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ARTICLE INFO ABSTRACT

MSC: We developed a mathematical model to characterize how macular oxygenation may be affected by abnor-
00-01 malities in the retinal and choroidal oxygen supplies. The macular region is modeled as a layered structure
99-00 including: ganglion cell and nerve fiber layers, inner plexiform layer, inner nuclear layer, outer plexiform
Keywords: layer, outer nuclear layer, inner segment of photoreceptors layer and retinal pigmented epithelium. Each layer
Macula is characterized by specific levels of oxygen consumption. The vitreous and the choroid are located at the
Retina

macula boundary and provide oxygen via boundary conditions of Dirichlet type. The three capillary plexi
(superficial, intermediate, and deep) of the retinal circulation pierce the macular layers and provide oxygen
via a volumetric source that depends on the retinal blood flow. Oxygen profiles through the macular tissue are
calculated by simulating the balance among oxygen supply, consumption and diffusion in: (a) physiological
baseline conditions; (b) retinal blood flow reduced by 10%, 30% and 50% with respect to baseline; (c) choroidal
oxygen level diminished by 10%, 30% and 50% with respect to baseline. Model simulations predict that: (1) the
oxygenation of the foveal avascular zone is not affected by reduction in retinal blood flow; (2) a reduction in
choroidal oxygen supply significantly affects the outer layers, especially the photoreceptors and outer nuclear
layers; (3) the impact of reduction in choroidal oxygen supply is larger in the region more proximal to the
macular center; (4) the impact of reduction in retinal blood flow is larger in the region more proximal to the
macular periphery. The proposed mathematical model suggests that changes in retinal and choroidal oxygen
supplies impact the oxygenation of the macular tissue differentially. These results may help better understand
the pathogenesis of macular degeneration.

1. Introduction known as drusen) is deposited between the retinal pigment epithe-

lium and Bruch’s membrane [4]. The drusen may damage the retinal

Age-related macular degeneration (AMD) is the main cause of blind-
ness in the developed world in subjects aged > 55 years [1,2]. The
prevalence of AMD in the U.S. is anticipated to increase to 22 million
by the year 2050, and the global prevalence is expected to increase to
288 million by the year 2040 [1,2].

AMD can be classified as one of two types: dry (85% of cases) or
wet (15% of cases), and aging represents the most important AMD risk
factor [1-3]. As people age, acellular, polymorphous debris (formally

pigment epithelium (RPE), causing central vision distortion — known
as dry AMD [2]. Dry AMD may convert to wet AMD, when chronic
inflammation and hypoxia lead to aberrant vessel generation (choroidal
neovascularization, CNV), with a rapid and severe vision loss [4,5].
Cigarette smoking, increased age, systemic vascular risk factors
(such as cardiovascular disease, systemic arterial hypertension, ele-
vated levels of systemic C-reactive protein), and fundus pigmentary
anomalies (focal hyperpigmentation) have been recognized as risk
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factors for progression to macular neovascularization (MNV) in patients
with dry AMD [6-10]. However, the pathogenesis of the dry-to-wet
conversion of AMD is still debated, and one of the conjectured causes
is represented by an abnormal oxygenation in the macular tissue. The
oxygen (O,) supply to the macula is provided by two different sources,
the retinal and choroidal vasculatures [11,12], and abnormalities in
both circulations have been shown in patients with AMD using different
imaging devices [13-18]. Therefore, both retinal and choroidal O,
supplies may play a role in the dry-to-wet conversion of AMD through
ischemia, but their relative importance is still not well understood.

Importantly, the diagnosis of MNV is traditionally made clinically
when patients complain about visual symptoms and imaging devices
such as optical coherence tomography (OCT), dye-based angiography,
and OCT angiography (OCTA) show the evidence of fluid, leakage, or
neovascular flow signal [5]. Interestingly, recent findings showed how
OCTA may identify MNV without exudation in asymptomatic patients
who present with dry maculae, defined as “nonexudative MNV” by the
Classification of Atrophy consensus group [5].

In addition to this, it has been suggested that from a pathophysiolog-
ical point of view the neovascularization in the case of non-exudative
MNV may be beneficial, having the role of supporting the retinal
pigment epithelium and outer retina. Therefore, the non-exudative
MNV may represent a compensatory mechanism and not a pathologic
process, at least initially, as reported in several clinical reports [5,19].

This work aims at clarifying the potential roles of retinal and
choroidal O, supplies in AMD by means of a mathematical model
that estimates the macular oxygenation on the basis of the physical
mechanisms of O, transport, diffusion and consumption.

