permeability for Group II was
much less significant because transcellular pathway is the pre-
dominant mechanism for transport of lipophilic drugs.

LogP which is octanol-water partition coefficient and is a
measure of the lipid solubility of a drug is usually believed to
be positively correlated to tissue permeability. Although
LogP was positively correlated with LogKRCS in Group I,
it was negatively correlated with LogKRCS in Group II. This
can be explained by contribution of special transport mech-
anisms such as active transport.

Log DC, the logarithm of distribution coefficient of the
drug at physiological pH, is usually employed instead of Log
P as an estimation and/or prediction of absorptive potential.
It is known that the ionized form of a molecule is more
water-soluble and have negligible lipid solubility in compar-
ison with the unionized form. Log DC is effectively the
logarithm of the partition coefficient of the unionized form
of the drug at a given pH. The relationship between the
observed overall partition coefficient and the distribution
coefficient is given by the below equation (21):

DC ¼ Pð1� aÞ ð7Þ

where α is the degree of ionization of drug. In Group I,
LogDC was highly correlated with LogKRCS. This trend is
clearly indicated in the scatter plot shown in Fig. 3c. For
Group II a linear correlation between LogKRCS and LogDC
was not observed. This plot suggests the existence of a sagittal
relationship with maximum permeability around LogDC02.
This shows that although a degree of lipophilicity is necessary
to enter the lipid membrane, compounds that are too lipo-
philic can be trapped in the membrane and never partition
out again into the underlying aqueous environment.

HBA and HBD correlated negatively with LogKRCS. The
decreasing trend in RCS permeability with increasing the
number of hydrogen bond acceptors and donors can be seen
in Fig. 3e and f. Hydrogen bonds occur in presence of hydro-
philic functional groups (e.g., hydroxylic, carboxylic or amino
groups). If a drug molecule forms hydrogen bonds with water,
desolvation and breaking of the hydrogen bonds is required,
prior to partitioning into the cell membrane. If the number of
hydrogen bonds between the drug and water is high, too much
energy is required and there will be minimal drug transport
across the membrane, leading to longer residence time in the
vitreous cavity.

Table VII The Best-Fit Equations for Prediction of RCS Permeability-Group I

Model Best-fit equationa,b R2 Adj. R2 F S.E Sig.

1 LogKRCS0−3.433(0.156)+1.214(0.064)LogP−0.020(0.002)PB 0.994 0.989 235.393 0.117 0.001

2 LogKRCS0−6.303 (0.498)+0.098(0.034)pKa −0.112(0.022)HBA .927 .898 31.942 0.353 0.001

3 LogKRCS0−7.189(0.383) +0.141(0.031)pKa −0.124(0.024)HBD 0.929 0.901 32.728 0.349 0.001

4 LogKRCS0−6.600(0.435)+0.110(0.032)pKa −0.005(0.001)PSA .934 .907 35.286 0.337 0.001

a Values in parenthesis indicate the standard error
b All parameters used in equations are dimensionless except KRCS (m/s) and PSA (Å2 )
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PSA, which is defined as the surface over all polar atoms,
(usually oxygen and nitrogen), including also attached
hydrogens, also negatively correlated with LogKRCS in both
groups. Fig. 3g shows a sigmoidal curve instead of a linear
one for Group I and considerably more scatter for Group II.
This is partly due to the fact that lipophilic compounds do
not show only simple passive diffusion, but are also affected
by active carriers and efflux mechanisms. Molecules with a
polar surface area of greater than about 135 Å2 showed
poor permeability in the RCS layer. This is consistent with
previous studies investigating the effect of PSA on perme-
ability of other tissues such as intestinal and brain (22,23).

CONCLUSION

In this study, first the outward RCS permeabilities (vitre-
ous→blood) for 32 compounds were calculated by best
fitting the CFD model results with prior literature reports
of concentration-time profile of intravitreally administered
drugs in the Albino rabbit eyes. In the second step, the
correlation between RCS permeability and physicochemical
properties of drugs was analysed. It was found that molec-
ular weight, lipophilicity or octanol-water partition

coefficient, ionization at physiological pH, hydrogen bond-
ing capacity and polar surface area of a drug solute corre-
lates reasonably well with RCS permeability. This is
especially true for hydrophilic drugs whose main path is
through paracellular spaces and passive diffusion is the
predominant mechanism for their transport through the
cell layers. Four predictive models were suggested for
RCS permeability of hydrophilic compounds. The de-
veloped models are useful in the early phase of drug
development when experimental data is not yet avail-
able. The RCS permeability predicted by these models
could also be utilized to estimate drug concentration in
the vitreous after drug administration by intravitreal injec-
tion or intravitreal drug delivery systems such as solid implants
or colloidal systems.

