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S1.1 Derivation of the relation between the mean first passage
time and the ocular half-life

The half-life, 2, /5, is the time required for a quantity that is exponentially decaying to fall to one half of
its initial value. In the context of this paper, the ocular ¢/, characterises the drug’s rate of elimination.
In experimental studies, ¢ /o is usually calculated using the coefficients of the exponential curve fitted to
the collected concentration data, using concentration in the aqueous as a proxy for concentration in the

vitreous™. Here, we derive an equation to link the mean first passage time (MFPT) with t; /2-

Let ¢(t) be the total quantity of drug inside the vitreous at time ¢, for a specified injection site g, and
co, the initial concentration of drug averaged throughout the vitreous. The proportion of drug remaining
in the eye at time ¢ is %t)) Let T, a random variable, be the first passage time for an injection at location

@o. Treating all drug molecules as equivalent (so considering the proportion of drug exiting instead of the

probability of one particle exiting), we have

t
Prob(T > t) = Proportion of drug remaining at time ¢t = ﬂ
€o

Thus

Prob(T <t)=1-— @,
co
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and hence

Prob(T € [t, ¢ + 8t]) = Prob((T < t + 6t) N (T # 1))

= Prob(T" < t + dt) — Prob(T < ?)
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where the last line was obtained using a Taylor approximation around ¢ and ét is a small time increment.

Therefore, by taking the limit 6¢ — 0, the probability density function for the first passage time T is

1 de(?)
Co dt

fr(t) =

)

for the previously specified initial injection location xg. By definition of the mean first passage time, 7 is

the expected value of the first passage time, so that

T:/ t(—ldc>dt:1 cdt, (S1.1.1)
0 co di co Jo

assuming ¢ — 0 faster than 1/¢ as ¢ — oo, which is justified as we are expecting a behaviour similar to an

exponential decay for ¢(t).

For ¢(t) decreasing exponentially, with initial concentration ¢y, the drug concentration can be expressed
as

c(t) = cpe ™, (S1.1.2)
where A is the decay rate constant. The corresponding half-life is

In2

Using equations (S1{1.2]) and (S1{1.3) in equation (S1{1.1)), we obtain

L [= At 1 t1/2
= — TVt = — = ——.
i co Jo e A In2
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Figure S1.1.1: Initial condition for the diffusion simulation for an injection at the back of the vitreous in the
human eye. The parameters used to produce this plot are in Table 1 and Table 3, with the geometry of the
human eye illustrated in Figure 2.

Measure Fab | IgG
MFPT (days) 9.22 | 15.31
t1/2 estimated using the MFPT (days) 6.39 | 10.61
t1 /2 estimated from the diffusion simulation and fitted exponential (days) 5.73 | 9.61
Relative error (%) 11.5 | 10.4

Table S1.1.1: Relevant quantities for the validation of equation (S1{1.4).

Hence, for a concentration decreasing exponentially at all time, the relation between the MFPT and the
ocular half-life is

t1/2(x0) = (In2)7(x0), (S1.1.4)

where x¢ is the injection location.

To obtain equation (Sl, we made the assumption that ¢(t) was decreasing exponentially at all time.
To support the justification of this assumption, we have solved the diffusion equation for an injection of 0.5
mg of drug in 50 pl liquid?%28 centered on the optical axis at the back of the vitreous, in the human eye
model, for a Fab and an IgG molecule format (see Figure [SI.I.1). The details of these simulations (and
the material required to reproduce the figures) are in the Github: https://github.com/patricia-lamy/
MFPT-ocular-drug-delivery. The solutions are illustrated in Figure where the quantity of injected
drug in the vitreous varies with time due to the drug clearance. We fitted an exponential decay function and
obtained the decay rate to directly measure the ocular half-life associated with this setting. The logarithmic
scale results in Figure demonstrate how close the exponential fits are to the numerical solutions. The

results are summarised in Table SL.1.1]