To achieve this goal, the model presented in this article adopts
a two-dimensional description of the tissue in the macular region,
thereby accounting for potential non-uniform O, distributions in both
the longitudinal direction (i.e., along the retinal tissue layers) and the
transversal direction (i.e., across the retinal thickness). This is a novelty
of this article, with previous works assuming the O, distribution to
be uniform in the longitudinal direction [20-22], or in the transversal
direction [23], or both [24-26]. We note that a finite element analysis
of retinal oxygenation has recently been presented in [27], but the work
is focused on the influence of drusen rather than the relative influence
of retinal and choroidal O, supplies.

The outline of the article is as follows. Section 2 illustrates the
geometrical subdivision in layers of the macular region, the differential
system that is proposed to mathematically describe the oxygenation
process in the macula and the computational algorithm used to lin-
earize and discretize the problem. Section 3 is devoted to discuss the
results obtained by running the algorithm in the simulation of the oxy-
genation process under various biophysical conditions. The conclusive
Section 4 collects the main findings of the research and indicates some
future perspectives for knowledge advancement.

2. Mathematical model for macular oxygenation

The macular region is modeled as a layered structure including
7 layers: ganglion cell and nerve fiber layers (GCL), inner plexiform
layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL),
outer nuclear layer (ONL), inner segment of photoreceptors layer (PH),
outer segments of photoreceptors and retinal pigmented epithelium
(RPE). Each layer is characterized by specific levels of O, consumption.
Oxygen supply is provided by the vitreous and the choroid through the
boundary conditions, and by three retinal capillary plexi, taken into
account as volumetric source terms: superficial capillary plexus (SCP);
intermediate capillary plexus (ICP); deep capillary plexus (DCP).
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Table 1
Thickness of the retinal layers and capillary plexi in parafoveal and foveal regions,
derived from [28,29].

Retinal layer

Thickness (pm)

Parafoveal Foveal
Retinal pigmented epithelium and outer 15 15
segment of photoreceptors
Inner segment of photoreceptor layer 40 50
Outer nuclear layer 90 120
Outer plexiform layer 30 20
Inner nuclear layer 45 20
Inner plexiform layer 45 25
Ganglion cell and nerve fiber layer 70 20
Vascular plexus Parafoveal Foveal
Superficial capillary plexus 70 20
Intermediate capillary plexus 38 19
Deep capillary plexus 30 16

2.1. The simulation domain

Based on OCTA data reported in [28,29], the simulation domain
considered in the present work is a two-dimensional region Q2 : {x =
(x,2) € (0, w,) X (0,1,,,(x))} representing a cross-section of the macula.
We note that, in this work, we focus on a two-dimensional analysis
of the macular oxygenation in £, which should be seen as an im-
portant step towards more realistic three-dimensional simulations. The
sequence of layers from the parafoveal region to the inner avascular
zone is geometrically symmetric with respect to an axis located at the
center x = w,, /2 of the foveal avascular zone (FAZ). The boundary
of the simulation domain is denoted by 02 and is divided into three
disjoint portions: the top boundary 9Q,; (at z = t,,,(x), in contact with
the vitreous), the bottom boundary 02, (at z =0, in contact with the
choroid) and the lateral boundary 0£,,, (at x =0 and x = w,,,). We set
Iy =02, U082, and we denote by n = n(x) the outward unit normal
vector on the domain boundary 9.

The thickness of the retina is mathematically modeled by a si-
nusoidal function #,,, = t,,(x) which reaches a maximum of 335um
in the parafoveal region and a minimum of 270pm in the central
macular region [28]. The width of the macular cross-section along the
x-axis is equal to w,,, = 3mm and includes the region internal to the
parafoveal annular zone, a fovea of 1 mm and a FAZ of 500 um [38,39].
To obtain a realistic representation of the layers, their thickness in the
parafoveal and in the foveal region has been retrieved from [28,29]
and reported in Table 1. A transition region between the two regions
has been modeled assuming a linear thinning of the layers towards the
center. A similar approach has been used to treat the vascular layers. In
particular, the DCP is considered to start in the middle of the OPL and
the ICP at the two-thirds of the INL layer, whereas the SCP completely
overlaps with the GCL layer.

