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Purroske. To develop a mathematical model of the unconventional outflow pathway.

MetHops. The unconventional pathway is modeled as having two key components:
the uveo-vortex and the trans-scleral pathways. The uveo-vortex pathway is modeled
using Starling’s law and the trans-scleral flow using predominately hydrostatic forces. We
include transcytosis from the choriocapillaris (CC) and collapsibility of the suprachoroidal
space (SCS) as particular features. There is considerable uncertainty in a number of model
parameter values, and we identify the most significant ones using sensitivity analysis.

Resurrs. The model successfully generates a fluid flow from anterior to posterior in the
choroidal tissue and the SCS, which also demonstrates many of the known physiological
features, including the insensitivity of the unconventional flow to fluctuations in the IOP,
albumin removal by the trans-scleral flow, and the CC as a net absorber of fluid from,
and supplier of albumin to, the choroidal tissue. The model supports the two previously
proposed mechanisms of the action of prostaglandin F,, analogues.

Concrusions. We have developed a theoretical model of the unconventional aqueous
outflow pathway that successfully captures its physiological features and elucidates the
actions of prostaglandin F,, analogues and other drugs.

Keywords: mathematical modeling, aqueous humor, unconventional outflow, glaucoma
medications, prostaglandins

t has long been well-known that most of the aqueous

humor drains from the eye via the trabecular meshwork
and the canal of Schlemm, the so-called conventional path-
way. The presence of a second outflow pathway, termed the
unconventional flow (also known as the uveo-scleral flow),
was first reported in 1903 by Leber; he observed that trac-
ers introduced into the anterior chamber of the eye could
traverse into the suprachoroidal space (SCS) between the
choroid and sclera.! However, it was not until the late 1960s
that a clear description of the unconventional outflow path-
way emerged, following a series of pioneering experiments
by Bill et al.>~7 In particular, it was noted that tracer parti-
cles travel from the anterior chamber to the SCS at a rate
200-fold greater than the reverse movement in the cynomol-
gus monkey,® and the rate is independent of particle size,

indicating a bulk flow of fluid.

Copyright 2025 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

A schematic diagram of aqueous flow is shown in
Figure 1. The ciliary epithelium, which overlies the ciliary
processes, produces aqueous, from where it flows through
the posterior chamber, anteriorly through the pupil (cyan
arrows) into the anterior chamber and exits the eye via
two distinct pathways: the conventional (green arrow) and
unconventional routes (black arrows). The conventional
flow traverses the trabecular meshwork, enters Schlemm’s
canal, and exits via the episcleral veins. The unconventional
flow, which accounts for a sizable fraction (5% to 40%) of the
total outflow,” continues posteriorly through the choroidal
tissue and leaves the eye via either the trans-scleral or uveo-
vortex routes. As a point of terminology, we avoid the term
uveo-scleral flow, because this has variably been used to
describe either the unconventional pathway as a whole or
just the trans-scleral pathway.
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Ficure 1. (Left) Schematic of the anterior segment of the eye. Aqueous humor flow in the posterior and anterior chambers is shown with
cyan arrows. The conventional outflow is indicated by the green arrow, and the unconventional pathway is marked by black arrows. (Right)
Zoom of the choroid (based on Fig. 4 by Wajer et al.3%). (Bottom) Cross-section, showing the layers of different types of vessels; top: view

of apical surface of the CC.

The trans-scleral flow is important as it removes choroidal
interstitial albumin. In other tissues, typically, the lymphatic
systems clears interstitial albumin, but this is absent in the
choroid (although the presence of lymphatics in the ciliary
body has been reported!®; however, their existence remains
controversial'!). The concentration of albumin in the aque-
ous within the anterior chamber is estimated at around only
1% of the plasma level,'*13 but, on its passage through the
tissue of the iris root, the interstitial fluid (IF) accumulates
albumin from the fenestrated capillaries of the ciliary body
stroma,'*!> meaning that, when it reaches the ciliary body,
the level of albumin is much higher, with levels as high as
74% of that in plasma being reported.'®'” In other exper-
iments, researchers have measured the albumin concentra-
tion in the uveal IF as around 10% of the plasma level in
monkeys, 30% in rabbits and 19% to 35% in humans.'8:1
Albumin from the plasma in the vessels of the choriocap-
illaris (CC) also accumulates in the IF. This is predomi-
nantly via transcytosis®® (see also the large pore system?!),
although transport through fenestrae and active transport
play a minor role.*! The trans-scleral flow is dominated
by direct (pressure-driven) flow across the sclera, although
there is also a small amount of drainage through the perivas-
cular spaces (by mechanisms still not well-understood).?2-24
Indeed, the hydraulic conductivity of sclera is quite sufficient
to account for a trans-scleral flow without invoking special
routes.®

Starling forces arise owing to a combination of local
hydrostatic and osmotic pressure digerences between blood
in the capillaries and the surrounding IF. In most capillar-
ies, the balance of these forces favors net exudation from
the vessels,?® owing to the low interstitial hydrostatic pres-
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sure. In the CC, however, the balance favors net absorp-
tion owing to the high IOP. This uveo-vortex flow into the
CC accounts for a large fraction of the total unconventional
ﬂOW.27’28

Interest in the unconventional outflow increased follow-
ing the discovery that prostaglandin F,, (PGF,,) analogues,
such as latanoprost, act by enhancing this flow, thus reduc-
ing the IOP. This class of drugs is the most frequent treat-
ment for glaucoma, and there are two hypothesized mech-
anisms of their action. The first postulates a reduced path-
way resistance through the ciliary muscle owing to either
or both of relaxing it* and opening intramuscular spaces.*®
The opening of the spaces by PGF,, analogues is thought to
be due to release of matrix metalloproteases (MMPs) from
the ciliary muscle, resulting in a degree of autodigestion of
the ciliary body extracellular matrix.>! This process results in
the appearance of extracellular spaces in the ciliary muscu-
lar tissue, which have been observed in histological samples
taken within a few days of commencing treatment.>® The
second mechanism also involves increased MMP expres-
sion, this time acting on the sclera to increase its hydraulic
conductivity, which also increases the flow.3*%

However, we note that there are other potential mech-
anisms that could play a contributory role. For example,
changes are reported in the vasculature when using PGF,,
analogues. These changes include acting as a vasoconstric-
tor or a vasodilator, but, for the eye, one of the commonest
side effects is hyperemia, which is a vasodilatory response.>
In addition, there is increased hydraulic conductance of
the capillary walls, and increases of up to three-fold have
been reported;*>** we also note that MMPs are involved in
the regulation of the endothelial hydraulic conductance.’”
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Furthermore, latanoprost causes choroidal thickening, but
the reason for this is not clear.’®

Other drugs also have an effect on the unconventional
pathway: atropine,>*° tropicamide*' (both antagonists to
the acetylcholine receptor) and epinephrine?? all enhance
the flow, whereas pilocarpine®** (an agonist to the acetyl-
choline receptor) reduces the flow. It has been proposed
that atropine and pilocarpine act by affecting the resistance
to flow through the ciliary muscle. However, these drugs
can also act on the vasculature: pilocarpine increases blood
vessel hydraulic conductance,* tropicamide reduces vessel
albumin conductance, and epinephrine decreases blood
vessel hydraulic conductance. In this article, we explore how
changes in the vasculature affect unconventional flow.

A large increase in unconventional flow is required to
reduce the IOP significantly, for the following reasons. To
reduce the IOP by 7%, we need to reduce the hydro-
static pressure drop across the trabecular meshwork and
Schlemm’s canal, IOP — ps (where p; is episcleral venous
pressure) by a larger proportion 7,%, given by 7; = IOP -
r/(IOP — p¢). The conventional outflow is proportional to
this pressure drop and thus also reduces by 7,%.% The
remainder of the aqueous flow must be taken up by the
unconventional pathway, meaning that its flow must grow
by Q.7./Q.,%, where Q. and Q, are the flows (before IOP
reduction) in the conventional and unconventional path-
ways, respectively. Thus, to achieve a moderate (say » =
20%) reduction in the IOP requires a percentage increase
in the unconventional flow that is many times greater, both
as Q./Q, is many times greater than unity and also as r;
> r. A further aim of this work is, therefore, to explore
in general the mechanisms by which unconventional flow
could be enhanced.

The unconventional drainage pathway has the counter-
intuitive property of being relatively unaffected by the
IOP3:5% This is in contrast with the conventional flow,
which increases in proportion to the difference between
the TIOP and the episcleral venous pressure. Bill,” working
on living cynomolgus monkeys, found that at a physiolog-
ical IOP (11 mm Hg) the conventional and unconventional
flow rates were 0.80 & 0.11 uL/min and 0.44 4 0.06 pL/min,
respectively, but when the IOP was increased artificially to
22 mm Hg, these rates increased to 4.18 £ 0.12 pL/min and
0.63 £ 0.08 pL/min, respectively. This change represents a
fivefold increase in the conventional flow and less than 50%
increase in the unconventional flow (Fig. 5A).

Various explanations have been proposed to explain the
insensitivity of the flow to the IOP,* which involve both
the trans-scleral and uveo-vortex flows. One possibility is
the collapsibility of the fluid domain: the collapse of the
SCS and/or ciliary muscle will increase the hydraulic resis-
tance, thereby impacting the change in flow rate,*® which
would affect the trans-scleral component of the unconven-
tional flow. Another plausible mechanism is that the pres-
sure in the CC mirrors the IOP,¥” meaning that, as the IOP
varies, there is little change in the difference in hydrostatic
plus oncotic pressure between the IF and CC, and, because
this process drives the uveo-vortex flow, this flow also does
not increase.

