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1 Introduction 

Neovascular age-related macular degeneration (nAMD) is the leading cause of 
irreversible central blindness in the industrialized world [1–3]. The retina is the  
innermost light-sensitive layer of the eye (see Fig. 1). The retina receives images 
refracted through the cornea and lens, converting them into electric signals that are 
transmitted to the brain via the optic nerve. Most of the central vision is processed 
by the macula, which is a narrow region of the retina directly posterior to the lens. 
The retinal pigment epithelium (RPE), Bruch’s membrane and choroid are the tissue 
layers directly opposed and peripheral to the retina (see Fig. 1); the choroid consists 
mostly of blood vessels that transport oxygen and nutrients to the ocular tissue. 
The retina and the choroid are separated by the Bruch’s membrane [4]. In nAMD, 
abnormal blood vessel growth occurs from the choriocapillaris, a layer of capillaries 
in the choroid situated immediately below the Bruch’s membrane, under the macula, 
resulting in choroidal neovascularization. These newly formed blood vessels leak 
blood, lipids, and serum into the retinal layers causing the macula to bulge or elevate 
from its normal position, distorting central vision [4]. 
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Fig. 1 Anatomy of the right human eye, adapted from [5] 

The risk factors and pathogenesis of nAMD are complex and not fully under-
stood. Of note, the vascular endothelial growth factor (VEGF) signaling pathway 
has been shown to be centrally involved in the 10–15% of AMD diagnoses classified 
as the neovascular type (nAMD). In this pathway, VEGF signaling ligands bind 
to different VEGF receptors to activate cellular processes that promote vascular 
permeability and growth of new vasculature [6, 7]. It is this pathway that is targeted 
in current nAMD therapies, often in the form of intravitreal injections of anti-VEGF 
drugs to repress the growth of the choroidal neovascularization [8]. 

The current standard of care anti-VEGF therapeutics for the treatment of nAMD 
targets VEGF-A protein [9], and require frequent injections to maintain sustained 
chronic VEGF suppression, due to limited durability of these therapies. This dosing 
regimen creates significant treatment burden on patients, caregivers and physicians, 
consequently resulting in missed treatment visits, and lack of sustained anti-VEGF 
levels in the eye [10]. In fact, the therapeutic benefit of these drugs is suboptimal 
[11, 12]. The visual acuity results from randomized clinical studies revealed that 
despite fixed frequent (i.e., up to monthly) protocol mandated intravitreal injection 
over 1 year, 20% of patients lose visual acuity, and approximately 50% do not 
achieve clinically meaningful visual acuity [13–15]. Recent large “real-world” 
retrospective studies of nAMD further underscore the difficulty in adhering to the 
dosing regimens [16–20].
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Gene therapy based long-lasting production of anti-VEGF proteins in the eye is 
currently under clinical investigation [21], and may address some of the limitations 
of the current anti-VEGF therapies by eliminating the need for frequent injections. 
Gene therapy-based bio-factory approach delivers necessary genetic information to 
the ocular cells that enables ocular cells to continuously produce and release anti-
VEGF proteins using existing protein-making machinery in these cells. Moreover, 
this localized production and release of anti-VEGF proteins may have beneficial 
local distribution characteristics compared to existing intravitreal administration. 
When administered to the vitreous humor via injections, the anti-VEGF drug must 
first diffuse through the vitreous humor, retina and the Bruch’s membrane before 
reaching the target choroidal neovascularization. Instead, using the gene therapy 
bio-factory approach, the cells in the target tissues, such as retina, retinal pigment 
epithelium (RPE), and choroid, would produce the anti-VEGF proteins targeting the 
adjacent choroidal neovasculature. 

Following drug injections (gene therapy or anti-VEGF drug), levels of anti-
VEGF in the aqueous humor can be measured in the clinic. This is more challenging, 
however, for other posterior ocular compartments such as the retina and choroid due 
to the invasive nature of such sampling. To address this limitation, mathematical 
models have been proposed to estimate target tissue drug levels that cannot be 
assessed directly. 