In Table|S1.1.1} the ¢, /5 estimated with the MFPT (using equation (S1]1.4))) was obtained assuming that the


https://github.com/patricia-lamy/MFPT-ocular-drug-delivery
https://github.com/patricia-lamy/MFPT-ocular-drug-delivery
https://github.com/patricia-lamy/MFPT-ocular-drug-delivery
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Figure S1.1.2: Numerical solutions of the diffusion simulations for an injection at the back of the eye in the
human eye, for a Fab (left) and an IgG (right) molecule, with the fitted exponential decay function used
to calculate directly the ocular half-life. The second row shows the results on a logarithmic scale, to better
compare the exponential fits.
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quantity of drug leaving the vitreous followed an exponential decrease, whereas the second #; /5 was obtained
by fitting an exponential function to the decrease of drug quantity over time. In experimental settings, where
the quantity or concentration of drug is measured over time, the half-life is obtained by the second method,
i.e. by fitting an exponential function and extracting its decay rate. Hence, we considered the ¢ 5 derived by
the diffusion simulation to be more representative of the experimentally measured ¢, o. For an injection site
at the back of the eye (which provided the largest discrepancy), we obtained differences of 10.4% and 11.5%
between the two measures, for an IgG and a Fab molecule respectively. Considering the high uncertainty on
the permeability parameters, obtained from rabbit data, we did not expect our model to have the ability of
estimating the ocular half-lives with a great precision and consider a 10% relative error introduced by our

modelling framework to be acceptable.

S1.2 Details on geometry construction

Details on geometry construction for each species

Below is a detailed description of the construction of the canonical eye model for each species, as illustrated

in Figure 2 and Figure 3 of the main text, with parameters specified in Table 3.

Human

Given experimental data for eye geometries as a function of age, we chose to consider measures for the range
of 50-95 years old, to reflect the age range of the majority of people affected by wet AMD. Using measures

from the literature, canonical parameters are given as follows:

e The vitreous chamber diameter was set to 2.255 cm'l, taking the average height and width measures
from Table 1 in Atchison et al.l for emmetropic eyes, which yields a semi-axis of a = 1.1275 cm for

the ellipsoid representing the vitreous chamber.

e The lens thickness was set to 0.3909 cm, using a linear fit for 50 year-olds from MRI measures?".

e For 50 year-olds, with the linear regression from Rosen et al.*% the lens diameter was estimated to be

0.939 cm.

e Based on in situ MRI, we set [, = 50%, i.e. we supposed that half of the lens is situated inside the

vitreous chamber cavity.
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e The optical axial length denotes the length between the retina and the cornea on the optical axis and
was set to 2.30 cm, the average measure for emmetropic eyes in Atchison et al.. The anterior chamber
depth, that is the length between the cornea and the lens, was set to 0.3276 cm?Y, using the citation’s
linear fit for 50 year-olds from MRI measures. We defined the semi-axis b as half the length on the
optical axis between the centre of the lens and retina. Subtracting the anterior chamber depth and the

anterior half of the lens thickness from the axial length, we obtained

~2.30 — (0.3276 + 0.3909/2)

b 2

cm = 0.889 cm.

e For the height of the vitreous-aqueous interface, we used the estimated ratio of vitreous-aqueous surface

area to the total surface area of 15% to define hy,, = 0.251 cm9.

We validated these ocular dimensions by comparing the vitreous volume and the retinal surface area with
measures from the literature. The canonical model’s geometry had a vitreous volume of 4.595 ml, which was
in the range of vitreous volumes measured for 50 to 95-year-olds®. The constructed geometry had a retinal
surface area of 10.963 cm?, which was within the range of retinal surface areas measured in the literature.
Finally, we validated the geometry by comparing it with an in situ MRI of a human eye, as illustrated in

Figure 3.