There are numerous theoretical models in the literature
that have been developed successfully to describe aqueous
production,*®% flow,°-> and drainage,’* and fluid flows
more generally in the eye.”>*® However, the mechanics of
the unconventional outflow pathway represents an under-
studied aspect of ocular physiology, and there remains a
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notable absence of mathematical models in this area. In
this article, we develop a novel mathematical model of this
pathway, which allows us to test rigorously the mechanisms
described above and theoretically assess the effectiveness of
potential pharmacological therapies.

MATHEMATICAL MODEL

In this section, we give an overview of the mathematical
model for a general audience. Full details of the mathemati-
cal model and its derivation can be found in the Supplemen-
tary Material, and the section Details of Mathematical Model
in the Appendix contains a shorter summary of the same
information, consisting of statements of the key modeling
assumptions and the equations that are used in the model
development, as well as the full governing equations that are
used to obtain the results presented in this article.

General Description of the Model

We model IF flow and transport of albumin in the choroidal
tissue and the SCS, a potential space between the choroid
and sclera, which is illustrated in Figure 2. IF, modeled as
a Newtonian incompressible fluid with dynamic viscosity
p and uniform absolute temperature 7, flows posteriorly
from the anterior chamber, where it has hydrostatic pres-
sure IOP, through the iris root and ciliary muscle and into
the choroidal tissue and SCS. From there, it flows out of the
eye through the sclera or via the CC. Albumin flows into the
choroidal tissue and SCS through the inlet at the anterior
choroid and leaves via advection across the sclera. There is
also exchange with the CC via both advection and diffusion.

We treat the choroidal tissue as a perfused porous
layer of tissue, permeable to IF, with (Darcy) permeabil-
ity ke (proportional to the hydraulic conductivity). Albumin
diffuses in this tissue with the diffusion coefficient D, and
is advected with the IF flow. The choroid has a prescribed
thickness, b¢, which varies from anterior to posterior, and
beo is the average thickness.

The SCS is a potential space that exists between the
choroid and sclera, which, although narrow in comparison
with both of these tissues, represents a relatively low resis-
tance pathway for IF flow.”’~> We assume (for simplicity and
modeling expedience) that this space maintains a uniform
prescribed thickness, bpy, under physiological conditions.
It is expected that the hydrostatic pressure in the SCS will
change from its physiological value during nonphysiological
conditions, such as changes in the IOP or after pharmacolog-
ical treatment. It is straightforward to separate the sclera and
the choroid during surgery, and, furthermore, the observa-
tions of Croft et al.®® show choroidal movement of between
0.1 and 1.0 mm parallel to the sclera during accommoda-
tion, both of which suggest there is little or no adhesion
between the choroid and sclera. For simplicity in this work,
we assume there is no adhesion between these surfaces.
Hence, any variation in IF pressure in the SCS or choroidal
tissue could cause the choroidal tissue to deform (the scleral
tissue is much stiffer), altering the thickness of the SCS.

As such, we assume that the actual thickness of the SCS in
nonphysiological conditions, bp, is dependent on the depar-
ture from the physiological value of the difference between
the pressure in the SCS itself and that on the apical RPE, pr
(see Equation (3) in the Appendix for a precise definition),
and we assume pp equals the IOP (but interrogate the effect
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Schematic diagram of the eye highlighting the setup and parameters used in the mathematical model. The anterior of the eye is

at the top of the diagram and the model has rotational symmetry about the vertical axis 6§ = 0. The inset zooms into the region we focus on

in the model, which is the outer part of the posterior eye.

of lower values in Fig. A1B in the Appendix). If this pressure
difference is positive and large compared with 1 (a param-
eter characterizing the elastic stiffness of the SCS), such as
might occur during conditions of raised IOP, we model the
thickness of the SCS as approximately linearly dependent on
this pressure difference. To account for small and/or nega-
tive pressure differences (as is expected in normal physi-
ological conditions), we modify the dependence to ensure
that the SCS never fully closes. With this approach the SCS
can, in principle, become arbitrarily narrow, and one could
apply a suitable threshold to demarcate regions in which
the SCS can be considered to be collapsed (an extension of
this approach could be used to facilitate understanding of
experimental observations®"). Further details on our choice
of constitutive law for the mechanical response of the SCS
can be found in the Supplementary Material.

The scleral surface of the SCS exhibits both cellular
components and extracellular matrix.®> However, it is not
clear to what extent this structure inhibits the IF flow along
this space, and so, for this reason, we adopt two approaches:
in the main text we assume that IF can flow freely within
the SCS, whereas in the Supplementary Material we also
consider the case of the IF flowing in the gaps between mate-
rial present in the space (flow through a porous medium).
We find that the predictions of the model are qualitatively
insensitive to this choice. We assume that the IF does not slip
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at the scleral and choroidal bounding surfaces of the SCS; the
use of a more general condition is discussed in the Supple-
mentary Material, where we show that the corresponding
correction to our results would be very small.

The inlet of the model incorporates the posterior end
of the ciliary body. We model the short region (approxi-
mately 3 mm) of tissue from the anterior chamber to the
inlet, which comprises the iris root and ciliary body, as flow
through a resistor with fixed resistance, R;,,, driven by a
pressure difference. Thus, the hydrostatic pressure differ-
ence between the IOP in the anterior chamber and that
at the inlet of the model (lower) equals R;., multiplied by
the volume flow rate. Albumin in the ciliary body region is
assumed to be well-mixed and we prescribe zero diffusive
flux at the inlet.

The inner surface of the choroid is bounded by the RPE,
across which the IF is pumped at a prescribed rate, gr. We
assume there is no transport of albumin across the RPE,
owing to the presence of tight junctions connecting its cells.

We model the sclera as a rigid layer with thickness, bs.
The inner surface of the sclera is assumed to be spherical
with radius Ry, and the region under consideration in the
mathematical model spans up to an angle 6, from the poste-
rior, corresponding to a distance of approximately 28.1 mm.
On its outer surface, we assume a uniform prescribed orbital
pressure, po, and albumin concentration, ¢o. IF transport
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across the sclera is modeled using Starling’s law on the
assumption that albumin is the only solute contributing to
the local osmotic pressure difference between the IF in the
choroidal tissue and that in the orbit. The hydraulic conduc-
tance is ks/(bsu), where ks is the (Darcy) permeability of
the scleral tissue, osmotic reflection coefficient is os, and
ideal gas constant is R,. Albumin transport across the sclera
is modeled by the Patlak equation®® with permeability coef-
ficient Bs.

Within the choroidal tissue, IF and albumin pass to and
from the fenestrated CC. We describe the CC as uniformly
distributed within the choroidal tissue, with surface area per
unit volume of tissue S¢¢, uniform hydrostatic pressure pcc
and albumin concentration c¢¢. The hydrostatic pressure in
the CC is assumed to be uniformly p¢c = IOP + 5 mm Hg
(and accordingly varies with the IOP, see also the section
‘Pressures’ in the Appendix).#’ IF transport across the CC
is modeled by Starling’s equation, again on the assumption
that the local osmotic pressure difference only depends on
differences in albumin concentration between plasma and
IF. In this case, the hydrostatic pressure difference tends to
force fluid out of the CC, while the osmotic pressure differ-
ence favours absorption into the CC. The hydraulic conduc-
tance is L, ¢c¢c and the reflection coefficient is o¢c. Albumin is
primarily transported by transcytosis,?® which for simplicity
we model as a diffusion-like term with albumin conductance,
P;cc. The reflection coefficient o¢e is near unity®; there-
fore, there is also little advective transport of albumin into
the CC.

The unconventional flow rate predicted by the model is
defined as the total rate of IF flow through the inlet of the
model.

Simplification of the Model

We focus on the transport along a fixed anterior—posterior
slice bisecting the eye, and we assume all variables are
independent of their circumferential position around the
eye (Fig. 2). Choroidal thickness is approximately 2% of
its anterior-posterior length, with the thickness of the SCS
being much smaller. As such, it is appropriate to assume
variations in all variables across the thickness of the SCS are
much smaller than those along the length (~28.1 mm) of the
SCS. For a given distance posteriorly, it emerges that the IF
pressures in the choroidal tissue and SCS vary negligibly in
the direction perpendicular to the sclera, and so, by conti-
nuity, these are equal, meaning that we can work in terms of
a single pressure variable, p, in both spaces, which depends
only on the distance from the inlet. Similarly, a single albu-
min concentration, ¢, may be defined in both spaces. After
simplification, the resulting system of equations, consisting
of four coupled ordinary differential equations, governs the
IF pressure, p, IF flow rate, Q (uL/min), albumin concentra-
tion, ¢, and albumin flow rate, J (mol/s). These are stated in
Equations (19)—(22) in the Appendix, with boundary condi-
tions below. We solve them using MATLAB R2024a (Math-
works), using the bvp4c solver, and present the results
herein.