Various mathematical models have been developed to study ocular pharma-
cokinetics after intraocular injections. In some models, the ocular compartments 
are described at the continuum level in two or three spatial dimensions [22–24], 
while other models adopt a less detailed approach based on lumped compartmental 
models, where the drug concentration is assumed to be uniform in space within 
each compartment [25–27]. Xu et al. [25] developed a population based approach to 
estimate the anti-VEGF drug (ranibizumab) concentration in humans in the vitreous 
humor and in the serum using experimental data of serum concentrations from 
AMD patients included in clinical trials. Hutton-Smith et al. [27] proposed a three-
compartment (retina, vitreous humor, aqueous humor) pharmacokinetic model to 
estimate intraocular permeabilities in rabbits and study the effect of drug molecule 
size. 

Here, we adapt the model by Hutton-Smith et al. [27] and calibrate it with 
human data to simulate the pharmacokinetics of anti-VEGF proteins in the human 
eye delivered by intravitreal injection or produced via the gene therapy bio-factory 
approach. The model is used to leverage the clinically measured levels of anti-
VEGF in the aqueous humor in order to estimate the anti-VEGF production rate 
in the retina using the gene therapy bio-factory approach. Next, the model is used to 
estimate the protein levels in the vitreous humor and retina starting from clinically 
measured anti-VEGF protein levels in the aqueous humor. The modeling results 
have important applications in the development of novel therapies, improving the 
understanding and prediction of dosage, durability, and dosing interval.
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2 Methods 

2.1 Mathematical Model 

We started from a model based on ordinary differential equations developed by 
Hutton-Smith et al. [27], which includes three ocular compartments: the aqueous 
humor (AQ), the vitreous humor (VIT) and the retina (RET), see Fig. 2. In this  
work, we adapted the three compartmental model to human pharmacokinetics and 
we modified it to account for the two different drug delivery systems considered in 
this work, i.e. intraocular injection and gene therapy. 

The model depicted in Fig. 2 can be formulated as a system of ordinary 
differential equations in terms of the drug concentrations in each of the three model 
compartments, denoted by CAQ(t), CVIT (t) and CRET (t). The concentrations are 
assumed to be spatially constant in each compartment and to vary with time t. Given  
the initial conditions CAQ(0), CVIT (0) and CRET (0), we solve 

.
dCRET

dt
= − S

VRET
pILM (CRET − CV IT ) − S

VRET
pRPECRET + r

VRET
, (1) 

.
dCV IT

dt
= − S

VV IT
pILM (CV IT − CRET ) − kELCV IT , (2) 

intravitreal injection 
gene therapy 
anti-VEGF 
production 

Fig. 2 Sketch of the three compartment model: aqueous humor (AQ), vitreous humor (VIT) and 
retina (RET). The black arrows represent the pathways between, in and out each compartment, 
and the corresponding model parameters. Ci is the drug concentration in the i-th compartment, for 
i = RET, VIT, AQ. The model can simulate the dynamics after an intravitreal injection by assuming 
a non-zero initial condition in the vitreous humor, i.e. CVIT (0) = c0, or can simulate the dynamics 
after a gene therapy treatment by assuming a non-zero anti-VEGF production rate r = r0 in the 
retina
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.
dCAQ

dt
= kEL

VV IT

VAQ
CV IT − CLAQ

VAQ
CAQ. (3) 

Here, Vi is the volume of the i-th compartment, for i = RET, VIT, AQ. pILM is 
the permeability of the inner limiting membrane (ILM), located between the retina 
and the vitreous humor, pRPE is the permeability of the retinal pigment epithelium 
(RPE), located between the retina and the choroid (see Fig. 1). kEL is the elimination 
rate from the vitreous humor to the aqueous humor, CLAQ is the clearance from the 
aqueous humor, and r is the gene therapy anti-VEGF production rate in the retina. 
The surface areas of the RPE and ILM are assumed to be equal to each other and 
equal to S [27]. This assumption is justified by the fact that the thickness of the retina 
is two orders of magnitude smaller than the radius of the vitreous humor chamber 
[23, 27]. For more details on the model derivation and on the definition of the model 
parameters we refer to Appendix A and Hutton-Smith et al. [27]. 