Cynomolgus monkey

e The lens diameter was set to 0.75 cm, taking the mean of the second group of cynomolgus monkeys

considered by Manns et al.“%, which included lenses from ‘older donors’.
e The lens thickness was set to 0.351 cm, taking the mean value of Choi et al.®.

e Based on the longitudinal section of a cynomolgus monkey eye, we set the proportion of the lens inside

the vitreous chamber cavity I, to be 50%*.

e The anterior chamber depth was set to 0.309 cm®, and the optical axial length was set to 1.841 cm'®.
The semi-axis b for the vitreous chamber ellipsoid was obtained by subtracting the anterior chamber

depth and half of the lens thickness from the optical axial length, i.e.

~ 1.841 — (0.309 + 0.351/2)
B 2

b cm = 0.678 cm.

e The height of the vitreous-aqueous interface was set to 0.163 cm, so that the ratio of the surface of
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the vitreous-aqueous humour interface to the total surface of the vitreous ellipse was approximately

13%18.

e No experimental measure of the vitreous chamber diameter of the cynomolgus monkey was found in
the literature in order to parameterise a. We therefore used the measure of the vitreous volume from
the literature to fix a. In order to have a vitreous volume value of Vi = 2.2 cm?, we set a = 0.895

)

cm”. To fit the range of vitreous volumes of 2.0 to 2.3 ml from Atsumi et al.?, we set the range of

a € [0.855,0.915] cm.

In contrast with the other species, we could not use the vitreous volume to validate our ocular dimensions,
as we used the literature vitreous volume to define the semi-axis of the vitreous chamber width a. There-
fore, we validated the constructed geometry by comparing the model’s retinal surface area with measures
from the literature. The geometry had a retinal surface area of 6.9105 cm?, which was within the range of
retinal surface areas reported in the literature for the rhesus monkey?# (no measure could be found for the
cynomolgus monkey), which ranged between 5.8 and 9.2 cm?, with a mean of 7.30 cm?. The rhesus monkey
eyes are similar to the cynomolgus monkey eyes, with a slightly larger axial length (between 1.9 cm and 2.0
cm)*. Finally, we validated the geometry by comparing it with a sectional image of a cynomolgus monkey

eye, as illustrated in Figure 3 of the main text.

Rabbit

e In contrast to the human and cynomolgus monkey eyes, the rabbit lens has more than half of its volume
inside the vitreous chamber (see Figure 3, or see MRI of rabbit eyes in the literature®*42). Guided by
in situ MRI (see Figure 3), we applied a translation of the centre of the lens of /7 towards the centre
of the vitreous ellipse, to obtain a geometry that visually matched, with approximately 2/3 of the lens

inside the vitreous chamber.

e The lens thickness was set to 0.66 cm, the mean value of Atsumi et al.?. Its range was determined by

the range of measures reported in Atsumi et al.? and Liu and Farid“L.

e The lens diameter was set to 0.995 cm, the mean value of in situ measurements in Werner et al.43, and

its range to the standard deviation reported in the manuscript.

2l The optical axial length was set to 1.631 cm2l,

e The anterior chamber depth was set to 0.234 cm’
We set the semi-axis b as half the length on the optical axis between the retina and the portion of the
lens inside the vitreous chamber. The semi-axis b was obtained by using the lens thickness (with the

assumption that 1/3 of the lens thickness in outside of the vitreous), the anterior chamber depth, and
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the optical axial length:

, _ 1631 — (0.234 + 0.66/3)

5 cm = 0.588 cm.

We defined the range for the semi-axis b using the minimum and maximum values for the axial length,

1.28 measured a range of [0.230, 0.253] cm

the anterior chamber depth, and the lens thickness. Liu et a
for the anterior chamber depth of rabbits, and a range of [1.618, 1.672] cm for the axial length. From

these results, we obtained the lower and greater bounds for the range of the semi-axis b:

1.618 — (0.253 + 0.697/3)

bmin = 5 cm = 0.566 cm,
p 1672 (0.2230 TO66/3)

e The vitreous diameter was set to 1.8 cm, using the mean value measured in Sawada et al.?7

, and its
range determined from using the standard deviation from the mean reported in this citation, rendering

a semi-axis estimate of ¢ = 0.90 cm.

e The height of the vitreous-aqueous interface was set to 0.238 cm, so that the ratio of the surface of the

vitreous-aqueous humour interface, with the total surface of the ellipse approximately 23%%0.