Parameter Values

The model developed here is dependent on 28 parameters,

whose typical physiological values are listed in Table 1.
Three parameter values for which we have no informa-

tion are the hydraulic resistance of the iris root and ciliary
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muscle, R;,, the (Darcy) permeability of the choroidal
tissue, k¢, and the physiological thickness of the SCS, hpy.
To set these three, we assume that the pressures at the inlet
and posterior pole match those in the literature,”® and that
the flow rates of IF through the choroidal tissue and the
SCS are equal at the inlet (see also the section ‘Fluid’ in the
Appendix). The latter choice is explored in Figure A1A.

Furthermore, we could not find any value for the elas-
ticity parameter quantifying changes in the thickness of the
SCS in nonphysiological conditions, A». We choose a value
for this such that there is significant expansion or collapse
of the SCS over the range of IOP considered in this article
(5-25 mm Hg), which in turn allows us to assess whether
collapsibility of the SCS is a possible mechanism explain-
ing the observed pressure insensitivity of the unconventional
flow to the IOP.

Moreover, there are several other values listed in Table 1
that were either obtained indirectly or for which values
reported in the literature vary significantly. Details of all of
these choices are given in the section ‘Estimation of Param-
eter Values’ in the Appendix (see references in Table 1), and
we have also indicated those parameter values whose values
have a degree of uncertainty (*) or are very uncertain (**).

Sensitivity Analysis

To quantify the effect of the uncertainty in the parameter
values on the model output, we perform a global sensitiv-
ity analysis using the extended Fourier amplitude sensitiv-
ity test, eFAST.®> eFAST is a variance-based approach that
dissects output variance in the predictions using a spectral
analysis to calculate sensitivity indices (SD) for each param-
eter under consideration. These indices measure to what
degree each parameter value affects the model output. The
first-order SI describes the isolated effect of each parame-
ter, because it quantifies the reduction in variance of the
model output if that parameter were kept fixed. The total
SI captures both this first-order effect and the interaction
of the given parameter with the other parameters, because
it measures the expected variance that would remain if all
but the given parameter were fixed. The sensitivity analysis
was carried out using the MATLAB codes developed by the
group of Dr Kirschner.®® More details on the implementation
are reported in the Appendix.

RESULTS

We start by presenting the model results with the base-
line parameter set listed in Table 1, which we refer to as
the reference physiological case; we follow this with the
results of the sensitivity analysis of this solution. We will then
discuss nonphysiological cases, to examine the response
of the unconventional flow to changing conditions: first,
we impose a change in the IOP to determine how this
influences the unconventional flow; second, we change the
model parameters to investigate the postulated action of
PGF,, analogues, as well as comparing alternative explana-
tions of the action of these drugs.

Reference Physiological Case

We use the parameter values listed in Table 1 and solve the
governing equations to obtain the IF pressure and flow and
the albumin concentration, with results shown in Figure 3.
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TasLe 1. Baseline Physiological Values of the Model Parameters

Parameter Value Description

IF
n=0.7"- 103 Pas
T=37+ 273K
IOP = 15 mm Hg
Choroidal tissue
ke = 2000ks **
D=061-10""2 m?s!
be = (7.770% — 45.40% — 57.40 + 397) um

Dynamic viscosity of IF (equal to that of water at 37°C)
Absolute temperature
Physiological intraocular pressure

Darcy permeability of choroidal tissue, see section Fluid

Albumin diffusion coefficient®”-8

Thickness profile (6 is the angle in radians subtended at the center of the
eye between the point and the posterior pole),% see section Geometry

beo = 266 pm Average choroidal thickness
SCS
bpo = 2.4 pm ** Thickness of SCS in physiological conditions, see section Fluid
pr =10P * Pressure on the apical RPE, see section Pressures
Ap = 100 Pa ** Elasticity parameter, see section Pressures
Inlet
Ricy = 1.27 mm Hg/(uL/min) ** Resistance of iris root and ciliary muscle, see section Fluid
RPE
qr =3-10"8 m/s * Flow across the RPE,’%7! see section Fluid
Sclera

Thickness of the sclera,’?

bs =0.5 mm *
Ry =115-102m

0o = 140°

see section Geometry

Radius of the inner scleral surface,”® see section Geometry

Angle subtended at the center of the eye between the anterior limit of
choroid and the posterior pole of eye,69 see Figure 2 and section Geometry

Orbital pressure,74 see section Pressures

Albumin concentration in the orbit,!” see section Albumin

Darcy permeability of the scleral tissue,”> see section Fluid

Albumin reflection coefficient of the sclera,”” see section Albumin

Ideal gas constant

Albumin conductance of the sclera,”” see section Albumin

po =3 mm Hg *
co = 0.19¢¢c *
ks =5.85-10718 m?
os = 0.38
R, = 8.314 J/(mol °K)
Bs =83-1072 m/s
cC
See = 12,000 m~1#
pcc =10P +5 mm Hg *
cee = 0.66 mM
Lpcc =810 m/s/Pa **
occ =0.95*
Prec =8-10710 m/s **

Surface area of the CC per unit volume of choroid, see section Geometry
Hydrostatic pressure in the CC,¥’ see section Pressures

Albumin concentration in the blood vessels,’® see section Albumin
Hydraulic conductance of the CC,%* see section Fluid

Albumin reflection coefficient of the CC,%* see section Albumin

Albumin conductance of the CC,”” see section Albumin

Parameters whose values have a significant degree of uncertainty are denoted with *, whereas those for which we have no, or very little,
information with **. For more details on the choices of parameter values, please see the section ‘Estimation of Parameter Values’ in the
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Appendix (titles of subsections are given).

The green curve in Figure 3A shows the pressure distri-
bution in the IF, p, along the tissue of the choroid and the
SCS, which we hereinafter refer to as the choroid-SCS, and,
for comparison, the uniform pressures in the CC, p¢c (red),
the orbit, pp (cyan), and the IOP (magenta) are also shown.
As prescribed by our choice of model parameters (R, k¢
and bpy, see p. 33), the pressure is 14.2 mm Hg at the inlet
(posterior ciliary body/anterior choroid, slightly below the
IOP of 15 mm Hg), and 11.3 mm Hg at the posterior pole.
Both values are well above the orbital pressure of 3 mm Hg
owing to the high hydraulic resistance of the sclera. Our
results show that the pressure rapidly decreases over the
peripheral choroid-SCS near to the inlet, and has a near
uniform pressure distribution in the posterior part of the
choroid-SCS.

Figure 3B shows albumin concentrations, with the green
curve showing the concentration in the choroid-SCS, ¢, with
the uniform albumin concentrations imposed in the CC,
cce (red), and orbit, ¢ (cyan), plotted for comparison. The
concentration in the choroid-SCS is everywhere higher than
the orbital concentration and lower than that in the CC, and it
exhibits only a slight decrease over the peripheral choroid-
SCS, with a near uniform concentration in the posterior.

Downloaded from iovs.arvojournals.org on 04/30/2025

The overall mean concentration is 28.8% of that in plasma
(0.66 mM), (Table 1), which is within the range of 10% to
35% reported in the literature '8

In Figures 3C and 3D, we show the IF and albumin flow
rates, respectively, along the choroid-SCS. The total IF flow
rate (purple solid line), which is the sum of flows through
the choroidal tissue (dashed line) and the SCS (dotted line),
decreases toward the posterior pole. At the inlet, the over-
all IF flow rate in the choroidal tissue and that in the SCS
are equal by our choice of parameters, and the unconven-
tional flow rate equals the sum of these two rates. The value
predicted by the model has the right order of magnitude:
assuming an aqueous production rate of 2.5 pL/min, the
model predicts that the unconventional pathway accounts
for approximately 25% of the total outflow.” The albumin
flow rate (Fig. 3D) follows the same pattern as that of the IF,
decreasing as it progresses through the domain.

Figure 3E details the IF exchange between the choroid-
SCS and the surrounding compartments, specifically the CC
(red), sclera (blue), and RPE (yellow). Positive values indi-
cate flows into the choroid-SCS, whereas negative values
indicate flows out. Table 2 gives the corresponding flow
rates of IF between the compartments. IF enters the choroid—
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TasLe 2. IF and Albumin Flow Rates Predicted by the Model
Between the Choroid-SCS and Other Compartments (Negative
Values Indicate a Flow Out of the Choroid-SCS)

IF Flow Rate Albumin Flow Rate

Compartment (uL/min) (10712 mol/s)
From inlet 0.63 2.60
Into/from CC —1.61 1.06
(—0.57 enters CC by advection
1.63 leaves CC by transcytosis)
Through the sclera —1.66 —3.66
From the RPE 2.64 0

SCS from both the inlet (0.63 pL/min, 19%) and the RPE (2.64
pL/min, 81%), and leaves through the sclera (1.67 pL/min,
51%); in addition, there is a net flow into the CC of
1.67 pL/min (49%).

Figure 3F and Table 2 show the corresponding exchanges
for albumin (there is no albumin flow across the RPE,
because it is assumed to be impermeable to albumin). Thus,
albumin enters the choroid-SCS by a combination of flow
through the inlet (61%) and transcytosis from the CC (39%),
and it leaves the choroid-SCS via advection with the IF flow
into the CC (14%) and through the sclera (86%). We note that
the rate of albumin loss from the CC is 10.6 - 10~** mol/s
per eye, in good agreement with measurements of Bill in a
rabbit eye.”® Also, note that the crystalloid component of IF
flows into the CC, but the net flow of albumin is out of the
CC.