2.2. The differential model

The process of O, delivery and diffusion to the retinal tissue ge-
ometrically described in Fig. 1 is mathematically modeled by the
following nonlinear elliptic partial differential equation for the O,
partial pressure p = p(x), for any x €

V- (=DV(ap)) = S(x, p). (€8]

The operator V = [(%(, d—‘)Z]T represents the gradient with respect to
Cartesian orthogonal coordinates, whereas the coefficients D and «
represent tissue O, diffusivity and solubility, respectively. Numerical
values and units for D and a are reported in Table 2. The function §
on the right-hand side of Eq. (1) represents the net O, production rate
in the retinal tissue and is mathematically expressed by a nonlinear
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Fig. 1. The computational domain £ and its partition into subregions. The inner retinal layers are: Ganglion Cell Layer, also comprising the nerve fiber layer, GCL; the Inner
Plexiform Layer, IPL; the Inner Nuclear Layer, INL; the Outer Plexiform Layer, OPL. The outer retina is composed by: the Outer Nuclear Layer, ONL; the inner Plexiform Layer,
IPL; the outer segments of photoreceptors and the Retinal Pigmented Epithelium, RPE. The pink color is used to identify the vascular regions: Superficial Capillary Plexus, SCP,

Intermediate Capillary Plexus, ICP, and Deep Capillary Plexus, DCP.

gjxl:;;y of model parameters. In the Units column the symbol “~” indicates a dimensionless quantity.

Parameter Units Value Source

0, solubility, a mlo, ml™' mmHg ™! 2.4.10°% [30]

0, diffusivity, D cm?s™! 1.4- 10~ [31]

O, partial pressure at the vitreous, p,, mmHg 20 [21]

O, partial pressure at

half maximum consumption K, mmHg 2 [32]

Maximum rate of O, consumption:

PH layer, Qg mmHg s~ 45 Adapted from
[22,33]

RPE, ONL, QI mmHg s~! 0 [21,22,33]

INL, outer segment of IPL,GCL, Qf™* mmHg s™! 13 Adapted from
[22,33]

OPL, inner segment of IPL, Q™ mmHg s~ 26 Evaluated from
[33,34]

O, capacity of red blood cells, c, mlg, ml™! 0.5 [35]

Discharge hematocrit, H - 0.4 [35]

Saturation drop in the capillary plexi:

GCL, 4SS - 0.09 Evaluated from [36]

ICP, AS'SP - 0.115 Evaluated from [36]

GCL, ASPCP - 0.194 Evaluated from [36]

Volume of GCL, V¢ cm’ 7.628 -1072 Evaluated from [36]

Volume of ICP, Vcp cm’ 3.269:1072 Evaluated from [36]

Volume of DCP, Vjyp cm’ 3.269-102 Evaluated from [36]

Healthy baseline O, partial pressure

at the choroid, pg, mmHg 80 [30]

Healthy baseline blood flow, O ml s~! 6.8178 - 10~4 [37]

function of the O, partial pressure described in Section 2.3. The elliptic
equation (1) is equipped with the following boundary conditions:

p (X) =Dy X € 002, (2a)
p (X) = Pch X € a'Qch’ (Zb)
Vp (x) -nx)=0 X € 082}, (20)

describing the facts that the levels of O, partial pressure at the macular
boundary with the vitreous and the choroid are assumed to be given
and equal to p,; and py,, respectively, (see Eq. (2a) and (2b)) and
that no flux of oxygen is allowed to cross the lateral domain boundary

(see Eq. (2¢)). The healthy baseline value of py is assumed to be
Pch = 80 mmHg. The value of p,;, is assumed to be equal to 20 mmHg.

2.3. Net production rate

The general expression of the right-hand side .S of Eq. (1) reads
§=S8(x,p)=Px)—C(x,p) 3

where the nonnegative function P = P(x) accounts for the net O, supply
provided by the capillary plexi within the macular layers, whereas the
nonnegative function C = C(x, p), which depends nonlinearly on the
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O, partial pressure, accounts for O, consumption by the metabolically
active layers. Thus, S can be regarded as the net O, production rate
within the tissue. The characterization of the rates P and C strongly
depends on the tissue layer:

0 x € layer = RPE, ONL, PH,OPL,INL,IPL,GCL
P(x) = (4a)
G(x) x € layer =DCP, ICP, GCL,
0 x € layer = RPE, ONL
C(x,p) =3 Cy_m(x,p) x € layer = PH,OPL,INL,IPL,GCL, (4b)

DCP, ICP, GCL.

The mathematical description of G and Cy;_y; is the object of the next
two sections.