The model’s geometry for the rabbit had a vitreous volume of 1.7078 ml, which fell within the range of
vitreous volumes measured in the literature (1.15-1.8 ml). The constructed geometry had a retinal surface
area of 5.4367 cm?, which was within the range of 4 to 6 ml measured experimentally®3. Finally, we validated

the geometry by comparing it with an in situ MRI of a rabbit eye, as illustrated in Figure 3.

Rat

When possible, we considered measures for adult rats (120 days-old or older) to inform the model’s con-

struction.

e We assumed that the lens was almost entirely immersed in the vitreous chamber cavity, with only a
small cap emerging in the anterior chamber. Guided by in situ MRI?, we applied a translation of
length I7/4 of the lens centre towards the centre of the vitreous ellipse to achieve a similar geometry,
so that a small cap of the lens emerged from the vitreous chamber. For simplicity, in order to define
the parameter values to construct the geometry, we considered the lens thickness to be entirely inside

the vitreous chamber.
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e The lens thickness was set to 0.387 cm, the mean from Massof and Chang?%, and its range was set

using the mean measurements from Hughes'® and Lozano and Twa'?2,

e The lens diameter was set to 0.432 cm, the mean from Massof and Chang?Y and its range was set

using the mean measurements from Hughes!# and Pe’er et al.*2.

e The optical axial length was set to 0.572 cm, taking the axial length from Hughes'4 without the corneal,
retina, choroid and scleral thickness measures. The anterior chamber depth was set to 0.062 cm‘.,
As we assumed that the lens was entirely inside the vitreous chamber, we did not need to subtract a
portion of the lens thickness from the axial length (as we did for the previous species). This yielded a

semi-axis of length
~0.572 —0.062

b
2

cm = 0.255 cm.

We defined the range of values for b using the standard deviation identified for the axial length in

Hughes14,

e The vitreous diameter was set to 0.579 cm, taking the measure of the eye width from Hughes¥, and
subtracting from it the retinal, choroid and scleral thickness on both sides of the diameter. This yielded
a semi-axis of length a = 0.2895 cm in the model. We obtained the range of values for a by taking the

standard deviation of the vitreous diameter reported in Hughes.

e The height of the vitreous-aqueous interface was initially determined by fitting our model to the in vivo
MRI of a rat” (see Figure 3), using the visible ciliary body as the end of the retina, which suggested
hye = 0.08 cm. This yielded a surface ratio of 27.42% for the vitreous-aqueous interface over the
total area of the vitreous ellipsoid, and a retinal surface area of 0.64813 cm?. As the retinal surface

o7 (

area we obtained was less than the estimated areas from the literature ranging from 0.65 cm? to

0.8 ecm?), we set h,q = 0.07 cm, to have a retinal surface area of 0.667 cm?

. Doing this, we had a
retinal surface area that fell inside the range of values identified from the literature, and a model that

visually matched the in situ MRI.

The model’s geometry had a vitreous volume of 51.827 pl, which was close to the vitreous volume of 52.4 pl
(£1.9 pl) estimated for 120 day-old rats®?. The retinal surface area also lay within the literature range, as
it was used to define h,,. Finally, we validated the geometry by comparing it with an in situ MRI of a rat

eye, as illustrated in Figure 3.
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Mouse

Given experimental data for murine eyes as a function of age, we chose to consider measures for mice of
approximately 3 months old. This was guided by the aim to have a model to compare with experimental
results from 8-week-old mice?, and constrained by the availability of measurements in the literature. All

ocular dimensions considered were measured on mice of strain C57/BL6.

e Similar to the rat, the mouse lens is almost entirely situated in the vitreous chamber cavity, with only a

small cap emerging in the anterior chamber. Guided by in situ MRS58

, we applied a translation
of a distance I7/4 of the lens’ centre towards the centre of the vitreous ellipse to achieve a similar
geometry, so that a small cap of the lens emerged from the vitreous chamber. For simplicity, in order

to define the rest of the parameters to construct the geometry, we supposed that the lens thickness

was entirely inside the vitreous chamber.