Sensitivity Analysis

As mentioned, there is a degree of uncertainty in some of
the parameter values, and to understand the potential effect
of this on the model results, we perform a global sensitiv-
ity analysis, whose output is two SI. These are plotted in
Figure 4, which shows the effect of the choice of parameter
values upon the resulting unconventional flow rate (A) and
the average albumin concentration (B). The heights of the
bars indicate the first-order (blue) and total-order (red) SI for

Unconventional flow

Sensitivity index

gm\@o@ & o 0 O S
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each model parameter. In each case, the values of the first
and total SI have similar magnitudes, suggesting that there
is little interaction between the model parameters. For those
parameter values with the highest SIs (for which we assume
that a change in their value has the most significant effect
on the output), the small black arrows show the direction of
influence; an upward-pointing arrow indicates that increas-
ing the parameter value increases the corresponding model
output.

In Figure 4A, we see that the IF flow rate is most sensi-
tive to the thickness of the SCS, bpy. This is because the
resistance of the SCS decreases as 1/b3, when this thickness
is increased, resulting in higher flow rates. Scleral (Darcy)
permeability, ks, is another important parameter: increasing
ks results in a greater trans-scleral outflow, and thus in a
larger unconventional flow rate. Pressure in the CC, pcc, also
plays an important role; increasing pcc reduces the uveo-
vortex flow into the CC, and thus the unconventional flow
rate.

Figure 4B shows that the average albumin concentration
in the choroidal tissue is most sensitive to the pressure in the
CC, pce; increasing this value results in decreasing albumin
concentration. Other important parameters are the albumin
conductance of the CC, P, ¢¢, and the flow across the RPE, gx.
Increasing gr results in a decrease of albumin in the tissue,
as the fluid that comes from the RPE is free of albumin.
Increasing P, ¢cc increases the release of albumin from the CC
and thus its concentration in the choroid-SCS. In compari-
son with the key parameters mentioned here, the remain-
ing parameters have little influence on IF flow or albumin
concentration.

Dependence of the Unconventional Flow on the
I0P

In Figure 5A, we report with dots the experimental measure-
ments by Bill> on living monkeys for the conventional
(green) and unconventional (black) routes (with dashed
straight lines drawn through these points for clarity). Our
predictions of unconventional outflow in the baseline case

Average albumin concentration

|

=
=)

Bl First-order
Bl Total-order

S
=

Sensitivity index
©
[\

e}

B IV QN

Ficure 4. Results of sensitivity analysis showing the first-order (blue) and total-order (red) sensitivities for (A) the unconventional flow
rate, and (B) the average albumin concentration across the choroid-SCS. The directions of influence for the most sensitive parameters are
indicated by the black arrows above the bars, that is, an upward (downward) arrow indicates that the flow rate/albumin concentration
increases (decreases) as the given parameter is increased. The label d is the dummy variable, which is a parameter that does not appear in
the model and hence represents a ‘negative control’ for the sensitivity analysis. In the simulations, ks is varied independently of k.
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Ficure 5. Dependence of the unconventional flow rate on the IOP. (A) Comparison of conventional and unconventional flow rates. Solid
dots: Measurements of the conventional (green) and unconventional (black) flow rates by Bill on living monkeys with best fit dashed lines
added.> Blue curve: Predictions of the model. (B) Detailed graph of predictions of the model accounting for various mechanisms. In the
table in the figure inset, the column Albumin indicates the presence or absence of albumin exchange with the vessels: + indicates that
there is exchange; — that there is not (we set o¢¢c = o5 = 0 in the model). The column SCS refers to the second mechanism: The symbols
+ and — indicate the presence or absence of a collapsible SCS, respectively. The black dashed line and blue solid curve are the same as
those appearing in (A). In both figures, the black vertical line corresponds with the episcleral venous pressure of 8.4 mm Hg and the black
horizontal line marks zero flux. Note that, as the IOP is varied, we also vary the capillary pressure pgc = IOP + 5 mm Hg and apical RPE

pressure pr = IOP.

are also reported (thick blue curve). The model predicts that
unconventional flow rate increases in a nearly linear fashion
with the IOP, and that the relationship is slightly nonlinear
at low values of the IOP, with a steeper gradient at low IOP.

Our model includes various mechanisms that control the
response of the model to a change of IOP. In particular, (1)
osmotic pressure differences owing to local differences in
albumin concentration between the plasma in the CC and
the IF in the choroidal tissue, which affects fluid exchange
across vessel walls, and osmotic pressure differences across
the sclera, which affects the trans-scleral flow, and (2) the
existence of the collapsible SCS. A strength of mathematical
modeling is that these effects can be switched on or off indi-
vidually, and this is done in Figure 5B, as indicated in the
table in the legend.

If we remove the effect of differences in albumin concen-
tration, both across the vessel walls of the CC and across the
sclera, on the IF flow (which we do by setting the reflection
coefficients for the CC and sclera (o¢¢ and o, respectively)
to zero (see dashed lines in Fig. 5B), the direction of the
flow is toward the iris root, opposite to what is observed
physiologically. This is because there is no uveo-vortex flow
in this case, because the hydrostatic pressure is higher in
the CC than it is in the choroidal interstitial tissue. Because
the resistance to outflow through the sclera is much higher
than the resistance to flow of the choroid-SCS, the IF partly
escapes through the inlet toward the ciliary body. We note
that this direction of the unconventional flow is due to the
choice of parameters in Table 1, and it can be modified by
lowering the resistance of the sclera, for instance. If the SCS
and oncotic pressure are both absent (red dashed line), the
model predicts a perfectly linear dependence of the IF flow
rate on the IOP. With the SCS present (blue dashed line), the
magnitude of the flow is greater, because the combined resis-
tance of the choroid-SCS is lower than that of the choroidal
tissue alone. The scenario changes significantly when the

Downloaded from iovs.arvojournals.org on 04/30/2025

effect of osmotic pressure differences are included (solid
curves) and the IF flows posteriorly through the inlet in the
correct direction.

We note that the predicted values of the unconventional
flow rates with no SCS (red curve, errors of 12% and 3%
at 11 and 22 mm Hg, respectively) fit the absolute values
given by Bill’s data slightly better than those with the SCS
present (blue curve, errors of 27% and 18%). However, the
slope of our predicted values with increasing IOP is notice-
ably closer to that of Bill’s data in the case with the SCS
present (between 11 and 22 mm Hg the slope of Bill’s data
is 0.0173 pL/min/mm Hg, and the corresponding slopes of
the blue (with SCS) and red (without SCS) curves are 0.0165
and 0.202 pL/min/mm Hg, respectively). Given that Bill’s
data were measured in monkeys (which have a very different
baseline IOP, 11 vs. 15 mm Hg in humans), we feel that this
slope is a more robust comparator between the approaches,
because it quantifies the unconventional flow rate in terms
of an IOP increase from a baseline value (which could vary
from individual to individual within a species).

The Use of PGF;, Analogues

We tested various possible mechanisms of unconventional
flow increase when PGF,, analogues are used. The mecha-
nisms we will consider include: lowering the resistance of
the iris root and ciliary muscle, R;.,,, increasing the scleral
hydraulic conductivity, ks, lowering the CC pressure, pcc,
and increasing the capillary hydraulic conductance, L, ¢cc. In
all cases, we consider the departure from the reference phys-
iological case, while keeping the IOP fixed at 15 mm Hg.
The standard explanation for the increase in the uncon-
ventional flow rate when using PGF,, analogues is that there
is a decrease in the resistance to the flow across the ciliary
muscular tissue, corresponding with a drop in the parame-
ter R, in our model.?:*® We show this effect in Figure 6A
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Ficure 6. Parts (A) and (B) investigate four possible mechanisms of unconventional flow increase with the use of PGF,, analogues; (C)
shows albumin concentration in one of the cases (increasing Lp.CC); (D) shows a summary of the four mechanisms. In all figures, we consider
a departure from the reference physiological case (which is shown on the left sides of A-C), that is, the SCS height is allowed to deform. (A)
Top axis (red dashed): Increase in unconventional flow rate with decreasing iris root resistance, R;c. The x-axis shows the factor by which
Rjci is reduced, with 1 being the reference physiological case and 0.5 corresponding with the reduction of R, by a factor of 2. Bottom
axis (blue solid): Unconventional flow rate increase with increasing scleral hydraulic conductivity, ks. The x-axis is the factor by which ks
is increased. (B) Top axis (red dashed): Unconventional flow rate increase as pressure in the capillaries, pec, is reduced (extreme left is the
reference physiological case, pec = IOP + 5 mm Hg; extreme right is pee = IOP + 2.5 mm Hg). Bottom axis (blue solid): Unconventional
flow rate increase with increasing hydraulic conductance of the vessel walls, L, cc. The x-axis is the factor by which we increase Ly c¢c from
the reference physiological case. (C) Albumin concentration with increasing hydraulic conductance (x-axis is the same as the bottom one
in B). The solid line is the albumin concentration at the inlet and the punctured line is the spatially averaged albumin concentration in
the choroid-SCS. (D) Summary of all four mechanisms of relative increase of the flow rate: decreasing R;., by a factor of 2, doubling kg,
reducing pee by 2.5 mm Hg and doubling L, cc. The colors of the bars correspond with the colors of the lines in A and B.