2.3.1. Production rate

The production rate G = G(x) is described with the use of the Krogh-
type cylinder model, as in [35,36]. In the regions where the capillary
plexi are not present, the source term G is set equal to zero, while in
the GCL, ICP and DCP layers the source term G is modeled as

AS, (X)0(x)
V(%)
where Hp, is the discharge hematocrit, c, is the carrying capacity of
red blood cells at 100% saturation, Q is the volumetric blood flow
rate through the capillary plexi, AS, is the saturation drop across the
capillary plexi and V is the volume occupied by the capillary plexi. All
the values of the parameters in (5) are reported in Table 2. We notice
that AS,,, and V attain different values in each of the three plexi DCP,
ICP and GCL. Following [36], we assume that the three capillary plexi
are connected in series, so that the value of Q is the same for all plexi.
The value of Q in healthy conditions is assumed to be 0 =6.8178-1074

ml s~!,

G(x) = ¢, Hp x € layer = DCP, ICP, GCL, 5)

2.3.2. Consumption rate

Following [20], the consumption rate Cy;_y; is mathematically de-
scribed via a Michaelis—-Menten kinetics
QM (x)p

. (6)
p+Kip

Cyvm(X,p) = a
where K/, and Q™ = Q™(x) represent the O, partial pressure at
half maximum consumption and the maximum O, consumption rate
in the each layer, respectively. It is important to emphasize that the
metabolic consumption is not uniformly distributed across the tissue
layers, rather, Q™* is defined as a piecewise constant function of
position, attaining a different constant value in each layer. The most
relevant contribution occurs at the inner photoreceptors levels, in the
outer retina (OR), and is denoted by Qgﬁ". In the inner retina (IR), the
consumption rate is assumed to attain different values: the GCL, INL
and the outer half of the IPL are characterized by the same maximum
consumption rate as in [20], while the OPL and the inner part of the
IPL are assumed to be highly metabolically active, with a value of
QR twice larger than in the other inner retinal layers. The different
consumption levels have been adapted from [33,34]. All the parameters
values and their units are reported in Table 2.

2.4. The algorithm

The nonlinear elliptic boundary value problem (1)- (2) is solved
numerically by combining a fixed-point iteration method to linearize
the nonlinear equation (1) (see Section 2.4.1) and a finite element
approximation to discretize the resulting linearized boundary value
problem (see Section 2.4.2). To better illustrate the method, it is

convenient to rewrite the problem as follows:
V- (=DV(ap)) + ¢ (X, p(x)) p = P(x) in Q, (72)

P(X) = pyig X € 002, (7b)
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P(X) = pep X € 02y, (7¢0)
Vpx) - n(x) =0 X € 082, (7d)
where
0 x € layer = RPE, ONL
¢Oupx) =y aQ™) | javer = PH,OPL,INLIPL,GCL, DCP, ICP.
p(x)+ Ky

€))

We denote by p,, : I'; — R the positive function such that pplyo, =
pyvic and pplyg, = P, and we denote by Rpp @ 2 — R any positive
function of H'(Q) such that Rppl,, = pp. Let ¥V =
{d) e HY(Q)| ¢| = 0}. The weak formulation of the nonlinear prob-
lem (7) reads:

find p, with (p — Rpp) € V, such that

/DV(ap)~V¢d_Q+/c(x,p)pd)d.@:/P¢d!2 Vo e V. 9)
Q Q Q

2.4.1. The fixed-point map

For a given function v € H'(£2) such that v > 0 almost everywhere
(a.e) in Q2 and (v — Rpp) € V, we define the abstract operator T :
H'(Q) - H'(Q) by letting

u="T() (10)

be the unique weak solution of the following linear reaction—diffusion
boundary value problem:

V - (=DV(au)) + ¢ (x, v(x)) u = P(X) in Q, (11a)
u(X) = pyi X € 0Qy;, (11b)
u(x) = pe, X €002y, (11¢)
Vu(x) -n(x) =0 X € 082}, (114d)

Let p© € H'(Q) such that p > 0 a.e. in Q and (p® — Rpp) € V. For
Jj > 0 until convergence, the fixed-point iteration computes p!) through
the abstract recursive formula

p(j+1) - T(pm). 12)

The above recursive relation amounts to solving at each step j > 0 the
following linear reaction—diffusion boundary value problem:

V - (=DV(apY* ) + e(x, pPx))pU*tD) = P in Q (13a)
P = pyy X € 00y, (13b)
PIDE) = poy X € 0Qy,, (13¢0)
VpUtD(x) - n(x) = 0 X € 00y (13d)