The model (1)–(3) can be used to simulate both scenarios of intravitreal injection 
and gene therapy in the following way. For intravitreal injections, Ci for i = RET, 
VIT, AQ, represent the drug concentration, e.g. ranibizumab, in each compartment, 
and can be simulated with the model by setting the initial conditions 

.CAQ(0) = CRET (0) = 0, CV IT (0) = c0 and r = 0, (4) 

where c0 is the concentration of the drug injected in the vitreous humor. For gene 
therapy, Ci for i = RET, VIT, AQ represent the concentration of anti-VEGF protein 
(produced by the retina) in each compartment, and can be simulated with the model 
by setting the initial conditions 

.CAQ(0) = CRET (0) = CV IT (0) = 0 and r = r0, (5) 

where r0 is the constant anti-VEGF production rate in the retina. 
Let’s consider now the steady state solution, i.e. the long term behavior in time 

of the system (1)–(3). Setting the time derivatives equal to zero in (1)–(3), we 
can compute the steady state values of the concentrations in the various model 
compartment as 

.CRET = r (pILMS + kELVV IT )

S (pILMpRPES + kELVV IT (pILM + pRPE))
, (6) 

.CV IT = r pILM

(pILMpRPES + kELVV IT (pILM + pRPE))
, (7) 

.CAQ = r (pILM kELVV IT )

CLAQ (pILMpRPES + kELVV IT (pILM + pRPE))
, (8)
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where the overbar indicates the steady state solution. Note that, in the intravitreal 
injection scenario, we have that r= 0, thereby implying that the steady state solution 
is .CAQ = CRET = CV IT = 0. In other words, after a long time from the 
intravitreal injections, the drug is totally washed out from the eye. Conversely, in 
the gene therapy scenario, we have that r = r0 and the model reaches a steady state 
that consists of a non-zero equilibrium .CAQ (r0) , CRET (r0) , CV IT (r0) > 0. In  
other words, after a long time from the beginning of the gene therapy treatment, 
the production of anti-VEGF in the retina is capable of sustaining a constant 
concentration of anti-VEGF protein in each compartment. Note that Eqs. (6)–(8) are  
derived under the assumption that the retinal production rate r is known. However, 
in the experimental setting, this is not the case, as r cannot be measured directly; the 
anti-VEGF concentration in the aqueous humor, on the other hand, can be accessed 
and measured. Hence, in the gene therapy bio-factory approach, if we assume 
that the steady state concentration in the aqueous humor .CAQ is known (from 
experiments), we can rewrite Eqs. (6)–(8) to find the retinal production rate r = r0 
(that would yield such concentration in the aqueous humor) and the corresponding 
concentrations in vitreous humor and retina as follows 

.r0 = CAQ CLAQ (pILMpRPES + kELVV IT (pILM + pRPE))

(pILM kELVV IT )
, (9) 

.CRET = CAQ CLAQ (pILMS + kELVV IT )

S (pILM kELVV IT )
, (10) 

.CV IT = CAQ CLAQ

kELVV IT
. (11) 

2.2 Model Parameters 

The values of the model parameters are reported in Table 1. Geometrical ocular 
parameters for humans, i.e. S and Vi for i = RET, VIT, AQ, are estimated from 
existing literature. In particular, we assume VVIT = 4.85 ml and VAQ = 0.24 ml [23, 
28]. We estimated S and VRET by assuming that the vitreous humor chamber is a 
sphere of volume VVIT, the retinal thickness is 0.02 cm [23], and the human ocular 
geometrical structure is as reported in [23]. For more details on the derivation of S 
and VRET we refer to the Supporting Information of [27]. The value of the clearance 
from the aqueous humor CLAQ is based on experimental findings, assuming that 
CLAQ is equivalent to the mean aqueous humor flow rate in humans of 2.75 µl/min 
[29]. 