(red curve and top axis). As R, decreases, the flow rate
increases, by up to 20% when R, is decreased by a factor
of 2. However, given the large increase in unconventional
flow that is required for a significant decrease in the IOP,
this increase is unlikely to be sufficient to explain the action
of the drug. Accordingly, we seek other contributory factors
to explain the action of PGF,, analogues.

A second possible explanation is that there is an
increase in scleral hydraulic conductivity, ks. The depen-
dence of the unconventional flow rate on ks is shown in
Figure 6A (blue curve and bottom axis), indicating a 20%
increase in the flow rate if the hydraulic conductivity is
doubled.
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Next, we explore the effects of venodilation, which is an
alternative explanation for the increase in unconventional
flow, in Figure 6B. We show the increase of the unconven-
tional outflow rate when CC hydrostatic pressure is reduced
(red dashed and top axis). The pressure is reduced from
its physiological value of IOP + 5 mm Hg (left) to IOP +
2.5 mm Hg (right), which increases the unconventional flow
by only about 10%. We also show that the flow rate decreases
with increasing hydraulic conductance of the CC, L, ¢¢ (blue
curve and bottom axis). Increasing L, cc twofold decreases
the flow rate by about 2%.

A possible explanation for the reported appearance of
fluid spaces in the ciliary muscular tissue is that an increase
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of albumin in the uveal interstitial tissue results in tissue
edema. In Figure 6C, we show the corresponding concen-
tration of albumin at both the inlet and the average over
the choroid-SCS domain as hydraulic conductance of the
CC, L, cc, increases. The concentration increases with L, cc,
because the exchange of albumin between the IF and blood
is enhanced, and this effect is more pronounced at the
inlet (20% for a two-fold increase and 27% for a three-fold
increase) than the average over the choroid-SCS domain (9%
and 11%, respectively). This is because the trans-scleral flow
removes the excess albumin along the length of the choroid-
SCS, but this effect is cumulative from the inlet.

This pronounced increase in albumin concentration
explains the small decrease in unconventional flow that
is observed when increasing the hydraulic conductance,
Lycc (blue curve in Fig. 6B), because the increased albu-
min concentration increases the osmotic pressure in the
choroidal tissue, reducing the flow from the choroidal tissue
into the CC. This is despite the fact that resistance to flow of
the uveo-vortex pathway is reduced.

Figure 6D summarizes the mechanisms discussed in this
Section by showing the relative increase of the unconven-
tional flow due to the four different effects considered in
Figures 6A, 6B.

DiscussioN AND CONCLUSIONS

In this article, we have presented a new mechanistic math-
ematical model of the unconventional flow pathway in
the human eye. This model encodes the known anatom-
ical features of unconventional flow, as described in the
Section Mathematical Model, and it is encouraging that it
succeeds in capturing some of the key physiological features.

Like many mathematical models of biological systems,
our model depends on several parameters, some of which
are uncertain. To understand the impact of our choice of
parameters on the model outputs, we conducted a global
sensitivity analysis. We found that, although the quanti-
tative predictions are influenced by the specific parame-
ter set used, the qualitative behaviour remains consistent.
Importantly, the model offers a plausible explanation for
the physics underlying the unconventional flow pathway in
terms of the mechanisms of insensitivity of the flow rate
to the IOP and the mechanisms of the action of PGF,,
analogues.

Pressure Insensitivity

A key feature of the unconventional flow is that it is relatively
insensitive to the IOP® and our model similarly predicts
only a weak dependency on the IOP, as well as predict-
ing a flow of the correct magnitude and direction. Inspec-
tion of Figure 5A indicates that the relationship between the
unconventional flow rate and the IOP is fairly close to linear
(though the graph does show a slight curvature); the conven-
tional flow has a linear dependence. However, the uncon-
ventional flow is only weakly dependent on the IOP, in the
sense that increasing the IOP from 11 to 22 mm Hg induces
a relatively small percentage increase on the unconventional
flow (~32%). This is not the case for the conventional flow,
which increases in proportion to the difference from epis-
cleral venous pressure (corresponding to a 450% increase
over the same range). This large difference is a consequence
of the fact that the IOP for which the unconventional flow
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rate is zero is less than 5 mm Hg, whereas the correspond-
ing pressure where the conventional flow rate is zero is the
episcleral venous pressure of 8.4 mm Hg. This significant
difference in the pressures where the two flow rates are
zero, rather than any nonlinearity in the flow rate-IOP rela-
tionship, is the primary reason why the observed change in
the unconventional flow rate when the IOP is changed is
so small compared with the corresponding change in the
conventional flow rate. This agrees with and explains the
experimental observations of Bill.>

To explain the pressure insensitivity mechanically, we
note that there are two features of the model that, in combi-
nation, decrease the dependence of the flow rate on the
10P, as follows. First, the uveo-vortex flow (the flow into the
venous capillaries) is affected by the albumin concentration
in the IF, which is much lower than that in plasma, meaning
the resulting osmotic pressure difference acts to absorb IF
into the venous capillaries. Because the CC pressure is set
at 5 mm Hg higher than the IOP, the hydrostatic pressure
difference between the IF and blood does not change with
the IOP, because the IOP is varied, and thus the difference in
both the hydrostatic and osmotic pressures between IF and
blood do not depend strongly on the IOP, with the result
that the uveo-vortex flow does not depend strongly on the
IOP also.®

Second, the SCS is compressible, resulting in it having
a variable hydraulic resistance. When the pressure in the
SCS is low, the SCS compresses, increasing its resistance to
IF flow and tending to decrease the flow. Conversely, the
large hydrostatic pressure drop between the IOP and the
relatively low SCS pressure drives increased IF flow. When
the pressure in the SCS is high, the SCS expands, tending to
increase flow, but there is a small pressure drop, which tends
to decrease the flow. The result of these opposing mecha-
nisms is that the flow rate in this space is relatively weakly
dependent on the IOP, although our results suggest that this
effect is relatively small.

In contrast, the other components governing the uncon-
ventional flow in the model, including the flow through the
inlet resistor, choroidal tissue and the trans-scleral flow,%! are
all dependent on the IOP. However, the relative insensitivity
of the uveo-vortex flow on the IOP and the compressibil-
ity of the SCS in combination with the other components
results in a reduced overall sensitivity of the unconventional
flow rate to the IOP compared with that of the conventional
flow rate, as observed in experiments and predicted by the
model.

IOP-Lowering Action of PGF;, Analogues

This model sheds light on the mechanisms of action of PGF,,
analogues used to treat glaucoma, which work by increasing
the unconventional outflow. Our model shows that decreas-
ing the resistance of the iris root and ciliary muscle does
have some effect on the unconventional flow rate, but this
is not enough to explain the expected pressure drop fully,
suggesting that additional mechanisms are required. These
drugs are also reported to increase scleral hydraulic conduc-
tivity, and our model predicts a modest increase in uncon-
ventional flow under this condition.

We also tested two further possible mechanisms. If the
choroidal vessels dilate, the CC pressure will be reduced,
and, in these conditions, our results indicate a relatively
small increase in the unconventional flow. Furthermore,
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increasing the hydraulic conductivity of the CC has little
effect on the flow (it decreases very slightly).

It is likely that the observed IOP-lowering action of PGF,,
analogues is due to a combination of the first three mech-
anisms. We do note, however, that the current investiga-
tion is preliminary. In particular, we assumed a normal
IOP of 15 mm Hg, but in reality the drug is usually given
to patients with POAG, who have a much higher IOP.
For these patients, the unconventional outflow would be
a much higher proportion of total outflow (as the conven-
tional outflow is impaired). Further research is required to
understand fully the role of PGF,, analogues in pathological
conditions.

Other Actions of PGF;, Analogues

The observation that latanoprost causes choroidal thicken-
ing mentioned in the Introduction could be explained by
a direct action of the drug, but our model gives a possi-
ble alternative explanation for this, as follows. Because
MMPs are involved in the regulation of endothelial hydraulic
conductance, it could be that they increase the hydraulic
conductance of the CC walls sufficiently to raise the inter-
stitial albumin level, particularly near the inlet (Fig. 6C),
and such an increase is known to cause tissue edema. The
observed appearance of fluid-filled spaces in the ciliary
muscle following the use of PGF,, analogues could be due
to a similar mechanism.

It is also known that latanoprost stimulates the accumu-
lation of tracer from the anterior chamber in the cervical
lymph nodes® and that the pressure-lowering effects of
latanoprost are compromised in patients who have had their
cervical lymph nodes removed.®> We anticipate that the use
of the drug would increase the trans-scleral albumin flux.
For example, the percentage increases in the trans-scleral
albumin flux corresponding with the conditions of the four
bars in Figure 6D are, respectively, 17%, 40%, 34%, and 10%;
these are greater increases even than the increases in IF
flow, suggesting that the albumin flux could increase signif-
icantly when the drug is used. This process would result in
increased orbital albumin, which enters the orbital lymphat-
ics en route to the destination in the cervical lymph nodes.
Failure to clear this washed-out albumin in patients with
no cervical lymph nodes could result in increased albumin
concentration in the choroid-SCS. High albumin concen-
trations in the choroid-SCS would reduce the uveo-vortex
flow owing to the reduced oncotic pressure, and this could
explain the poor results of latanoprost treatment in these
patients.