2.4.2. Finite element approximation

Besides being nonlinear, another challenging property of the elliptic
boundary value problem (1)- (2) is the heterogeneity of the production
and consumption rates P and c. This means, in particular, that both g
and ¢ may be discontinuous functions across the various retinal layers,
according to the definitions (4). An efficient and flexible manner to
numerically deal with the heterogeneity of P and c is to use the Finite
Element Method (FEM) to approximate the solution of the linearized
equation (13a) for each j > 0 until convergence (see [40, Chapters 5-
6]). To this purpose, the FEM with piecewise linear basis functions has
been used to solve the linearized model illustrated in Section 2.4.1
within the framework of the open source software Freefem++ on an
unstructured triangulation 7;, of the domain £, h > 0 being the so-
called discretization parameter representing a measure of the diameter
of the triangles in 7, (see [36] and [41]). The fixed-point iteration (12)
is terminated at the first value j* > 0 of the iteration counter such that
the following stopping criterion is satisfied

G5+ G
llp -p;, lr2a

h Wl)” @ ¢ (14)
||17h ||L2(Q)
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Fig. 2. Top panel: color map of the spatial distribution of model predicted O, partial pressure over the macular region in baseline conditions. Bottom panel: macular domain
where the four coordinates along the x-axis, x = 50, 750, 1100, 1500 pm, have been identified for the analysis of simulation results.

where for all ¢ € L*(2) we let [|$ll;2(q) = (fp #*®) dQ)l/z, whereas
p;, denotes the finite element approximation of the O, partial pressure
p and ¢ is a user-specified tolerance. In the numerical simulations
illustrated in Section 3 we have set £ = 107°.

3. Results

The model and computational algorithm described in Section 2 are
used to perform simulations in the following three different scenarios
of clinical interest:

1. healthy baseline conditions, where retinal blood flow and
choroidal partial pressure of oxygen are assumed to be at their
baseline values, namely O = Q and py, = p.;

2. reduced retinal blood flow, where Q is reduced by 10%, 30% and
50% with respect to baseline while the O, choroidal partial
pressure remains unaltered;

3. reduced choroidal oxygen supply, where p, is reduced by 10%,
30% and 50% with respect to baseline while QO remains unal-
tered.

Scenarios 2 and 3 represent two different pathological conditions that
may impair macular oxygenation, namely reduced retinal and choroidal
O, supplies, respectively. From the mathematical perspective, these
scenarios differ by the type of source terms that are impaired, namely
volumetric sources in the case of O, supplied by the retina (Scenario
2) and boundary sources in the case of O, supplied by the choroid
(Scenario 3). Note that the values assumed for reduction of blood
flow in pathological conditions appear to be in agreement with data
reported in Pappelis et al. [42]. In all simulations we have set p,;, = 20
mmHg and we have taken the initial O, spatial distribution 1’5;0) as the
linear interpolant of the Dirichlet boundary conditions. Moreover, the
number of iterations to satisfy the stopping criterion (14) has shown to

vary between 30 (Scenario 2, reduction of Q by 50% with respect to
baseline) and 46 (healthy case and Scenario 3, reduction of p, by 10%
with respect to baseline).

Fig. 2 (top panel) illustrates the colormap of the spatial distribution
of O, partial pressure over the whole macular region predicted by the
model in baseline conditions. Fig. 3 shows the 2D colormaps of the
source term P(x) related to retinal circulation oxygen delivery (Panel
A) and the consumption term C(x), specific of each retinal tissue and
nonlinear with respect to the available partial pressure of oxygen (Panel
B). Results show that far from the avascular region, O, partial pressure
in the inner retina is predicted to lie in the range 10-20 mmHg, in
agreement with O, partial pressure data reported in [43].

Fig. 2 (bottom panel) provides a schematic representation of the
macular domain where four coordinates along the x-axis, x = 50, 750,
1100, 1500 pm, have been identified for the analysis of simulation re-
sults. Fig. 4 shows the predicted O, partial pressure profiles in corre-
spondence of these four x-coordinates. Each of the four oxygen partial
pressure distributions shows some common features:

- asteep decrease of the partial pressure of oxygen from the choroid
until the PH layer, related to the high metabolic consumption of
photoreceptors;

+ a plateau-like behavior in the remaining part of the outer retina.