Because of transcellular transport of lipophilic compounds,
no statistically significant model could be obtained for this
group if only drug physicochemical properties were considered.
Clearly, in order to develop comprehensive models capable of
predicting RCS permeation of both hydrophilic and lipophilic
compounds, further studies are needed. These models could be
useful in optimizing intravitreal dosing as well as designing drug
delivery strategies in the treatment of posterior segment
diseases.
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Fig. 4 Observed LogKrcs (best fit of finite volume model to experimental data) versus Model predicted LogKRCS (statistical correlation) according to 4
different models.
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APPENDIX I

CFD Model Construction

Governing Equations

Bulk flow through the vitreous body occurs due to the
pressure gradient from the anterior part of the eye towards
the posterior pole. This low level convective flow does not
play any significant role for the distribution of low-
molecular weight drugs. However, high-molecular weight
drugs move through the vitreous as a result of bulk flow.

In order to evaluate the convective–diffusive drug transport
within the eye, the fluid velocity was obtained by solving for
creeping flow in a porous medium using Darcy’s Law.
According to Darcy’s law, in laminar flows through porous
media, the pressure drop is proportional to velocity as:

v!¼ � Kh

μ

� �
vit
rP ða1Þ

The aqueous humor is incompressible, hence:

r: v!¼ 0 ) K h

μ

� �
vit
r2P ¼ 0 ða2Þ

where, v! is the velocity of the fluid, Kh is the hydraulic
conductivity of the vitreous gel, μ is the viscosity of the fluid,
P is the pressure, and ρ is the density. The flow is assumed to
be steady and independent of the drug concentration.

To obtain the drug distribution, the species mass conser-
vation equation was coupled with the flow field as:

@C
@t

þ v!:rC � Dr2C þ q ¼ 0 ða3Þ

where, C is the concentration of the drug, D is the diffusion
coefficient of drug in the vitreous, and q is the generation/
consumption rate of the drug. It is assumed that the drug is
not metabolized or degraded within the vitreous, so q was
set to zero.

Boundary Conditions

There are three main tissues that bound the vitreous humor:
the hyaloid membrane, lens, and RCS layer. Boundary
conditions are summarized in Table VIII.

The hyaloid membrane, which separates the vitreous
humor from the anterior segment of the eye, is a suspensory
ligament connecting lens and ciliary processes and is com-
posed of loosely packed noncollageneous protein. Following
Balachandran and Barocas (29), a flux boundary condition
has been considered to represent the loss of the drug to the
anterior segment. Assuming that the aqueous humor in the
posterior chamber is well mixed, the flux of the drug at the
hyaloid surface is expressed as:

n: �D
@C
@n

þ v!C

� �
¼ f

A
� C ¼ khy � C ða4Þ

Where f is the flow rate of aqueous humor [3 μl/min], A is
the hyaloid membrane area (1.78 cm2), and C is the concen-
tration at the hyaloid surface.

Pressure at the hyaloid membrane is considered to be the
same as that of aqueous humor, which is close to the intraoc-
ular pressure (IOP) of the eye. For a healthy eye, IOP is
generally between 15 and 20mmHg (2000–2666 Pa), whereas
for a glaucomatous eye it can rise up to 40–80 mmHg (5333–
10666 Pa) (30). In this study, pressure on hyaloid membrane is
considered to be 15 mmHg (2000 Pa) for the normal eye.

The lens is assumed to be impermeable to both flow and
the drug concentration. Therefore, at the surface of the lens
a no-flux boundary condition for concentration and no slip
boundary condition for flow have been applied.

The vitreous cavity is surrounded by several layers which
give it mechanical support. Liquid leaving the vitreous
chamber passes first through the retina, then the pigment
epithelium, then through a loose capillary bed (the choroid
and suprachoroid), then through the sclera, and finally
through the loose episeleral tissue covering the eye. For
the purpose of modelling, we have lumped the different
tissues around the vitreous into one entity (RCS layer).

The boundary condition for momentum equation can be
expressed by using Darcy’s law as below:

n: v!¼ n: � Kh

μ

� �
RCS

rP

� �
¼ n:

Kh

μ

� �
RCS

P � Pv
L

� �

¼ Kp P � Pvð Þ ða5Þ

Table VIII Summary of Boundary Conditions

Name Momentum Eq. Mass Transfer Eq.

Hyaloid
Membrane

P02000 Pa n: �DrCþ v!C
� � ¼ Khy � C

RCS n: v!¼ n: Kh
μ

� 	
RCS

P�Pv
L

h i
n: �DrCþ v!C
� � ¼ KRCS � C

Lens v!¼ 0 n: �DrCþ v!C
� � ¼ 0

Axis n: v!¼ 0 @C
@n ¼ 0
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where Kh is the hydraulic conductivity of RCS layer, μ is the
aqueous humor viscosity, P is the pressure on the RCS layer
adjacent to the vitreous, Pv is the pressure of the episcleral
tissue (27) that is 9 mmHg (1200 Pa) and L is RCS thickness.