The Role of Lymphatics

Although not the original goal of the model, our model does
provide some insight into the role of lymphatics. Our model
shows that the IOP-dependent trans-scleral component of
the unconventional flow effectively removes albumin from
the choroid-SCS. In this way, it takes on the role that is
undertaken by lymphatics in most other tissues (although
there have been reports of lymphatics present in the ciliary
body,'® but this has not been confirmed by others®¥). None
have been reported in the choroid, and, although tracers
from the anterior chamber have been recovered from cervi-
cal lymph nodes?* this does not mean that the site of entry
into the lymphatic system had to be in the eye. The data are
consistent with the tracers entering the lymphatic system in
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the orbit or in the conjunctiva after exiting the eye.*® The
fact that our model produces accurate predictions without
incorporating lymphatics is in line with the consensus view
that the choroid lacks a lymphatic supply.

Future Potential

There are several effects that could be worth further investi-
gation, which we mention in this section. First, as mentioned
in the Introduction, a number of other drugs can affect
the unconventional pathway, and extensions of this work
could have implications for our understanding of their
actions. Second, increasing vascular hydraulic conductance
or decreasing venous pressure is expected to enhance the
unconventional flow. There are drugs that can do this, and
it would be worth exploring their use a potential alternative
glaucoma treatments.

Third, the unconventional flow has been shown to carry
particulate tracers from the SCS to the posterior retina,® rais-
ing the possibility of a noninvasive route for drug delivery
to the back of the eye from the anterior chamber. Any agent
that can enter the anterior chamber can potentially be deliv-
ered to the posterior regions of the retina or the choroid by
the unconventional flow. Although this is currently consid-
ered unlikely,®° it is worth further consideration, and using
drugs such as those mentioned in this article to enhance the
unconventional flow would also enhance the drug delivery
along this route. A model based on the one presented herein
could be used as a starting point to understand the distribu-
tion of the agent.

Fourth, the complex physiology represented by the resis-
tor at the inlet of the model is highly simplified, and could
be explored in an extension of the model. A fraction of the
unconventional flow will leave via the vessels in the ciliary
body, as well as across the sclera in this region, and we do
not account for this.

Fifth, the pressure at the inlet might not be uniform as
there could be hotspots of outflow in the anterior cham-
ber around the collector channels, which might perturb the
pressure field there.

Sixth, in reality, the CC has a spatial distribution of pres-
sures, with higher pressures near the arterioles supplying
blood to the CC and lower pressures near the venules that
drain it, which are spaced on a typical lengthscale of 400
to 800 pm, with pressure variation between these points.®”
Given that the vessels of the CC have large diameters of
about 20 pm compared with typical capillary vessels, and
that the pressure drop needed to drive channel flow scales
as the third power of the channel width, we would expect
the pressure variation within the CC to be small in compar-
ison with that in other capillary beds.

Seventh, saccades of the eye would affect the fluid pres-
sures therein due to the acceleration, and we have not
accounted for these in our model.
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APPENDIX
Details of Mathematical Model

Governing Equations for the IF Flow. We
consider an axisymmetric model of the choroidal
tissue, SCS and sclera. We assume the inner surface
of the sclera is perfectly spherical with radius Ry,
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and work in spherical coordinates (7, 8, ¢) centered
on the sphere with 6 = 0 in the direction of the
posterior pole of the eye. The thickness of the
SCS and choroid are given by hp(6) and hq(6),
respectively, with 0 < 6 < 6y, where 6§ = 60
gives the anterior limit of the choroid at the ciliary
body region. As such, assuming axisymmetry, the
SCS is defined over Ry — hp(#) < r < Ry and the
choroid over Ry — hp(8) — be(0) < r < Ry — hp(0).
We assume that € = beo/Ry K 1, €ép = bpo /Ry K 1,
where h¢y and bpg are typical values of b and bp,
respectively. We model the flow of IF and albu-
min transport in both the choroidal tissue and in
the SCS, assuming that the IF is incompressible
and Newtonian. The trans-scleral flow is driven by
the difference between the IOP at the iris root
and the orbital pressure (outside the sclera). In
addition, within the choroid, there is IF flow and
mass transport between the CC and the tissue.
For simplicity, we describe the CC as uniformly
distributed, with uniform properties throughout the
layer.

In the tissue of the choroid, we assume incom-
pressible Darcy flow, with ue = (u¢,, uco, 0) being
the Darcy velocity (flow per unit area):

ke

A\ -Uc =(qc, e = —;Vpc, (1)

where k¢ is the Darcy permeability of the tissue, p
is the dynamic viscosity of the IF, and p¢ is the IF
pressure. Within the choroidal tissue, the volume of
IF entering the domain from the blood vessels per
unit time per unit volume of tissue is given by

ge = Lec (pec — pe — oceR T (coc — ¢0)) . (2)

Here, Lcc represents the conductance of the
CC, given by Lcc = SecLpcc, and peec denotes the
prescribed local blood pressure within these
vessels. The albumin concentrations in the
choroidal tissue and CC are given by ¢ and
cce, respectively, with cce fixed. The symbol R,
denotes the universal gas constant, 7' denotes
the absolute temperature and o ¢ is the osmotic
reflection coefficient.

We assume the sclera is rigid, and the thickness
of the SCS, bp, is determined by the hydrostatic
pressure difference between the pressure there, pp,
and the pressure on the apical RPE, pr. We assume

the constitutive law
b b n
b P,nat b P,nat

in which we set the exponent »# equal to unity,
where Ap is the prescribed elastic stiffness. The vari-

br=DPr+Ap
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able bp n, is the thickness that the SCS would adopt
if there were no difference between the IF pres-
sure in the SCS and the pressure in the retina; note
that this scenario is not physiological, and that we
will calculate values of bp ,,; from the model. This
law is similar to tube laws used to model arteries
and veins 92 and the response is linearly elastic if
(pp — Pr)/Ap is large, but the space strongly resists
collapse if pp is small, preventing complete closure.

In the SCS, flow is governed by the Stokes equa-
tions:

V.oup =0, Vpp = /LVZUp, 4)

where up = (up,, upy, 0) is IF velocity.

Treating the tissue of the sclera as a membrane,
we assume that IF crosses owing to the hydrostatic
and osmotic pressure differences across it:

fip s '117>|7=R0 = _uPr|r=R0 =—qs=———

< (Pplr=r, — P0) — 0sRT (cplr=r, — €0)). (5)

where fip s = —€&, is the inward pointing unit
normal vector, gs is the volume of IF crossing the
sclera per unit surface area per unit time, ks is the
Darcy permeability of the sclera, bs is the thickness
of the sclera, pp and cp are the orbital pressure and
albumin concentration, respectively, and o5 is the
reflection coefficient. We assume that IF enters the
choroidal tissue from across the RPE at a prescribed
rate:

nR,C ° uc|r=R07b/p7hc = _qu (6)

where gr is the flow per unit surface area and
fiz ¢ is the inward pointing unit normal vector at
the RPE-choroid interface » = Ry — hp — he. Note
that the flow rate g is assumed to be uniform and
constant, because it is mainly driven by active ion
transport® and only weakly depends on the hydro-
static and oncotic pressure differences between the
choroidal tissue and the subretinal space.”?

At the interface between the choroid and SCS,
r = Ry — bp, we have continuity of normal stress.
We assume the normal stresses of both the IF in
the SCS and the fluid-porous medium complex
are dominated by the IF hydrostatic pressures (this
assumption will be checked a posteriori), giving the
balance

pC|r:R07h.p = p’P|V:R07b’p' @

Furthermore, mass conservation requires continuity
of normal flux:

n¢ p '“C’r=Rth =fep-up| ., ®
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where ficp is the inward pointing unit normal
vector at the choroid-SCS interface.

In the SCS, we need additional boundary condi-
tions to model the physics of the tangential compo-
nent of the flow, which are provided by the no-slip
boundary condition:

trs - u73|,:R0 =0, ftep -u|r:R0,hp =0, O
where tp s and tcp are the corresponding unit
tangential vectors.

Finally, we assume that the tissue between the
anterior chamber and anterior choroid (comprising
the tissue of the iris root and ciliary muscle) has
resistance to fluid flow R,.,, which we assume is
a constant parameter and independent of the pres-
sure. This leads to the boundary condition

IOP — p = R, 0, (10)
at 8 = 6y, where p is the mean pressure in the
choroid-SCS and Q is the volume flow through
the tissue. Symmetry at the posterior pole 6 = 0
requires

uC-ég =up-ég=0. (11)

Governing Equations for Albumin Transport.
We assume a dilute solution of albumin and use
the steady diffusion—-convection equation to model
its transport:
in choroidal tissue, (12)

V.je=sc, je=nmuccc —DcVee

A ]"p =0, ip = upCp —DPVCP in SCS. 13)

In these equations, jo and jp are the fluxes
of albumin in the choroidal tissue and SCS,
respectively, ¢ and c¢p are concentrations in the
choroidal tissue and SCS, respectively. Dy and Dp
are the diffusion coefficients of albumin in the
choroidal tissue and SCS, respectively; we assume
De = Dp = D.

In the choroidal tissue, to model exchange of
albumin with the vessels of the CC, we adapt equa-
tions based on those proposed by Kedem and
Katchalsky.” The net rate of albumin entering the
choroidal tissue per unit volume from the blood
vessels locally reads:

cc + cce

> €EY)

s¢ = Peclcee — co) + (1 — oce)qge,

where fe¢c is the permeation coefficient of the
CC per unit volume multiplied by R,7, which is
given by Bec = SccPu e, where Pycc is the albu-

min conductance. The first term is a simplified
description of transcytosis plus any other diffusive
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processes present, while the second term accounts
for small advective backflow of albumin into the
CC.