This general behavior can also be observed in rhesus monkey, cat and
rat retinas, as reported in the experimental data of [43]. In this latter
work, the authors observed the presence of a local minimum of oxygen
concentration in the IPL, which is also exhibited by our simulations
pertaining to the parafoveal, transition and foveal regions reported in
the top and bottom left panels of Fig. 2. It is interesting to notice that
the steep decrease in the PH layer does also correspond to the minimum
value attained by the partial pressure of oxygen in the foveal region.
In addition, our simulations also reveal a local increase of oxygen
partial pressure in the vascularized regions of the OPL, correlated to
the presence of DCP, a behavior that is no longer observable as one
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Fig. 3. Panel A: color map of the spatial distribution of model predicted source term P(x) over the macular region in baseline conditions. Panel B: color map of the spatial
distribution of model predicted non linear consumption term C(x) over the macular region in baseline conditions.
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Fig. 4. Cross-sectional views of the spatial distribution of model predicted O, partial pressure profile in baseline conditions. Each cross-sectional view corresponds to one of the
four coordinates identified in Fig. 2. The shaded regions highlight the presence of the vascular regions. The darker shaded region corresponds to the end of the retina.

approaches the FAZ. As a matter of fact, in Fig. 4 (bottom right panel)
the local increase completely disappears, and, instead, we observe a
continuous reduction of the oxygen partial pressure moving towards
the IPL, the minimum value being attained in correspondence of the
OPL.

Figs. 5 and 6 show the O, partial pressure across the retinal
thickness in Scenario 2 and 3 whereas Figs. 7 and 8 illustrate the model
predicted relative difference in the O, partial pressure (%) between
Scenario 2 and Scenario 1, and between Scenario 3 and Scenario 1,
respectively. The relative pressure differences have been computed
across the macular thickness in the parafoveal and transition regions
(top row of Figs. 7 and 8) and across the foveal region and the foveal
avascular zone (bottom row of Figs. 7 and 8). The relative pressure

difference has been computed as

Ap = u%,

15)
PH

where p; is the partial pressure of oxygen obtained from either Scenario
2 or 3 modeling an impaired vascular condition, whereas p, is the
partial pressure of oxygen obtained from Scenario 1, with healthy
baseline conditions.

Model simulations predict that:

1 the impact of reduction in retinal blood flow is larger in the
region more proximal to the macular periphery (see Fig. 7);
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Fig. 5. Model predicted relative O, partial pressure (mmHg) in Scenario 2 across the macular thickness in the parafoveal region (top row, left panel), the transition region (top

row, right panel), the foveal region (bottom row, left panel) and foveal avascular zone (bottom row, right panel). The shaded regions highlight the presence of the vascular regions.
The darker shaded region corresponds to the end of the retina.
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Fig. 6. Model predicted relative O, partial pressure (mmHg) in Scenario 3 across the macular thickness in the parafoveal region (top row, left panel), the transition region (top

row, right panel), the foveal region (bottom row, left panel) and foveal avascular zone (bottom row, right panel). The shaded regions highlight the presence of the vascular regions.
The darker shaded region corresponds to the end of the retina.

2 the oxygenation of the foveal avascular zone is not markedly
affected by reduction in retinal blood flow (see Fig. 7, right

column, bottom row).

3 a reduction in choroidal oxygen supply is affecting mostly the
outer layers, especially the photoreceptors and outer nuclear

layers (see Fig. 8);

4 the impact of reduction in choroidal oxygen supply is larger in
the region more proximal to the macular center (see Fig. 8).

Let us further elaborate on the implications of these results, which
suggest that impairment in choroidal and retinal O, supplies may have
a different impact on the oxygenation of the macular tissue depending
on the specific tissue layer and on the distance from the macula
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the presence of the vascular regions. The darker shaded region corresponds to the end of the retina.
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Fig. 8. Model predicted relative difference in the O, partial pressure (%) between Scenario 3 and Scenario 1 across the macular thickness in the parafoveal region (top row, left
panel), the transition region (top row, right panel), the foveal region (bottom row, left panel) and foveal avascular zone (bottom row, right panel). The shaded regions highlight
the presence of the vascular regions. The darker shaded region corresponds to the end of the retina.