To estimate the elimination rate kEL from the vitreous humor to the aqueous 
humor and the permeabilities coefficients pILM and pRPE, we used experimental val-
ues of aqueous humor concentrations in humans after intravitreal injection reported
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Table 1 Parameters used for model simulations 

Parameter Value Reference 

Volume vitreous humor compartment, VVIT 4.85 ml [23, 28] 
Volume aqueous humor compartment, VAQ 0.24 ml [23, 28] 
Volume retina compartment, VRET 0.24 ml a 

Surface area, S 10.80 cm2 a 

Ratio pRPE/pILM 1.38 [27] 
RPE permeability, pRPE 1.72 × 10−8 cm/s b 

Elimination rate from vitreous to aqueous, kEL 9.58 × 10−2 1/day b 

Clearance from the aqueous humor, CLAQ 2.75 µl/min [29] 
aEstimated following [27] 
bEstimated fitting experimental data 

by Krohne et al. [30]. Krohne et al. measured concentrations of ranibizumab (anti-
VEGF drug) in aqueous humor samples extracted from 18 patients during cataract 
surgery 1–37 days after receiving a single intravitreal injection of 0.5 mg of 
ranibizumab. The mean results of triplicate measurements from [30] are reported 
in Fig. 3 (center and right panels), where the squares represent data pertaining 
to nAMD patients while the circles represent data pertaining to patients with 
diabetic macular edema and central or branch retinal vein occlusion with secondary 
macular edema. For the parameter estimation, we use all the data reported in [30] 
and normalize them with respect to the initial peak concentration of 56.1 µg/ml 
reported in [30]. The model results are normalized with respect to the maximum 
value of aqueous humor concentration attained by the model. We determine the 
parameters kEL, pILM and pRPE, similarly to [27], using the MATLAB solver 
lsqnonlin that minimizes the relative mean-square error between the normalized 
logarithmic values of model results and the experimental data [27, 31]. As initial 
guess values for the lsqnonlin we used the values kEL, pILM and pRPE estimated 
for rabbits in [27]. Additionally, in the minimization process, we assumed the ratio 
pRPE/pILM in humans to be the same as the ranibizumab (Fab) ratio reported in [27] 
for rabbits, see Table 1. 

Figure 3 shows model predicted concentrations (left) in each compartment 
computed using the parameters values reported in Table 1. The comparison between 
normalized experimentally measured (circles and squares) [30] and model predicted 
(solid line) aqueous humor concentrations are reported in arithmetic scale (center) 
and logarithmic scale (right). The model predictions are obtained under initial 
conditions (4) with c0 = 0.5/(VVIT + 0.05) mg/ml, assuming that the intravitreal 
injection has a volume of 0.05 ml [32]. After parameter estimation, the model 
predicts a drug elimination half-life in the aqueous humor of 7.23 days, in agreement 
with [30], and a concertation in the vitreous humor CVIT in the range 0 − 120 µg/ml, 
consistently with the results obtained with the mathematical model developed by Xu 
et al. [25].
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Fig. 3 Model predictions after a single intravitreal injection of 0.5 mg of ranibizumab in humans. 
Model predictions (left) for drug concentrations in each compartment. Comparison between 
experimentally measured (circles and squares) [30] and model predicted (solid line) normalized 
aqueous humor concentrations in arithmetic scale (center) and semi-logarithmic scale (right). The 
squares represent data pertaining to age-related macular degeneration (AMD) patients, while the 
circles represent data pertaining to patients with diabetic macular edema and central or branch 
retinal vein occlusion with secondary macular edema 

3 Results 

The model described in Sect. 2 is used to leverage data of drug concentration 
in the aqueous humor from a gene therapy clinical trial to estimate the retinal 
production rate during gene therapy treatment, as detailed in Sect. 3.1. In Sect. 3.2, 
we compared the model predicted ocular pharmacokinetics profiles for the monthly 
intravitreal injections treatment and the gene therapy treatment. 

