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Purpose: The purpose of this study was to demonstrate that the organized formation
of subretinal drusenoid deposits (SDDs) may be a Turing pattern.

Methods: A Java-based computational model of an inferred reaction-diffusion system
using paired partial differential equations was used to create topographic images.
Reaction kinetics were varied to illustrate a spectrum of pattern development, which
were then compared to dot-like, reticular, and confluent SDD patterns observed clini-
cally.

Results: A reaction-diffusion system using two agents, one an “activator” that increases
its own production, and the other an “inhibitor” that decreases the activator’s produc-
tion, can create patterns that match the spectrum of topographic appearance of
organized SDD. By varying a single parameter, the strength of the activator, the full
spectrum of clinically observed SDD patterns can be generated. A new pattern, conflu-
ence with holes, is predicted and identified in one case example.

Conclusions: The formation of clinically significant SDD and its different patterns can
be explained using Turing patterns obtained by simulating a two-component reaction-
diffusion system.

Translational Relevance: This model may be able to guide future risk stratification for

turing patterns. Transl Vis Sci
Technol. 2022;11(3):5,
https://doi.org/10.1167/tvst.11.3.5

Introduction

Subretinal drusenoid deposits (SDDs), also referred
to as reticular pseudodrusen, are present in some
patients with age-related macular degeneration
(AMD), Sorsby’s macular dystrophy, and pseudox-
anthoma elasticum.!-> They are distinct from drusen
given their anatomic position above the retinal pigment
epithelium (RPE), unlike the typical location of drusen
underneath the RPE, as identified by optical coherence
tomography (OCT).? Classically, SDDs show charac-
teristic reticular patterns (i.e. net-like structures), but
some patients exhibit multiple dot-like or conflu-
ent deposits. Moreover, many of these topographic
patterns may be found in the same eye.

Several studies have demonstrated that the presence
of SDD is an independent risk factor for the progres-
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patients with SDD, and provide mechanistic insights into the cause of the disease.

sion to both neovascular AMD and geographic atrophy
(GA).> > The specific cause and mechanisms of SDD
have not yet been elucidated. There is evidence that
complement activation may be involved, as mutations
in complement factor H have been associated with the
development of SDD in mouse models and possibly
humans.®” A detailed biogenesis model for the forma-
tion of SDD has also been proposed, with a complex
interplay among unesterified cholesterol, high-density
lipoprotein (HDL) particles, and RPE-photoreceptor
cycling.® However, although biogenesis models of
SDD have been proposed, it is not understood why
they occur in distinct and characteristic geometric
subretinal patterns.>? A key concept is whether the
geometric patterns that are observed arise from the
geometry of adjacent structures, or whether these
patterns can arise de novo. One hypothesis proposed
that the organized reticular pattern of pseudodrusen
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B.

Figure 1. (A) Detail of skin pattern of a giant pufferfish, which
bears resemblance to B. (B) A computational simulation for a
simple reaction-diffusion system. Image: Chiswick Chap/Wikimedia
Commons, used under Creative Commons license (CC BY-SA 3.0).3°

develops due to the underlying pattern of the choroidal
vessels.'” However, a stereological study demonstrated
that the patterning of choroidal vessels and SDD were
independent of one another.!! Others have suggested
that these morphologies may be independent of the
geometry of adjacent structures, but without further
indication as to why highly organized morphological
patterns develop in the subretinal space.'?

In nature, complex patterns can emerge sponta-
neously due to physical and chemical forces that may
not have an underlying pattern themselves. In 1952,
mathematician Alan Turing proposed a framework
to explain spontaneous complex pattern formations
in nature.’* In brief, a two-component system of
interacting compounds can generate highly organized
patterns if one compound is an activator and the
second compound is an inhibitor of the activation
reaction.!” Prominent examples of Turing patterns in
nature include the formation of stripes on zebras, spots
on leopards, and the complex skin pattern of puffer
fish (Fig. 1).!3-!* An experimental example of Turing
pattern generation is in the hybridization of the white-
spotted char fish, where a range of Turing patterns
can be generated by breeding char with different skin
patterns.!> A prototypical example of a Turing pattern
is a simplified predator-prey model involving rabbit
and fox populations, where the rabbits (activators)
increase their own population by breeding, and the
foxes (inhibitors) decrease rabbit population by eating
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them (Fig. 2). Although this is an oversimplification
of actual predator-prey dynamics, it is analogous to
activators and inhibitors in a reaction-diffusion system
to generate a Turing pattern from the distribution
of the rabbit population. Turing inferred that, under
the right conditions, stable and complex patterns can
emerge in such systems. We propose that the morpholo-
gies seen in the formation of SDD in the subretinal
space are examples of the formation of Turing patterns
in this environment. This provides a uniform explana-
tion for the spontaneous development of SDD patterns
in the subretinal space and may account for the varia-
tion in the observed patterns seen in patients.