(center or periphery). Specifically, our results show that the retinal macular regions. As shown in Fig. 7, a decrease in retinal blood flow
contribution to the oxygenation of the avascular region of the macula mainly affects the layers close to the capillary plexi (denoted by the
is marginal, while it plays a major role in the internal layers of other striped pattern), but only in the parafoveal and in the transition zone. In
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Fig. 9. Model predicted O, partial pressure (mmHg) profile with reduced maximum oxygen consumption in the Outer Plexiform layer and 50% reduction of retinal blood flow
across the macular thickness in the parafoveal region (top row, left panel), the transition region (top row, right panel), the foveal region (bottom row, left panel) and foveal
avascular zone (bottom row, right panel). The shaded regions highlight the presence of the vascular regions. The darker shaded region corresponds to the end of the retina.

support to this consideration, we see that in the FAZ, which is capillary
free, the relative difference is almost null.

In the parafoveal region up to the foveal region, the choroid seems
to be the main O, supplier of the outer layers, namely the layer of the
photoreceptors, which plays a crucial role in the physiology of vision
and has the highest metabolic consumption of oxygen in the whole
retinal tissue (Fig. 8). By contrast, the oxygenation in the middle and
inner layers does not seem to be markedly influenced by the choroidal
supply. In the FAZ instead, the choroid seems to play a major role in
the oxygenation not only of the photoreceptors layer, but also of the
outer nuclear layer and outer plexiform layer (Fig. 8, right column,
bottom row). In the FAZ, the oxygenation of the most internal layers
(inner plexiform layer, and ganglion cell and nerve fiber layer), seems
to depend on the partial pressure of oxygen supplied by the vitreous.

In light of these results, in the vascularized regions of the macula,
retinal O, supply seems to be responsible for the nourishment of the
middle-internal layers (outer plexiform layer, inner nuclear layer, inner
plexiform layer), while the choroid seems mainly responsible for the
nourishment of the photoreceptors layer, to which it is spatially close. A
different consideration should be made for the FAZ: retinal circulation
does not seem to play any role in the supply of oxygen of the central
avascular macular region, whereas the choroid is suggested to be the
main oxygen source for all photoreceptors layers, outer nuclear layer,
outer plexiform layer, and, marginally, for the inner nuclear layer.

It is worth mentioning that retinal blood flow reductions may be
involved in the pathophysiology of other ocular diseases besides AMD.
A major example is glaucoma, where a dysfunctional behavior of the
retinal vasculature has been observed in many studies, as reviewed
in [44]. The proposed mathematical modeling approach may be par-
ticularly useful in investigating potential vascular factors involved in
other vascular beds of the eye, including those supplying the optic
nerve, to further investigate visual field losses in glaucoma (see [45-
47D).

Regulation of oxygen extraction. In the performed simulations of patho-
logical scenarios reported so far, the value of several parameters has
been kept equal to the value in healthy baseline condition. This choice
is consistent with lack of experimental data in the considered situations.
Indeed, future quantitative estimation would strongly benefit of ad-hoc
experimentally measured parameters.

Despite the difficulties in retrieving reasonable data on the consid-
ered physiological conditions, in order to investigate the possible effects
of regulation of oxygen extraction on predicted macula oxygenation
we have performed the simulations in the worst cases of Scenarios 2
and 3 by reducing the maximum oxygen consumption Q7¢* in the OPL
layer. The parametric analysis of this condition is indeed supported
by previous studies [33] where the OPL has been shown to modify
its consumption rate in regime of hypoxia. In the present work, the
parametric study is conducted in the case of 50% reduction of retinal
blood flow (Fig. 9) and 50% reduction in the choroidal partial pressure
of oxygen (Fig. 10).

The results reported in Figs. 9 and 10 show how the ability of
OPL in reducing its oxygen consumption is more incisive when the
choroidal perfusion is impaired, whereas it plays a less relevant role
when the retinal circulation is affected. Consistently, the major effects
are observable in the proximity of the OPL layer. The FAZ, in both
scenarios, remains unaltered by the regulative variation of oxygen
consumption of the OPL.

The role of the vitreous. After having discussed the role of retinal and
choroidal circulation in the delivery of oxygen to the retina, we now
consider the possible occurrence of a noncompletely efficient exchange
of oxygen with the vitreous compartment. In doing so, we replace
the Dirichlet boundary condition at the interface between retina and

vitreous with the following Robin boundary condition
J(X) - n(x) = =kpyy (P = p(X) X € 0Ly, (16)

where:
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Fig. 10. Model predicted O, partial pressure (mmHg) profile with reduced maximum oxygen consumption in the Outer Plexiform layer and 50% reduction of choroidal partial
pressure across the macular thickness in the parafoveal region (top row, left panel), the transition region (top row, right panel), the foveal region (bottom row, left panel) and
foveal avascular zone (bottom row, right panel). The shaded regions highlight the presence of the vascular regions. The darker shaded region corresponds to the end of the retina.