e The vitreous chamber diameter was set to 0.3236 ¢cm (¢ = 0.1618 cm), taking the mean vitreous

chamber diameter for mice aged 89 days*L.

e Inferred from the linear regression and data points for 3-month-old mice from Schmucker and Scha-
effel®® the anterior chamber depth was set to 0.0362 cm and the axial length was set to 0.3073 cm
(based on the axial length measure, from which we subtracted the corresponding retinal thickness).
Supposing that the entire lens thickness was within the vitreous body, we obtained the semi-axis b by

subtracting the anterior chamber depth from the axial length:

~0.3073 — 0.03623
- 2

b = 0.1355 cm.

e We set the lens diameter and thickness by slightly adjusting the values found in the literature to fit the
lens volume to 6.50 il for 3-month-old mice®. As there was a discrepancy between the volume and
the measure of the lens’ axes in our calculations, we decided to use the volume as reference, as it led to
the best visual match with the in situ MRI (Figure 3). It was reported that mice had lens diameters
of approximately 0.225 cm for 3-month-old mice, and lens thicknesses of approximately 0.198 cm'3Y.
We incrementally increased these values until we obtained a lens volume close to the one found in

the literature, with the constraint that the lens thickness should be less than the lens diameter, and

validating the results with the in situ MRI image (Figure 3). We obtained:

Ip = 0.240 cm

7 =0.216 cm.

10
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e A first attempt to define the height of the vitreous-aqueous interface was made by fitting our model
to in vivo MRI (Figure 4B from Schmucker and Schaeffel®¥), and resulted in h,, = 0.04 cm. This
corresponded to a surface ratio of 25% for the vitreous-aqueous interface (compared to the total surface
of the vitreous chamber ellipsoid), and a retinal surface area of 0.199 cm?. As the retinal surface area
exceeded the range of measurements found in the literature, we incrementally increased h,, until

hva = 0.05 cm, which yielded a retinal surface area of A,e; = 0.188 cm?.

The model’s geometry had a vitreous volume of 8.42 pl, which was in the range of the vitreous volume
measurements from the literature, spanning 4.4 to 12 pl. As mentioned, the retinal surface area measure-
ments from the literature was used to refine the geometry by adjusting h.,, so surface area comparisons are
not feasible. Finally, we validated the geometry by comparing it with an in situ MRI of a mouse eye, as

illustrated in Figure 3.

Details on the construction of the ensemble of human eye geometries

We used the data and the results of experimental studies to build an ensemble of human eye dimensions.
In most cases, we used the axial length and the vitreous volume measures to reconstruct the eyes, under
the assumption of constant anterior chamber depth and lens thickness, and assuming that the eye is ax-
isymmetric around the optical axis. We considered the assumption of a constant anterior chamber depth
to be reasonable, based on a weak correlation between the anterior chamber depth and the axial length“2
and based on the high individual variability of the anterior chamber depth between individuals within the
same refractive error group?. While a correlation has been identified between the lens thickness and the
axial length®%, the reported variability of the lens thickness associated with the axial length is no greater
than observed variations of lens thickness found in the population in general (regardless of axial lengths),
for example in relation to lens thickness variation with age®4. Regardless, by varying the axial length, we

obtained a range of eye dimensions covering the variability for the lens thickness and anterior chamber depth.