For the concentration boundary condition, both convective
and diffusive transport of the drug from the vitreous to the
retina has been considered. Various transport processes in
RCS membrane control the movement of drug out of the
vitreous chamber. The influence of all transport mechanisms
out of the vitreous is incorporated in an unknown parameter
which is referred to as RCS permeability, KRCS, as:

n: �D
@C
@n

þ v!C

� �
¼ KRCS � C ða6Þ

Initial Condition

To model an intravitreal bolus injection of a specific value of
drug, it is assumed that the drug is injected at the center of the
vitreous chamber. This assumption is based on the method of
injection used in all the previous pharmacokinetic experi-
ments. The injected drug initially has a homogenous distribu-
tion within a spherical region. These assumptions are based
on the injection method which was mentioned in related
papers. The initial size of the spherical region is according to
the volume of injected drug. The density of the drug solution is
considered to be same as that of water i.e., 1000 kg/m3. The
initial normalized mass fraction of the drug is assumed to be 1
(normalized with respect to the concentration of the drug in
the water base) within the domain of the drug injection site
while it is 0 in rest of the vitreous. In mathematical words:

Ct¼0 ¼ 1 in the sphereical drug source
Ct¼0 ¼ 0 outside of the drug source

Model Parameters

The parameters required to solve the model are intraocular
pressure (IOP), viscosity of the aqueous humor, hydraulic
conductivity of the vitreous and RCS layer, drug diffusivity
in the vitreous and RCS permeability. Of these parameters,
two parameters depend on drug physicochemical properties
and need to be calculated. These two parameters are drug
vitreous diffusivity (D) and RCS layer permeability (KRCS).
The Stokes-Einstein equation was used to estimate drug
vitreous diffusivity;

D ¼ kT
6prη

ða7Þ

where k is the Boltzman Constant (1.38×10−23 J/K), T
is the temperature, η is the viscosity of the solvent, and

r is the solute molecule radius which was calculated
by:

r ¼ 3 MWð Þ
4pN ρ

� �1
3

ða8Þ

where MW is the solute molecular weight, N is the
Avogadro’s number and ρ is the density. Substituting
Equation a8 into Stokes-Einstein equation gives:

D ¼ kT

6pη 3 MWð Þ
4pN ρ

h i1
3

ða9Þ

Therefore, drug diffusivity is inversely proportional to
the cube-root of the molecular weight. The diffusivity of
fluorescein in the vitreous humor has been found ex-
perimentally by Araie et al.(5) to be 6×10−10 m2/s. This
value was used as base and vitrous diffusivity of other
drugs was calculated as below:

D ffi 6� 10�10 � MWfluorescein

MW

� �1
3

ða10Þ

For estimation of KRCS, an initial guess for KRCS was
made based on the mean residence time of the drug in the
vitreous. Later on the optimum value of KRCS was obtained
by minimizing the objective function y as described before.

The hydraulic conductivity of vitreous (Kh/μ)vit and RCS
membrane (Kp) were considered to be 8.4×10−11 m2/Pa.s
and 5×10−12 m/Pa.s, respectively (31).

Computer Code

CFD calculations were conducted using FLUENT software
version 12.1.4 (ANSYS, Inc., Canonsburg, PA). This code is
based on a control volume approach where the computa-
tional domain is divided to a number of cells and the
governing equations are discretized into algebraic equations
in each cell. These equations satisfy the integral conserva-
tion of the mass and the momentum over each control

Fig. 5 Velocity magnitude along the center of vitreous chamber for 604
and 2322 cells.
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volume. Geometrical models and meshing were constructed
using GAMBIT version 2.2.30.

Grid Independence Study

To check whether the size of grid is sufficient, grid size
independence study has been done. A good grid size is one
that has no influence on the results. When the grid is too fine
numerical round off errors appear and when it is too course
one could get truncation errors. Grid independence means
that the converged solution obtained from a CFD calculation
is independent of the grid density. As it is shown in Fig. 5
simulation with 604 cells and 2322 cells, creates less than 1.5%

variation in the magnitude of velocity in the centreline of
vitreous. This good agreement between the results from the
two grid levels justifies the use of 604 cells for the simulation.

Velocity and Pressure Contour

Fig. 6 Shows the predicted fluid velocity contour within the
vitreous chamber. The average velocity across the RCS
surface was 4.0×10−9 m/s, and the average velocity in the
vitreous was 7.12×10−9 m/s, which are consistent with
earlier analysis (31).

Fig. 7 Shows the pressure distribution within the vitreous.
The higher pressure specified at the hyaloid membrane

Fig. 6 Contour plot of velocity
magnitudes.

Fig. 7 Contour plot of
pressure within vitreous (Pa)
(pressure values are mentioned
relative to the pressure at
hyaloid membrane surface
which is 2000 Pa).

RCS Permeability for Ophthalmic Drugs 55



(15 mmHg02000 Pa) drives the aqueous from the hyaloid to
the outer sclera which is maintained at a venous pressure of
9 mmHg (1200 Pa). It is observed that the pressure drop
across the vitreous is about 0.5 Pa (0.004 mmHg). Therefore,
most of the pressure drop occurs in the RCS membrane.

APPENDIX II
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