1. J(x)-n(x) is the normal component of the oxygen flux density at
any x € 0Q,; (cms™);

2. p,; is the (given) value of the oxygen partial pressure in the
vitreous region (mmHg);

3. p(x) is the oxygen partial pressure at any x € 0Q2;, (mmHg);

4. k
ciency of exchange of oxygen across the retina-vitreous interface

wir = 0 is a parameter which effectively describes the effi-

(cms™! mmHg‘l).

Note that setting k,;; = +o0 into (16) degenerates into

p(X) = Puit X &€ a‘Qvil (17)

which corresponds to the Dirichlet boundary condition (2a) imple-
mented in all the simulations illustrated so far. The predicted relative
difference in the O, partial pressure (%) reported in Figure 11 has been
computed as
PR —Pp
Pp

Ap = %, 18)
where py is the partial pressure of oxygen computed by imposing the
Robin boundary condition (16) with various values of k,;,, while p,
is the partial pressure of oxygen computed in healthy conditions by

imposing the Dirichlet boundary condition (17).

Simulations have been performed for different values of k;,, ranging

1

vit>
from 10? to O cms~! mmHg™!. Note that assuming k,;, = 0 cms™' mmHg™~
is physiologically equivalent to assuming that the vitreous does not
contribute at all to the oxygenation of the inner layers of the retina,
thus reflecting the worst possible physiological condition. The results
reported in Fig. 11 show how switching off the interplay between the
vitreous and the macular tissue negligibly affects the PH layer, even

in the worst case with k,;, = 0 cms™! mmHg~!. Instead, the inner

vit
layers, particularly in the FAZ, undergo a major effect. The IPL layer,
in particular, appears to be strongly affected by a possible decrease in

the efficiency of exchange of oxygen with the vitreous region.

10

4. Conclusions

With an increasing number of studies implicating blood flow as an
important factor in the etiology and progression of AMD [13-15], it
is imperative to understand the relationship between the retinal and
choroidal contributions to macular oxygenation. As a matter of fact,
the role of the retinal capillary plexi is still controversial, but crucial to
gain further understanding of the pathophysiology of macular diseases
with a high epidemiologic impact worldwide, such as AMD [1,2]. In
this work, we utilized a novel mathematical model to help shed light
on these important issues.

To the best of our knowledge this represents the first study of
applied physics-based mathematical modeling to characterize how ab-
normalities in the retinal and choroidal O, supplies may affect macular
oxygenation in different retinal layers and at various distances from the
macula. Specifically, our results suggest that the center of the macula
appears to be more affected by changes in the choroidal circulation,
while the periphery is more affected by variations in retinal blood
flow. Additionally, the outer layers of the retina seem to be mostly
affected by a reduction in the choroidal oxygen supply. Interestingly,
the presented model supports the new insights in the natural history
and progression of neovascular AMD, suggesting that AMD progresses
from non-neovascular forms to non-exudative neovascular forms (with
type 1 MNV, beneath the RPE and its basal lamina, compensating
for choroidal ischemia to support the RPE and outer retina) to ex-
udative neovascular forms (perhaps with over-proliferation of type 1
MNV and subsequent leakage and/or conversion of type 1 to type 2
MNV, above the RPE) [5]. Importantly, the concept of non-exudative
neovascular AMD and its beneficial role in the disease progression
has been reported in several clinical pathologic reports [5,19], and
the results from our model are consistent with such findings. These
insights may be further coupled with mathematical models of ocular
hemodynamics [12,37] and used to enhance artificial intelligence (AI)
methods for data analysis in ophthalmology [11,48] to aid the design
of personalized approaches to AMD management, as our group has
recently described in glaucoma [49].
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Fig. 11. Model predicted relative difference in the O, partial pressure (%) between a scenario with the Robin boundary condition (16) and the case with the Dirichlet boundary
condition (17). The relative differences have been computed across the macular thickness in the parafoveal region (top row, left panel), the transition region (top row, right panel),

the foveal region (bottom row, left panel) and foveal avascular zone (bottom row, right panel). The shaded regions highlight the presence of the vascular regions. The darker

shaded region corresponds to the end of the retina.

Synopsis. Macular oxygenation is differentially affected by abnormali-
ties in the oxygen supplied by the choroid and the retinal circulation.
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