3.1 Estimated Gene-Therapy Retinal Production Rate 

To estimate the retinal production rate during gene therapy treatment, we refer to 
publicly disclosed information of anti-VEGF concentration levels in the aqueous 
humor from a nAMD gene therapy clinical trial [33–35]. The clinical trial included 
five different cohorts, that received five different doses of the gene therapy treatment 
delivered subretinally, between the RPE cells and the retinal photoreceptors. After 
a month from the gene therapy treatment, a patient in the clinical trial could 
receive intravitreal injections of anti-VEGF drugs, if necessary. For this reason, we
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Table 2 Clinical data of anti-VEGF concentration in the aqueous humor 1 month after treatment, 
for the five cohorts included in the clinical trial [33–35], mean and standard deviation. Corre-
sponding mean and standard deviation of anti-VEGF retinal production rates r0 estimated using 
the mathematical model 

Cohorts 
Anti-VEGF concentration in the aqueous 
humor Retinal anti-VEGF production rate, r0 

Cohort 1 2.5(±2.1) ng/ml 0.017(±0.014) × 103 ng/day 
Cohort 2 12.8(±5.7) ng/ml 0.089(±0.040) × 103 ng/day 
Cohort 3 160.2(±87.8) ng/ml 1.116(±0.612) × 103 ng/day 
Cohort 4 249.4(±49.6) ng/ml 1.737(±0.345) × 103 ng/day 
Cohort 5 376.0(±69.7) ng/ml 2.619(±0.486) × 103 ng/day 

used the anti-VEGF level in the aqueous humor reported a month after the gene 
therapy treatment, for each cohort, before any patient would receive any additional 
treatment [33]. The mean and standard deviation of the anti-VEGF levels in the 
aqueous humor in the five cohorts, a month after the gene therapy treatment, are 
reported in Table 2. We assumed that the steady state concentrations achieved by 
the model in the aqueous humor . CAQ in eqs. Eqs. (9)–(11) to be equal to the anti-
VEGF concentrations reported in Table 2. Next, we solved Eqs. (9)–(11) with the 
parameters values reported in Table 1 to compute the retinal production rates and the 
concentrations in the retinal and vitreous humor compartments for the five cohorts. 

Table 2 reports the model predictions of retinal production rate r0 for the five 
. CAQ levels considered. For each cohort, mean values and standard deviation of the 
predictions are reported. Figure 4 shows the steady state anti-VEGF concentrations 
in the vitreous humor . CV IT and in the retina . CRET for the five . CAQ levels 
considered. The results suggest that . CAQ > 160 ng/ml (cohorts 3–5) correspond to 
. CRET > 3×104 ng/ml and r0 > 1 × 103 ng/day, while . CAQ < 160 ng/ml (cohorts 
1–2) correspond to . CRET < 0.3 × 104 and r0 < 0.1 × 103 ng/day. Moreover, since 
the model is linear, from Eqs. (9)–(11), changes in . CAQ would have a constant 
effect on the model predictions of Eqs. (9)–(11). In particular, the model suggests 
that a . CAQ increase of 1 ng/ml corresponds to a . CV IT increase of 8.5 ng/ml and a 
. CRET increase of 187 ng/ml, corresponding to an increase of 7.0 ng/day in r0. 

3.2 Intravitreal Injections vs. Gene Therapy Pharmacokinetics 

We compared the model predicted ocular pharmacokinetics of anti-VEGF proteins 
in the human eye delivered by intravitreal injection or produced via the gene therapy 
bio-factory approach delivered subretinally. For intravitreal injections, we solved 
Eqs. (1)–(3) with condition (4) and consider monthly injections of 0.5mg (assuming 
that each intravitreal injection has a volume of 0.05 ml [32]). For gene therapy, we 
solved Eqs. (1)–(3) and condition (5) with the five different retina production rates 
r0 estimated in Sect. 3.1 and reported in Table 2 (one r0 for each cohort included
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Fig. 4 Model predictions of anti-VEGF concentration in the vitreous humor and in the retina 
based on the drug concentration in the aqueous humor reported in the five different cohorts of the 
clinical trial in [33–35] 1 month after treatment 

in the clinical trial [33–35]). In both cases, we solved (1)–(3) using the method of 
matrix exponential, see Appendix B for more details. 