In a two-component system, we can represent the
concentration of each molecule as “u” and “v.”

u = [Activator], or concentration of the activator
v = [Inhibitor], or concentration of the inhibitor

The concentration of each compound will change
as a function of time as well as position in the two-
dimensional (2D) space due to diffusion; thus, we
write!3:

1)
S—Itl = f(u,v)+ D,V’u
é
6—: =g(u,v)+ D,V

Where the Laplacian operator V2, is defined in 2D
space as:

52 82
&f . %7
82x 8%y

Where u and v are the concentrations of the diffusible
activator and the inhibitor, respectively, f (u, v) and g
(u, v) are functions that govern the reaction kinetics
between u and v, D, and D, are diffusion coefficients
for each compound, and V? is the Laplacian operator
that captures the effects of a concentration gradient on
spatial diffusion kinetics. For demonstrative purposes,
a simple linear example is used; in this case, the reaction
kinetic equations can be written in the following forms:

f(u,v) = Au— By
g, v)=Cu— Dv

Vif=

Where f (u, v) describes the changes in production
of activator “u” and g (u, v) describes the changes in
production of inhibitor “v”; here, A, B, C, and D are
constants governing reaction kinetics.
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Figure 2.

This series of equations is easiest understood using
the rabbit-fox metaphor as an example (see Fig. 1);
here, “u” refers to the population density of rabbits,
and “v” the population density of foxes. The physical
meaning of the terms of the above equations are then
as follows:

* A*u is a term that captures the increase in
rabbits as they reproduce, because the density of
new rabbits depends upon the pre-existing rabbit
density;

» B*v is a term that captures the loss of the rabbit
density that are being eaten by the foxes;

» C*u is a term that captures the density of the fox
population. Here, the rabbits are the food supply
for the foxes, and thus the number of foxes will
increase as the number of rabbits increases (not by
the number of foxes); and

* D*v is a term that captures the decrease in the
fox density that occurs due to natural death of the
foxes. Here, the loss of density of the foxes or death
of foxes is proportional to the number of foxes in
the population.

Many programs have been developed to illustrate
Turing patterns, using a reaction diffusion simulation.
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Schematic example of reaction-diffusion systems. Blue circles are “rabbits,” which when in proximity, promote production of other
rabbits. Red triangles are “foxes,” which both decrease the local concentration of rabbits by eating them, but also decrease in population
when rabbit populations decrease. (A) Rabbits are initially randomly distributed. (B) Where there are more rabbits, the local concentra-
tion of rabbits increases. (C) An increase in rabbits leads to an increase in the number of foxes due to the increase in the fox food supply.
(D) An increase in foxes will decrease the local population of rabbits. Because foxes are faster than rabbits, they tend toward the edges of
local concentrations or rabbits (i.e. foxes “diffuse” faster than rabbits). This process repeats, and, under the correct parameters, there are four
possible stable equilibria (E). The foxes are too effective, and cause extinction among the rabbits (and, ultimately, their own extinction).
(F) The foxes establish an equilibrium where pockets of rabbit populations are stable. (G) The foxes are less effective than in F, and they
form stable reticulated networks of rabbit populations. These stable populations as in F and G that result from reaction-diffusion kinetics
between at least two factors (H). The foxes are insufficiently effective, and the rabbit populations densely cover the area.

In this paper, we use a previously published Java-based
simulation whose full details are available elsewhere.’
This program creates an initial condition with initial
noise and then uses the above differential equations to
determine the behavior of reaction components u and
v as a function of time. The default values used in this
simulation were used for the purposes of this demon-
stration, where only the activating parameter “A” was
varied to generate a range of possible Turing patterns.

For this demonstration, and to illustrate the effect
of increasing the strength of the activator component
on pattern formation, we allow parameter A to vary
from 0.08 to 0.15 while we hold B, C, D, D,, and Dy
constant, at 0.06, 0.04, 0.07, 0, and -0.15, respectively.
Our results were compared directly to the appearance
described previously of confluent, reticular, and dot
conformation pseudodrusen using images from a prior
report, and plotted in comparison.*

This paper did not involve human subjects, human-
derived materials, or human medical records.

Figure 3A shows representative fundus photographs
with SDD visualization enhanced by selecting the blue
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Confluent pattern

Activating Parameter ‘A’

Presence of simulated pseudodrusen material

Bl Absence of simulated pseudodrusen material

Figure 3.