We assume that a flux ss of albumin passes
through the sclera (which has both advective and
diffusive components and thus depends on the local
fluid velocity and albumin concentrations) and that
albumin is not allowed to pass through the RPE,
giving the respective boundary conditions
fp s 'iP’r=Ro =ss, fgg 'ic|r=RO,,_,p,,_,c =0, 15
with fip s, g ¢ the outward pointing unit normals.
At the choroid-SCS interface, » = Ry — bhp, we have
continuity of concentration and normal flux:

cc |r:R0—h'p = CP'}’:RO—hp ’

ﬁC’P : jC|V:R0—h'p = ﬁC’P ’ jP|7':R0—h7)' (16)

To model the transport of albumin across
the sclera we use the Patlak equation,®® which
describes flow and species transport across a

membrane, and write

—Cp |r:Ro eres

e, a7

¢
ss =qgs(1 —os) ©

where the Péclet number Pes = gs(1 —os)/Bs.
Here, Bs is the permeation coefficient per unit area
of the scleral tissue multiplied by R,T, which we
term the albumin conductance, os is the reflection
coefficient of the scleral tissue, and ¢p is the orbital
concentration, and gs is the IF Darcy velocity across
the sclera, given by Equation (5).
Finally, we use the boundary conditions

N 8CC
=60 ©90

8CC
a0

N 8673
0=6o 00

— 88%3 —o,
0=0 0=0

as
where (18a) follows from the assumption that the
IF in the iris root and ciliary muscle is well mixed
and (18b) is required for continuity of the diffusive
flux of albumin.

Simplification of Equations. We take advantage
of the fact that the lengthscales of the fluid domain
in the radial and azimuthal directions are very
different, with the aspect ratio being e; = bco/Ry K
1. We thus scale the equations using appropriate
different lengthscales in the two coordinate direc-
tions. In the choroidal tissue the radial lengthscale
is h¢oy and we scale the 9-velocity on Uz = Qy/(10 x
27 Rybco), where Qy is the aqueous humour produc-
tion rate and the factor 10 is included so that the
typical unconventional flow is approximately 10%
of the total aqueous flow. The corresponding pres-
sure scale is Py = uRyUz/ ke and radial velocity scale
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is €Uz, and we scale the other variables accordingly.
The radial component of Equation (1b) shows that
the pressure is independent of the radial coordinate
to leading order in €.

In the SCS, we note that the pressure drop over a
nominal length R, of choroidal tissue is uRyUz/kc.
Using this as the scale for the pressure and with the
corresponding 6-velocity scale b%,,Uz/kc, the pres-
sure pp is again independent of the radial coordi-
nate to leading order. We solve for the radial depen-
dence of the components of u; in the choroidal
tissue in terms of pc and its derivatives and in the
SCS we solve for up in terms of pp and its deriva-
tives, in each case finding explicit expressions for
the radial dependence. Matching the pressures in
the choroidal tissue and SCS yields p¢ = pr = p(@),
along with first-order ordinary differential equa-
tions governing the IF pressure, p, in and flow rate,
Q, along the choroid-SCS.

We scale the albumin concentration on ¢, the
albumin concentration in the CC (¢y = c¢c), and
scale the other variables correspondingly. We find
that ¢; and ¢p are independent of the radial coor-
dinate to leading order, and, after some work, can
show that ¢ = ¢p = ¢(#), and find first-order ordi-
nary differential equations governing ¢ and J, where
Jis the albumin flow rate along the choroidal tissue.

The resulting governing equations and boundary
conditions for the four variables p, Q, c, ] represent
a great simplification over the full model (1)-(18),
and they can be written:

b _ HQ (19)
d9 27 sin@kehe + b3 /12)

d

d—g = —ZnR(Z) sinf (bcqc +qr — qs) , 20)
de _ S —<Q 1D
do 27 sin Q(Dchc + Dphp)’
d
é = —27 R} sin® (bese — ss) - (22)

Equations (20) and (22) express conservation of
fluid and albumin, respectively. Equation (19) states
that the pressure gradient is proportional to volu-
metric flow rate times the resistance to the flow,
and is derived from integrating the 6-velocity from
Darcy’s law in the choroidal tissue Equation (1) and
Stokes flow in the SCS Equation (4) over the thick-
nesses of these layers (multiplied by 27 Rysin ) to
obtain an expression for Q that can be rearranged.
Equation (21) gives an expression for the concentra-
tion gradient, and is derived from integrating Fick’s
law Equations (12b) and (13b) over the thickness of
the choroid-SCS (also multiplied by 27 Rysin6) to
obtain an expression for J that can be rearranged.
The boundary conditions are Q = J=0atf =0
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TaBLe Al. Table Giving References for Expressions Appearing in
Equations (19)-(22)

Symbol Description Reference Equation
hp Thickness of SCS 3)

qc Volumetric flow rate out of vessels )

qr Volumetric flow rate across RPE Prescribed

qs Volumetric flow rate across sclera »)

sc Species flow rate out of vessels (14)

ss Species flow rate across sclera a”n

and IOP — p = Ri;;,Q, ] = ¢Q at 6 = 6, and refer-
ences for definitions of the symbols appearing in
Equations (19)-(22) are provided in Table Al.

Regularity at & = 0 means the functions b¢, bp, p,
¢, Q, and J are even functions of 8, and we avoided
numerical singularities at 8 = 0 (arising from divi-
sion by sin6) by solving on the domain [§6, 6],
where 60 = 0o/nys is the grid spacing and 7, is
the number of grid points in 6. Note that, during the
solution process, the solver bvp4c chooses a mesh
adaptively, based on the residual of the continuous
solution.

This formulation has a major advantage over the
equations before simplification in that it may readily
be rapidly solved using a simple numerical scheme.
When solving these equations with bvp4c, it was
our experience that the choice of the initial condi-
tion could be important for convergence of the
program. Where possible, we changed parameter
values in small steps, using the solution from the
previous step as the initial condition for the current
step.

Estimation of Parameter Values

The model relies on a number of parameters, some
of which are difficult to estimate, owing to the
sparse availability of experimental measurements.
The model parameters are reported in Table 1,
and, for those parameters requiring explanation, we
report our reasoning in this Section.

Geometry. We model the eye internal to the
sclera as a perfect sphere. To find an estimate
for the outer scleral radius Ry, we note that typi-
cal healthy eye diameters in adult humans are
24.2 mm (transverse) and 23.7 mm (sagittal).”?
We average these and subtract a typical scleral
thickness of hs = 0.5 mm (measured as between
[0.37,0.86] mm).”? Our expression for the choroidal
thickness profile was derived by fitting a cubic poly-
nomial to measurements in human emmetropes;*
details are given in the Supplementary Material.

The thickness of the SCS is small and difficult
to estimate experimentally. We choose a value of
bpo to provide an equal flow through the choroidal
tissue and SCS, so that both flow rates are compa-
rable, and we include the dependency of the flow
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rate on this value in Figure A1A (we discuss this
figure in greater detail elsewhere).

To convert values of hydraulic and albumin
conductances of the CC from the values in indi-
vidual vessels (given in the literature) to a value
per unit volume of choroidal tissue (required by the
model), we need to multiply by S¢¢, the surface area
of the CC per unit volume of tissue. We examine two
ways to estimate S¢¢. First, modeling the CC as being
composed of vessels of circular cross-section, we
estimate Se¢ = 4¢/d, where ¢ is the volume fraction
of the CC and d are their diameters. Denoting ¢ as
the area fraction occupied by the septae (the voids
between capillaries), we obtain the volume fraction
of the CC as (1 — ®)d/b¢, and hence S¢r = 4(1 —
®)/b¢. Second, the model of Zouache et al.87 (ignor-
ing the surface areas of the feeding arterioles and
draining venules) gives a surface area to volume
ratio of See = 2(1 4+ 2d/d; — 1)®)/bc, where d; is
the septal diameter, and the authors quote d =
20 pm, dg = 3 to 24 pm and ® = 0.25 to 0.50. These
two methods give values of S¢¢ in the ranges 10,000
to 15,000 m~! and 12,000 to 72,000 m~!, respec-
tively; we take Scc = 12,000 m™~!.

Fluid. The Darcy permeability of human scleral
tissue was estimated as 19 - 1073 cm* dyn~' s71°
and, multiplying by the dynamic viscosity, this gives
an estimate of ks as 1.33 - 10~ m?; ks was also esti-
mated as 5.85 - 107 '® m?.25> We use the latter value,
because those measurements are more recent and
study the effect of this parameter in the sensitivity
analysis.