Figure 5 shows the comparison of the model predicted concentrations in retina 
(left), vitreous humor (center) and aqueous humor (right) compartments for the 
monthly intravitreal injection scenario (dashed black curve) and the gene therapy 
scenario (colored solid curves) in semi-logarithmic scale. For intravitreal injections, 
the simulation results show how drug concentrations in each compartment decrease 
exponentially between injections and increase again when a new injection is 
administered. For gene therapy, the model predicts that the anti-VEGF concentration 
in each compartment increases with time and reaches a steady state. In the vitreous 
humor and aqueous humor, the model predicts that drug levels after intravitreal 
injections are significantly higher than anti-VEGF levels after a gene therapy treat-
ment. However, in the retina, the concentrations of anti-VEGF after a gene therapy 
treatment with retinal production rates r0 larger than 1 × 103 ng/day (cohorts 3–5) 
are higher or equal to the drug concentrations after intravitreal injections. This is 
not the case, however, when values of r0 less than 0.1 × 103 ng/day are considered 
(cohorts 1–2). 

In-vitro, in a human umbilical vein endothelial cell, when ranibizumab con-
centrations was greater than 1.29 nM, or equivalently 61.92 ng/ml (assuming 
ranibizumab molecular weight of 48 kDa [36]), maximal inhibition of VEGF-A
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Fig. 5 Comparison of model predicted concentrations in the retina (left), vitreous humor (center) 
and aqueous humor (right) compartments for gene therapy (colored solid curves) vs monthly 
intravitreal injections (dashed black curve) in semi-logarithmic scale. The gene therapy retinal 
production rates r0 considered are based on the five different cohorts of the clinical trial in [33–35] 

proliferation was observed [37]. Our results show that retinal concentrations are 
constantly higher than the threshold of 61.92 ng/ml after intravitreal injections. In 
the gene therapy scenario, the estimated retinal concentrations levels surpass the 
threshold at most one day after treatment for all the five cohorts considered. 

4 Discussion and Conclusions 

In this work, we adapted a compartmental model of pharmacokinetics in rabbits to 
study the behavior of drugs delivered to the human eye via intravitreal injection or 
gene therapy. We have estimated permeabilities and elimination rates in the human 
eye by fitting the model to experimental data. After parameter fitting, the model-
predicted drug concertation in the vitreous humor obtained in the case of intravitreal 
injection was found to be consistent with published literature [25]. 

Next, we extended the model to study the gene therapy bio-factory approach. 
We used publicly disclosed data of anti-VEGF concentration levels in the aqueous 
humor of patients undergoing a nAMD gene therapy clinical trial, a month after the 
treatment. Using these data, we have estimated the corresponding retinal anti-VEGF 
productions rate and the concentrations in the remaining ocular compartment. 
In particular, in cohorts 3–5, with an aqueous humor concentration greater than 
160 ng/ml a month after the treatment, the model estimated a retinal production rate 
r0 > 1 × 103 ng/day.
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Finally, we compared the anti-VEGF concentrations in each ocular compartment 
delivered via monthly intravitreal injections or produced via the gene therapy bio-
factory approach. In cohorts 3–5, the model predicted gene therapy anti-VEGF 
concentrations in the retina similar or higher to the drug concentrations after 
intravitreal injections, see Fig. 5. It is important to note that, among the three 
compartments considered in this work, the retina is the one physically closest to the 
choroidal neovascularization, which is the ultimate target of the anti-VEGF protein. 
Hence, in cohorts 3–5, the model suggests that the gene therapy treatment is at least 
as efficient as the intravitreal injections in targeting choroidal neovascularization. 
These results are consistent with the findings of the nAMD gene therapy clinical 
trial presented in [35]. The patients in cohorts 3–5, 2 years after the beginning of 
the trial, exhibited stable or improved ocular anatomy, measured via central retinal 
thickness, and a 58 − 85% reduction in the number of intravitreal injections needed 
after the gene therapy treatment [35]. 