Subretinal drusenoid deposits (SDDs) morphology compared to Turing patterns generated with different values of A, which

measures the strength of the activator effect.* ' Top images are representative fundus photographs enhanced by including only the blue
channel, including a normal control, and with a spectrum of SDD morphology, as presented by Zhou et al. (figures reproduced with permis-
sion from the publisher).*3' Bottom images depict Turing patterns expected as we change A, a reaction kinetics parameter. Yellow indicates
the presence of the activator, where black represents its absence.> By changing a single reaction kinetic parameter, all SDD morphologies
can be generated. Note that in confluent SDD, small “holes” are observed in the SDD on close inspection, as predicted by the Turing pattern.

Images are used with the explicit permission of the publisher.*

channel, as presented by Zhou et al.* Figure 3B images
depict a Turing pattern that would form a theoretical
component “u” as the value of A, the activation param-
eter is changed where yellow indicates the presence of
the “u,” and black represents its absence.'* By chang-
ing the value of A, which measures the strength of the
activator effect; we can generate all three morphologies
for SDD.

In the rabbit-fox model we have used as an illustra-
tive example (see Fig. 2), “A” represents the rabbit’s
effectiveness at procreation. As we increase the effect
of A, or, in other words, the relative ability for rabbits
to reproduce compared to the foxes’ ability to eat them,
there is a transition from no activator material to a dot
pattern, reticular pattern, confluence with holes, and a
full confluent pattern.

Note that this Turing pattern simulation predicts a
morphology that would be a confluent pattern with
holes not represented in previous studies; however,
re-inspection of the representative confluent pattern
shows the possible appearance of these “holes” within
the confluent SDD (Fig. 4, orange inset). Further-
more, the full Turing pattern spectrum can be visual-
ized in this image, from confluent to absence of
pseudodrusen material, and the patterns appear in the
order predicted by the Turing pattern simulation (see
Fig. 4).

Figure 4. Zoomed in view of the “Confluent pattern” panel
from Figure 3A, demonstrating that all Turing patterns can develop
within one eye, and follows the same ordinal pattern as the
Turing spectrum. The simulated pattern is shown in the square box,
matched with the corresponding colored encircled area. Yellow —
confluent pattern, orange - confluent with holes, red - reticular
pattern, blue — dot pattern, and purple — no pattern. By combina-
torics, the chance of this happening at random is 2/5!, or 1.7%.

SDD can appear as several distinct patterns in the
subretinal space, yet, to date, there is an incomplete
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understanding of why these morphological patterns
emerge.®-!> These patterns have previously been charac-
terized as confluent, reticular (i.e. ribbon-like or a
network-like structure), or multiple dots. In this paper,
we demonstrate a mechanism by which the morpho-
logical features seen in the distribution of SDD
could arise spontaneously, without reliance on an
underlying pattern of cells in the retina, RPE, or
choroid. Thus, SDD development could be sponta-
neous Turing patterns arising from the presence of a
yet unknown activator and inhibitor agents. In our
model, Turing patterns that resemble the full spectrum
of SDD morphology were simulated using only two
partial differential equations with simple assumptions;
namely, that an activator is present and that there
is an inhibitor that decreases the amount of the
activator.

No organized pattern is seen when the strength
of the activator is too high or too low. A low value
of A (i.e. activator strength) when other parameters,
including strength of the inhibitor, are held constant
implies that the activator effect will be overwhelmed
by the inhibitor, and no pattern will develop. Similarly,
a high level of A indicates that there is overwhelming
activation, which would be consistent with a conflu-
ent buildup of subretinal drusenoid deposit, as seen
in the confluent pattern (see Fig. 3). For intermediate
values of reaction inhibition, our model generates the
two other major morphological categories of SDD, dot
and reticular.

Several additional pieces of evidence suggest that
the spontaneous development of SDD morphology
is an example of a Turing pattern. For example,
SDDs tend to increase in anterior-posterior height over
time, but not width.? This suggests an underlying 2D
waveform driving SDD formation remains stable, even
as more material accumulates in the subretinal space.
This suggests that the pattern of SDD formation is an
organized process over time, as opposed to a disorga-
nized process, as may be the case in age-related accumu-
lation of drusen in the sub-RPE space. Not all spots or
deposits that arise in the subretinal or sub-RPE space
would be expected to arise from Turing patterns, as
not all “spots” that occur in the real world develop on
this basis. Notably, other spots, such as drusen, do not
show the high organization of reticular pseudodrusen
or SDD, suggesting that drusen form by another, more
random mechanism of spot formation. However, this
analysis did not specifically analyze drusen.

It is important to note that different SDD patterns
can be seen within the same retina. This implies
that within the same patient, there can be significant
regional topographic variation in inhibition of the
formation of SDD. In one example from the litera-
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ture, the full spectrum of the Turing pattern simulation
can be seen in the same retina, with patterns arising in
the same sequence predicted by the simulation (see Fig.
4). In addition, the balance between the activator and
inhibitor changes with age, because SDDs accumulate
in patients as a function of age and are seldom seen in
young adults. This implies that the reaction parameters
change with patient age, or that the SDD accumulation
is very slow and gradual.