Little is known about the Darcy permeability of
the choroidal tissue, k¢, except that it is larger than
that of the sclera,®® and little is known about the
resistance to flow of the tissue of the iris root and
ciliary muscle, R;.,. In addition, little is known
about the SCS thickness hpg; for example, in their
experiments on rabbits, Chiang et al.”’ assumed
that the physiological SCS thickness was less than
25 pm, which is not specific enough for our model.
To set these three unknown model parameters for
the reference physiological case, we (1) make the
model match the IF pressures at the inlet and the
pole to the values measured by Emi et al., which
(for physiological values of the IOP) are 0.8 =+
0.2 mm Hg and 3.7 + 0.5 mm Hg lower than the
IOP at the anterior and posterior of the SCS, respec-
tively,”® and (2) set the proportions of the uncon-
ventional flow that pass through the choroidal
tissue and the SCS at the inlet. This means that, if
we change this proportion, we also need to adjust
the parameters kc and R;., to reproduce the pres-
sures at the inlet and the pole. In Figure A1A, we
show how changing this proportion (and corre-
spondingly changing k¢ and R;,,) affects the uncon-
ventional flow. Even over the range 5% to 100%, the
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(A) Flow rate through the inlet as the proportion of flow through the choroidal tissue is varied. Instead of requiring that the

flow rates through the choroidal tissue and SCS are equal at the inlet, we demand that the flow rate through the choroidal tissue is a fixed
percentage of the total unconventional flow rate. For each value of this percentage, we calculate values of Rjc, kc and hpg that also fix the
correct pressures at the inlet and posterior pole (more details in text). We show the flow rates through the choroidal tissue and SCS as well
as the total unconventional flow rate. (B) Dependence of the unconventional flow rate on the IOP for three different values of Ap (legend,
with Ap = 100 Pa (blue curve) being the baseline physiological value). The pressures pcc = IOP + 5 mm Hg and pg = IOP vary with the
1OP. The blue dashed line shows the case pr = IOP — 0.5 mm Hg (with pgc = IOP + 5 mm Hg, Ap = 100 Pa).

unconventional flow only changes by appropriately
10%, suggesting that the model is not very sensitive
to the chosen value of this proportion. In summary,
we choose k¢, R, and hpy so that the IF pressures
at the inlet and posterior are 14.2 and 11.3 mm Hg,
respectively, and the proportion of the unconven-
tional flow that passes through the choroidal tissue
is 50% at the inlet.

For the hydraulic conductivity of the CC, L, c¢c, we
choose the value L,cc = 8- 10~ m/s/Pa, which is
of the same order of magnitude as that for other
fenestrated capillaries (e.g., renal peritubular capil-
laries 4.4 - 10~1° m/s/Pa and intestinal mucosa 3.8 -
107! m/s/Pa),”’ and investigate its effect with our
sensitivity analysis.

Measured flow through the RPE in humans is
(261 £ 130) pL/cm?/day ~ (3.0 £+ 1.5) - 10°® m/s*®
in monkeys is 0.14 or 0.36 yL/mm?/h ~ 3.9 - 1078
or 1.0 - 1077 m/s,”*'% and in human fetal retinal
pigment epithelia in vitro is 10 pL/cm?/h =2.8 -
107® m/s.”! We use the value gr =3-10"% m/s,
which is similar to these values, and investigate the
effect of this choice in the sensitivity analysis.

Pressures. In rabbit studies, for IOPs greater
than approximately 10-15 mm Hg and up to more
than 100 mm Hg, the choroidal venous pres-
sure was shown to be slightly above the IOP2°
Later work confirmed these findings, showing the
choroidal venous pressure is around 3 cmH,O
above the IOP (IOP + 2 mm Hg) and that the CC
pressures are 7 to 13 cmH,O above the IOP (IOP
+ 5 to IOP + 10 mm Hg).47 In our model, we set
the pressure in the CC to be pcc = IOP 4+ 5 mm Hg,
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which is the lower boundary of the measured
values. We study the effect of this parameter in the
sensitivity analysis.

We take the orbital pressure to be po = 3 mm Hg,
which is within the typical range in the literature of
2 to 6 mm Hg* and investigate the effect of the
uncertainty in the value in the sensitivity analysis.

As discussed in the General Description of the
Model, we assume that, under normal physiological
conditions, the SCS has uniform prescribed thick-
ness bpg. The SCS thickness responds elastically if
the IOP changes. We choose the parameter char-
acterizing the elasticity, see Equation (3), as Ap =
100 Pa. As mentioned in the Parameter values, this
value was chosen so that there is significant expan-
sion or collapse of the SCS over the range of the IOP
considered in this article (5-25 mm Hg). The role of
this parameter is investigated in Figure A1B, where
the dependency of flow rate on the IOP is shown
for three values of Ap. The blue curve (Ap = 100 Pa)
is the same as that in Figure 5. Figure 7B shows that
for Ap = 1000 Pa, the SCS is stiff and the response
to the IOP increase is almost linear. For Ap = 10 Pa,
the SCS is more flexible and the flow exhibits more
non-linearity for small IOP, and shows a slower
increase with the IOP at high values of the IOP than
in the stiff case.

We assume that the retinal pressure prp = IOP;
however, there is some variation in pressure
between the anterior and posterior of the eye owing
to the slow flow of fluid through the vitreous
humor, requiring a pressure drop to drive it. In
addition, there is a flow of IF outward through the



Investigative Ophthalmology & Visual Science

Model of Unconventional Aqueous Humor Outflow

TaBLe A2. Ranges Considered for Each Parameter in the Sensitivity
Analysis

Parameter Range Units
Pycc [4, 12] - 10710 m~!
ke [5.85,17.6] - 1071 m?
qr [1.5,4.5]- 1078 m/s
Po [3, 6] mm Hg
Pce [18, 22] mm Hg
ks [2.93,8.78] - 10718 m?
Lycc [4,12] - 10711 m/s/Pa
Ricm [0.63, 1.9] mm Hg/(uL/min)
co [0.076, 0.176] mM
bpo [1.2,3.6] um

The dummy parameter d is varied between 0 and 1.

retina, causing an additional pressure drop over the
thickness of the retina. We compare the flow with
pr = IOP with that for pgr = IOP — 0.5 mm Hg in
Figure A1B, which suggests the choice of pz has
little effect.

Albumin. The albumin concentration in blood
vessels is approximately 44 g/L’° giving ccc =
0.66 mM (molecular weight of albumin is 66.5 kDa).
We could not find a reference for albumin concen-
tration in the orbit, but the concentration in human
choroidal tissue was given as 35% of the plasma
value (although measurements in only three eyes
were reported, and these varied very widely) and
that in the scleral tissue as 19% (in this case, four
measurements were given, which varied widely),'?
whereas in the monkey the choroidal tissue concen-
tration was given as 10% of that in plasma.'® In this
article, we fix the orbital concentration at 19% of
the blood plasma value and vary it in the sensitiv-
ity analysis (Fig. 4).

The albumin conductance of a fenestrated capil-
lary is taken as P; cc = 8 - 107'° m/s, which is larger
than the value 4 - 107! m/s reported by Levick?!
for fenestrated capillaries. We choose a higher value
because there are a vast number of caveolae present
in the CC,?° which will enhance albumin transport
by transcytosis. With this value of P, ¢¢, we calculate
an albumin flux from the CC of 10.6 - 1073 mol/s,
which is in good agreement with 9.35 - 10~'%> mol/s
found by Bill in a rabbit eye (0.0847 pL/min of
blood plasma albumin).”® We check the depen-
dency of the model on P, ¢ in the sensitivity anal-
ysis.

The osmotic reflection coefficient for transport
across the capillary walls is taken as ogc = 0.95,
which is in line with the results of Michel et al.,%
who report values of the reflection coefficient for
albumin at least 0.9 for vessels with high hydraulic
permeability (over about 6 - 107! m/s/Pa).
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Anderson et al.”> reported the partition coeffi-
cient for the sclera as 0.62, which was found by
leaving the scleral tissue in a solution containing
albumin; the partition coefficient was the concen-
tration of albumin in the tissue divided by that in
the solution. This implies a reflection coefficient
os = 0.38. The albumin conductance across human
sclera was measured as s = 8.3 - 1072 m/s.”>

Sensitivity Analysis. The details of the eFAST
method are not reported here for brevity, as they
are clearly described by Saltelli et al.®> and Marino
et al.% In this method, each considered parame-
ter is sampled from a uniform distribution within
its corresponding range; the ranges are reported in
Table A2. The sampling of each parameter follows
a periodic curve with a certain frequency. For each
parameter, five independent curves are considered,
each with a random phase shift. Each curve samples
1000 points. We computed the sensitivity of the
unconventional flow rate and the average albumin
concentration to variations in selected parameters.

We will outline here a rigorous definition of the
SIs. Consider the input parameters X = (X1, X, ...,
X,,) and the output Y, so that Y= X)), where fis the
model. The first-order SI for parameter i is defined
as

Vi
S = 7 (23)
In this expression, V = Var(Y) is the total vari-
ance of Y, and V; is the first-order contribution of
parameter 7 in the variance decomposition. This is
defined as V; = Var(E(Y|X,-)),65 where, according to
Bayesian notation, E(Y|X;) is the expected value of
Y conditional on a fixed value of X; (note that this is
a random variable, not a simple number). Because
V = Var(E(Y| X)) + E(Var(Y|X))), the quantity V;
describes the expected reduction in the variance of
the model output if parameter i was fixed.
The total SI for parameter 7 is defined as

E(Var(Y|X.;))
Sti = — v

: (@£
where X.; denotes a set of all parameters except i.
The numerator, therefore, represents the expected
variance that would remain if all parameters but
parameter i are kept fixed.

The dummy parameter is a variable that does not
appear in the model. It is included as a form of
negative control.