In all cases, we used the same method as described in Section [2] for the human eye to obtain a value of
b from the axial length measurement. When no measurement for the vitreous diameter was provided, we
used the provided vitreous volume to obtain a, with the assumption that the volume of the vitreous cham-
ber ellipsoid formed by a and b is the combination of the vitreous volume and half of the lens volume. The

different sources used different measurement and estimation methods, which are summarised in Table [S1.2.1]

11
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We directly used the measurements from Atchison et al.. From their Table 1, we took the average mea-
surement for the height (vitreous diameter measured in the sagittal plane) and the width (vitreous diameter
measured in the axial plane) as the vitreous diameter to obtain a, and we took the average length between
the axial and sagittal image for the axial length to obtain b. We used the digitised measurements of axial
lengths and vitreous volumes from the figures presented in Azhdam et al.¥, de Santana et al.1% and Zhou
et al.#! to build the rest of the eye geometries. For Zhou et al.#? we only kept the data for pathological
myopia, as there may be a discrepancy between the figure for emmetropic axial length and volume (Figure 2
of Zhou et al.#¥) and their mean and slope specified in the main text (section 3.3 of Zhou et al.%%). The
digitised data and the eye measurements of the ensemble of human eyes are provided in Supplementary 2
and in the Github repository https://github.com/patricia-lamy/MFPT-ocular-drug-delivery. After
digitising the data and taking the mean measurements available from Atchison et al.%, we obtained an en-

semble of 155 human eye models.

12
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S1.3 Results of the global sensitivity analysis on the MFPT

As described in the Methods section of the manuscript, a global sensitivity analysis was carried out in order
to assess the effect of the parameters of the model on the MFPT for an injection at location P,,. In the
human, cynomolgus monkey and rabbit eye, P,, corresponds to the midpoint of the vitreous chamber depth
along the optical axis (see Figure 2). The sensitivity analysis was performed using the eFAST sensitivity
method®%25 a variance-based method yielding the same sensitivity indices as the Sobol’ indices, but in a

more computationally efficient manner®, This was implemented with the python SAlib library®d,

Uncertainty range + 10% range

1.0 1.0
— 0.8 . 0.8 1 Species
W . g Human
5 Monkey
2 06+ o 0.6 * Rabbit
£z
=
‘w 0.4 0.4+
=
1]
@a @
*@ ‘ .
£ 0.2 o . 0.2 8
L] ¢
0 ? _ & [*]
00-e ‘ — Joole o o 0000 0
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Figure S1.3.1: Results for the global sensitivity analysis of the MFPT for a Fab molecule for an injection
location at P,,, for the human, cynomolgus monkey, and rabbit eye models. On the left, the parameters were
varied within their identified uncertainty range (see Table 3 for the geometrical parameters and Table
for the drug-dependent parameters), and on the right, the parameters were varied within a +10% range
around their model value (see Table 1 and 2). The semi-axes a and b are, respectively, the semi-major and
semi-minor axis of the vitreous chamber ellipse, [p and [ are the lens diameter and thickness, and h,, is the
height of the vitreous-aqueous humour interface, as defined in Figure 1 of the main text. The drug-dependent
parameters are the diffusion coefficient D, and the permeability parameters for the vitreous-aqueous humour
interface and vitreous-retina interface are kv, and kya, respectively.

In order to choose the right number of samples to generate, Ny, and other algorithm parameters, a conver-
gence study was performed for each set of parameters’ range, where the sensitivity indices for an increasing
large Ns were compared. Two sets of values for the nine model parameters were investigated, to assess
the model’s sensitivity to the uncertainty of the parameters (Figure left side), and to assess the rel-
ative influence of the parameters on the model’s results (Figure right side). In the first case, for
the parameters’ uncertainty range, convergence of the results could not be obtained for all nine parameters
varying. Therefore, the sensitivity analysis was first performed on the geometrical parameters, where the
non-influential parameters were set to fixed values before repeating the sensitivity analysis with the remain-

ing parameters. Based on our convergence analysis, the number of samples needed was set to Ny = 337,
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Drug-dependent parameter Uncertainty range Source
Diffusion coefficient (D) (1.01,1.13) x 1075 em?/s | Caruso et al. ™ |
Permeability of vitreous-aqueous humour interface (kva) | (1.24,3.92) x 107° em/s | Hutton-Smith"®
Permeability of vitreous-retina interface (fy,) (1.25,2.44) x 10~7 em/s | Hutton-Smith™®

Table S1.3.1: Uncertainty ranges used in the global sensitivity analysis for the drug-dependent parameters
of a Fab molecular format.

the number of harmonics to sum in the Fourier series decomposition was set to M = 4, and the maximum
frequency was set to wmax = 42. The implementation of the sensitivity analysis sampling was validated by
confirming that a dummy variable has sensitivity indices of around zero, demonstrating minimum sampling
artefact22.,

Figure shows the first order sensitivity indices, for a Fab molecule format injected at the injec-
tion point P,,, for two sets of parameter values. The total sensitivity indices are not illustrated, as they

essentially do not differ from the first sensitivity indices.