The model also suggests that a similar concentration in the retina would 
correspond to different concentrations in the aqueous humor depending on whether 
the drug was delivered via intravitreal injections or gene therapy, see Fig. 5. In  
particular, for monthly intravitreal injections, a concentration of 3 × 104 ng/ml in 
the retina would correspond to a concentration of approximately 6 × 103 ng/ml 
in the aqueous humor. However, after a gene therapy treatment, a concentration of 
3 × 104 ng/ml in the retina would correspond to a concentration of approximately 
1.5 × 102 ng/ml in the aqueous humor. This is due to a fundamental difference in 
the driving mechanisms behind the two treatments. During intravitreal injection, the 
drug is administered directly in the vitreous humor, from which it will diffuse into 
the aqueous humor. In subretinal administration of gene therapy, the anti-VEGF is 
produced within the retina and it will need to pass through the ILM and diffuse 
through the vitreous humor before reaching the aqueous humor. This dynamic 
would likely also apply to suprachoroidal administration of gene therapy, which 
may result in meaningful local levels of therapeutic protein, which are significantly 
lower in the aqueous humor, several compartments distal. Since concentrations in 
the aqueous humor can be measured in the clinic, it is important to take into account 
the treatment delivery system when interpreting the physiological implications of 
such measurements. 

The modeling effort presented in this work has limitations. First, we focused on 
anti-VEGF production via retinal cells in this work, however ocular compartments 
other than retina such as the RPE and the choroid may also play a role. The RPE 
and the choroid may contribute to the anti-VEGF ocular production after the gene 
therapy treatment [38]. More complex models incorporating these compartments, 
can be further investigated in future work. Additionally, the gene therapy treatment 
considered in this manuscript is administered in the subretinal space, between the 
RPE cells and the retinal photoreceptors, and it would be interesting to study how the 
dynamics in this additional compartment would change the ocular pharmacokinetics 
predicted by the model. A further model limitation is related to the drug elimination 
pathways that are currently accounted for. In the model the main drug elimination 
pathways are the aqueous humor outflow, via the trabecular meshwork, and the
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absorption into the choroid, neglecting more complex human ocular elimination 
pathways, such as the uveoscleral outflow, and other pathways unique to subretinal 
administered gene therapy. Importantly, gene therapy remains a nascent procedure 
and assumptions of constant production of anti-VEGF r may not hold true. 

Despite its limitations, this modeling effort may enable to estimate therapeutic 
protein levels in ocular compartments that are challenging to access in a clinical 
setting. In the future, precision medicine aided by these mathematical models may 
be used to enhance the understanding and prediction of key pharmacokinetic param-
eters such as dosage, durability and dosing interval. Further study is warranted. 
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Appendices 

Appendix A: Model Derivation 

We report here additional details on the derivation of the model presented in [27] and 
described by Eqs. (1)–(3). In the model, three ocular compartments are considered: 
the aqueous humor, the vitreous humor and the retina. For each compartment, the 
mass conservation law is used to describe the dynamics of the amount of drug at 
time t as follows 

.
dmRET

dt
= −JILM − JRPE + r, (12) 

.
dmV IT

dt
= JILM − JEL, (13) 

.
dmAQ

dt
= JEL − JCL . (14) 

Here, mi is the amount of drug in the i-th compartment, for i = RET, VIT, AQ, and 
r is the gene therapy anti-VEGF production rate in the retina. Note that, the mass 
mi and the concentration Ci of the drug in each compartment are proportional to 
each other via mi = CiVi, for  i = RET, VIT, AQ, where Vi is the volume of the i-th 
compartment. 