Our model demonstrates that a reaction-diffusion
system may exist to drive SDD formation, which can
provide other investigators an understanding of SDD
patterns as occurring along a spectrum and organiz-
ing future study of SDD characteristics in this order.
However, this model does not allow us to identity
the specific molecular activator or inhibitor of SDD
formation. The biogenesis model for SDD formation
expounded upon by Curcio et al., based on histologic
analysis of SDD, also does not have immediate sugges-
tions for activator-inhibitor candidates.® Additional
studies are required to identify the molecular basis of
SDD formation in the subretinal space.

SDDs have been demonstrated to independently
increase the risk ratio of developing advanced AMD,
including both neovascular AMD and geographic
atrophy.>>*1¢-19 Some activation-inhibition systems
have been implicated previously as risk factors for the
development of advanced AMD, including the comple-
ment system, which has careful regulation through
activator-inhibitor feedback systems. For example,
complement factor H, whose gene may predispose
some patients to developing AMD, is an impor-
tant inhibitor of the alternate complement pathway.?
In mouse models, an absence of CFH leads to an
organized accumulation of subretinal deposits in a dot-
like conformation that appears to mimic some aspects
of SDD in humans. Ultimately, this leads to signif-
icant downstream effects, including the upregulation
of C3.° One study found variation in the distribution
of CFH 162V polymorphisms between patients with
dot-dominant and dot-reticular patterns (termed dot-
ribbon, in this study).” However, there is conflict in the
literature on whether this 162V polymorphism, and the
Y402H variant, which is also associated with AMD,
actually have higher prevalence in patients with subreti-
nal drusenoid deposits.?! 24

Another possibility that may fit this activator-
inhibitor system involves the vitamin A and retinoid
cycles, which have previously been suggested to drive
SDD formation based on OCT findings.!? Specifically,
vitamin A deficiency can cause subretinal, organized
reticular patterns.>>® A defect of retinoid metabolism
includes retinitis punctata albescens, which is caused
by a mutation in retinaldehyde binding protein 1
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(RLBP1), and fundus albipunctatus can be caused
by mutations in the gene for retinol dehydrogenase 5
(RDHS5), which participates in 11-cis-retinal synthesis.
Both diseases have characteristic, highly organized dot-
like subretinal lesions, and, in some cases, peripheral
reticular patterns.”’ Here, disruption of the production
and consumption in the retinoid cycle of 11-cis retinal
may serve as the activator-inhibitor roles that would
result in Turing pattern formation. It is important
to note that other diseases can exhibit SDD, includ-
ing Sorsby’s macular dystrophy and pseudoxanthoma
elasticum.??® The fact that SDD may occur in a range
of diseases suggests that the mechanism causing SDD
are generalized, and possibly not disease specific.

There are intrinsic limitations to the current study.
First, an incomplete understanding of the molecu-
lar basis of SDD formation makes it impossible to
determine the exact reaction equations’ parameters at
the current time.? Ideally, a more biologically specific
formula would be specified, such as Michaelis-Menten
equations. However, the substrates of the proposed
reaction-diffusion system are unknown, and thus we
have chosen to present the most general form of the
equations driving Turing pattern formation. Second,
a criticism of Turing pattern modeling in biologi-
cal organisms is that they form over a narrow range
of reaction parameters. In skin patterning, this criti-
cism may be countered by allowing for evolutionary
fine tuning of such parameters as there can be selec-
tion pressure associated with skin patterning. Here,
however, no known evolutionary advantage is served
by having SDD, but fine tuning may still be present as
SDDs are only present in the small subset of the adult
population (for example, one study found a preva-
lence of 5.06% in individuals 65 years or older).”
Third, some studies have suggested that an alternate
explanation may be that different patterns of SDD
represent different disease processes.!> However, this
is unlikely because multiple patterns have been noted
adjacent to each other in the same eye. Importantly,
the clinical impact of this finding is still limited, but it
may ultimately provide insight into the possible under-
lying mechanism for SDD formation. It is clinically
interesting that the risk ratio of geographic atrophy
for each pattern also follows the same order as the
Turing pattern spectrum, with risk ratios for neovas-
cular AMD following the opposite direction.* The
significance of this finding is worthy of further inves-
tigation. Finally, whereas this model provides trans-
lational relevance by possibly explaining the varia-
tion in SDD patterns, in its present state, it does not
explain all features of SDD, such as the tendency
toward fovea sparing, or increased prevalence in
women.’
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