On the left-hand side of Figure the parameter values were varied within their uncertainty range
for each species: b was varied within the range of ocular values in the literature identified in Table 1, A,
within £10% of its base value (Table 1), and the drug-dependent parameters within the range identified in
Table The geometrical parameters a, {p and Ip (see Figure 1 for their definition) are not illustrated
in the left-hand side of Figure but were revealed to be of little influence (sensitivity indices <0.05,
result not shown). On the right-hand side of Figure parameters were varied within +10% of their
model value (see Table 1 and Table 2).

The global sensitivity analysis identified that, within the uncertainty range of each parameter and for an
injection at P,,, the length of the semi-axis b, as depicted in Figure 1 of the main text, was the most sensitive
for the MFPT. The global sensitivity analysis also revealed that the model is not inherently sensitive to the

permeability parameters, as their sensitivity indices were low when they varied within +10% of their values.

15



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

S1.4 Derivation of the mean first passage time for a bolus

Let Y be a random variable describing the initial position of a particle in a sphere V}, of radius r,, with Y

following a uniform distribution. Following the law of total probability,

Prob[T(Y) < 1] = m /V Prob [T'(y) < #] dV.

Introducing the survival probability P(y,t) as the probability that the particle starting at y has not yet

exited the domain by time t, it follows that®
Prob[T(y) <t] =1-P(y,1),

and the density function of the above probability distribution is given by

fly,t) = %Prob[T(y) <t]= Voz(i/b) /V 3[?’(8?1715) oV

Finally, using the definition of the mean first passage time (MFPT)

t

(V) = E[T(Y)], and (y) = /0 bt

It follows that

1

(YY) = /0 t%Prob[T(y) <t = Vol(Vy) /V T(y)dV, (S1.4.1)

where 7,(Y) is defined as the MFPT for the bolus. With the result of equation (S1/4.1J), the following propo-
sition estimates the impact of an injection bolus on the calculations of the MFPT from a specific injection

point.

Proposition 1. Under the assumption that 7(y) possesses a convergent Taylor series within the region of
the injection bolus, the MFPT for a particle starting in the sphere Vi, of radius ry centered on yp can be

expressed as

7’b2

10D’

L /V )V = i) -

Vol(Vy)
where D is the diffusion coefficient associated with the MFPT.

Proof. Under the assumption that 7(y) possesses a convergent Taylor series within the region of the injection
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bolus, the MFPT around the bolus centre y, can be expressed as

s 1 olelr o @ s
0= 3 (5 e ) (0= w0) (0 = )30~ )5

where we defined |a] = a1 + as + a3. We are interested in estimating equation (Sl7 and thus in

simplifying be 7(y)dV. By symmetry of the sphere V} around yp, we have by parity that, for |a| odd,

| -t - w3 v = o.
Vi

Let |a| be even. We define a new notation: let iy, iz, ...i| be the list of indices of the linear combination,
where they can correspond to each of the Cartesian coordinates i, j, k, and where they can be repeated. Then,
as every isotropic tensor of even rank can be expressed as a linear combination of products of Kronecker

deltas 6;;, Ogm, etc.2, it follows that
/V (y - yb)i1 oo (y - yb)i‘(q dv = A6i1i26i3i46i5i6 St Béi1i36i2i46i5ie et
b

where A, B, ... are coefficients, d;; are the Kronecker deltas, and the summation is over all possible permu-

tations of the indices.