In Eqs. (12)–(14), J represent the fluxes in between, in and/or out each 
compartment. In particular, JILM is the flux between the retina and the vitreous
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humor through the inner limiting membrane (ILM). The flux JILM is modeled using 
a modified version of Fick’s law as 

.JILM = S pILM

(
mRET

VRET
− mVIT

VV IT

)
= S pILM (CRET − CV IT ) . (15) 

Fick’s law assumes that the drug molecules move from the compartment with higher 
drug concentration to the compartment with lower drug concentration. Hence, JILM 
has a positive sign if CRET > CVIT , i.e. if the drug molecules are moving from the 
retina to the vitreous humor; the sign will be negative otherwise. This is the reason 
why JILM has a negative contribution to the mass conservation equation in the retina 
(12) and a positive contribution to the mass conservation equation of the vitreous 
humor (13). 

Following [27], the flux from the retina to the choroid through the retinal 
pigmented epithelium (RPE), JRPE, is assumed to be proportional to the retinal 
concentration 

.JRPE = S pRPE

(
mRET

VRET

)
= S pRPE CRET , (16) 

assuming that the choroid is a sink. 
The elimination flux from the vitreous humor to the aqueous humor JEL is 

assumed to be proportional to the mass of drug in the vitreous humor, as follows 

.JEL = kELmV IT = kELCV IT VV IT , (17) 

where kEL is the proportionality constant representing the vitreous humor elimina-
tion rate. Similarly, the clearance flux from the aqueous humor JCL is assumed to be 
proportional to the mass of drug in the aqueous humor, as follows 

.JCL = CLAQ

VAQ
mAQ = CLAQCAQ, (18) 

where .CLAQ

VAQ
is the proportionality constant representing the clearance from the 

aqueous humor per unit of volume. Note that, JRPE, JEL, and JCL are unidirectional 
flows, while JILM is bidirectional. 

Using the relation between mass and concentration, and using Eqs. (15)–(18), 
the conservation of mass Eqs. (12)–(14) can be rewritten fully in terms of the 
concentrations and are equivalent to Eqs. (1)–(3).
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Appendix B: Model Solution and Numerical Approximation 

We report here in detail the solution procedure used to solve Eqs. (1)–(3) with 
condition (4) or (5) and to obtain the results in Sect. 3.2. Equations (1)–(3) can 
be rewritten in the following vectorial/matrix form 

.
d
−→
C

dt
= A

−→
C + −→

F , (19) 

where .
−→
C (t) =




CRET (t)

CV IT (t)

CAQ (t)



 is the vector of the unknown drug concentrations in 

each compartment at time t, . 
−→
F is the right-hand side vector, and A is the following 

coefficient matrix 

.A =




− S

VRET
(pRPE + pILM) S

VRET
pILM 0

S
VV IT

pILM − S
VV IT

pILM − kEL 0

0 kEL
VV IT
VAQ

−CLAQ

VAQ



 . (20) 

Equation (19), can be solved analytically using the method of matrix exponential 
[39] and its solution is 

.
−→
C (t) = −→

C 0e
At +

∫ ∞

0
eA(t−s)−→F ds,where eAt =

∞∑

k=0

tk

k!A
k, (21) 

and .
−→
C 0 = −→

C (0) is the initial condition. In the intravitreal injection scenario, 

condition (4) can be rewritten as .
−→
C 0 =




0
c0

0



 and .
−→
F = −→

0 . In the gene therapy 

scenario, condition (5) can be rewritten as .
−→
C 0 = −→

0 and .
−→
F =





r
VRET

0
0



. To obtain 

the results in Sect. 3.2, we numerically approximate Eq. (21) by computing eAt 

via the MATLAB algorithm expm, that uses a scaling and squaring algorithm with 
a Pade approximation, and by computing the integral in (21) via the Trapezoidal 
numerical integration trapz in MATLAB [31].
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