Hence, for |a| > 4 even,

olelr olel=2 527
(M(yb)> /Vb (Y—Yp)iy - (¥ — yb)iMdV = Byi .. Oyi 83/1'21 (Yo)(Adigiy ..+ ...,

and thus

leef - || —2
Z (8(%)) /V (Y—yp)ir - (Y — yb)ide LVQT(:%)(A Qigig oo oen),

|a‘24 ayll "'yi\u| 8y73 8y,w

:O7

as, by definition of the MFPT, V27(y;) = —1/D, a constant, which is annihilated by the further derivatives.

It follows that

1 1 9%r 1
. /V Y = r(0) + 5o ) o /V = )i (3 = )V

because all other terms of the sum are zero, as shown above. Using again the fact that isotropic tensors of
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even rank can be expressed as a linear combination of Kronecker deltas™, we have that

/ (Y —Y6)i, (Y — Yb)indV = Xoiyis,
Vi

with A a constant coefficient. Without loss of generality, where we use z := (y — yp)3, and r, 0, and ¢ are

the corresponding spherical coordinates,

2m ™ Th 5 1 4
A= / 22dV = / / / (12 cos? 0) r? sin @ do df dr = ot (—0053 6) LI
Ve o Jo Jo 5 3 o 15
It follows that
1 1 3 dmr® _, rp2 1 12
dV = = v _ L R _
VOI(‘/E)) /Vb T(y) T(yb) + 2 47Trb3 15 T(yb) T(yb) + 10 D T(yb) 10D’

as required.

Hence, the MFPT for the bolus Y, defined as a sphere of radius r, centered at yp, is

7“1,2

(YY) = 7(yp) — 10D

For r, = 0.2285 c¢m, which corresponds to the standard dose volume of 0.5 ml for ranibizumab intravitreal

injections23,
’I"b2

10D

= 0.056 days,

for D = 1.07 x 1075 ¢cm?/s. For 7, = 0.3752 cm, the radius of the injection location region for the human

eye (see Figure 2 of the manuscript), the MFPT of the bolus is

sz

10D

= 0.15 days.

Hence, for the scale of injection regions we are interested in, the MFPT at the centre of the bolus is a good
estimate of the MFPT for the surrounding region, considering the MFPT ranges between 6 and 9 days in
the posterior section of the vitreous chamber. This result is limited to injection locations sufficiently away
from the boundaries, due to the assumption that the injected solution is in the shape of a sphere. The result
has been validated using COMSOL, where the average MFPT in the injection volume could be directly

calculated using numerical methods.
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S1.5 Additional figures

Results of the ensemble of human eye models, excluding pathologically myopic
eyes

Figure shows the MFPT in the ensemble of human eyes without the pathological myopia dataset,

plotted against the axial length (AL) and the vitreous volume.

T=222xV,;+4.43

T=142xAL—- 186

Format
s Fab
m IgG

T=137 % Vye+ 2.46

21 22 23 24 25 26 27 35 40 45 50 55 60 65
AL (cm) Vitreous volume (ml)

Figure S1.5.1: Numerical solution and linear regressions of the MFPT for an injection at P,,, for different
molecular formats and with parameters defined in Table 1, for the ensemble of human eye models without
pathology, plotted against the axial length (AL) and the vitreous volume.

Conditional MFPT

To obtain numerical solutions for the conditional MFPT, equations (2.3) and (2.4) were solved with parameter
values given in Table 1 for a Fab molecule, using the eye geometry for the cynomolgus monkey, rabbit, rat
and mouse (Figure 2). Figure[S1.5.2|shows the results for the conditional MFPT for particles exiting through

the vitreous-retina and vitreous-aqueous humour interfaces.
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Figure S1.5.2: Numerical solution and contour lines for the MFPT, conditional on exiting through the
vitreous-retina and vitreous-aqueous humour interfaces for a Fab molecule as a function of injection site, for
a) cynomolgus monkey, b) rabbit, ¢) rat and d) mouse eye models. The parameters for these plots are in
Table 1 and Table 3, and the geometries used are illustrated in Figure 2.
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