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PURPOSE. Vascular impairments, including reduced capillary density (CD), impaired
autoregulation capacity (Reg), and elevated intraocular pressure (IOP), have been identi-
fied as significant contributors to glaucomatous disease. This study implemented a theo-
retical model to quantify the impact of these impairments on retinal blood flow and
oxygenation as intraluminal pressure (Pa) is varied.

METHODS. A theoretical model of the retinal vasculature was used to simulate reduc-
tions in CD by 10% (early glaucoma) and 30% to 50% (advanced glaucoma), a range
in autoregulation capacity from 0% (totally impaired) to 100% (totally functional), and
normal (15 mm Hg) and elevated (25 mm Hg) levels of IOP.

RESULTS. Under baseline conditions of CD = 500 mm−2, Reg = 100%, and IOP = 15 mm
Hg, an autoregulation plateau was predicted for Pa = 28 to 44 mm Hg. Decreased CD,
impaired flow regulation mechanisms, and increased IOP all cause a loss of the autoreg-
ulation plateau and a corresponding decrease in tissue oxygenation in this pressure
range. Although the detrimental effects of small decreases in CD or elevations in IOP
are mostly offset by functional flow regulation, larger changes and/or combinations of
vascular impairments lead to a significant drop in retinal oxygenation.

CONCLUSIONS. Model predictions indicate that isolated or combined vascular impairments
in CD, flow regulation, and IOP contribute to poor retinal tissue oxygenation, which
could lead to vision loss in advanced glaucoma patients. This study motivates early iden-
tification of vascular changes to prevent a substantially worse effect of these factors on
retinal oxygenation during the progression of glaucoma.

Keywords: autoregulation, retinal blood flow, mathematical modeling, glaucoma,
oxygenation

P rimary open-angle glaucoma (POAG) is a multifactorial
disease with high individual variability in risk factors.

Although the treatment of elevated intraocular pressure
(IOP) in POAG patients is well established, impairments in
ocular blood flow and autoregulation1 are also significant
contributors to glaucomatous disease. However, such hemo-
dynamic risk factors are not currently included in the stan-
dard of POAG care due to a lack of specific data demonstrat-
ing vascular insults as primary drivers of disease progres-
sion. Along with their individual importance in POAG, IOP,
blood pressure (BP), and ocular hemodynamics are inter-
woven biomarkers where the combined effects of intra- and
extravascular pressures on blood flow are not well under-
stood.

Autoregulation is the process by which blood flow is
maintained relatively constant over a wide range of intralu-
minal pressure. As arterial pressure is increased, the vascu-
lar smooth muscle tone in resistance vessels (arterioles)
increases to yield decreased vessel diameter and increased
vascular resistance. This intrinsic ability of the vasculature

to autoregulate is a protective process to maintain home-
ostasis over the physiological arteriolar pressure range.
Impaired autoregulatory ability occurs when blood flow
does not remain relatively constant over varied physiologi-
cal pressures. Several studies have demonstrated the impor-
tance and role of autoregulation in the retina and optic
nerve head (ONH).2–7 Specifically, POAG patients have been
shown to exhibit faulty autoregulation of central retinal
artery (CRA) blood flow during posture change.7 In addi-
tion, patients with POAG under hypercapnia have been
shown to lack vasodilatory response in the CRA, whereas
subjects with ocular hypertension have demonstrated signif-
icantly increased volumetric blood flow to the retina.6 These
data suggest that patients with POAG have insufficient
vascular autoregulation during physiological challenges that
may result in decreased volumetric blood flow to the
retina.

Mathematical modeling has been used to predict the
impacts of impaired autoregulation on blood flow and
oxygenation in many different tissues and organs. Carlson
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et al.8 included mechanistic responses to pressure, shear
stress, and metabolism to predict changes in vessel diam-
eters and downstream oxyhemoglobin saturation in a
compartmental model of skeletal muscle. Arciero et al.9

adapted and re-parameterized this model for application
to the retina, but predictions were still made within a
compartmental network geometry. Ursino et al.10,11 devel-
oped several compartmental models of the cerebral vascu-
lature to identify relationships among cerebral blood flow,
cerebral blood volume, intracranial pressure, and the action
of cerebrovascular regulatory mechanisms. Though not
in the eye and still within the context of a compart-
mental or electrical circuit model, the model accounted
for a difference in pressure environment due to cere-
bral spinal fluid (CSF) pressure. Aletti et al.12 provided
an initial model of autoregulation in the context of a
three-dimensional network of 25 segments of retinal arter-
ies. The model included time-dependent Stokes equations
for flow and mechanical principles for the endothelium
and smooth muscle fibers, including a sigmoidal func-
tion for smooth muscle contraction. In the present study,
elements from each of these studies, including vessel
wall mechanics, IOP environment, and heterogeneous reti-
nal network structure, were incorporated into a compre-
hensive, hybrid mathematical model to investigate the
impact of vascular impairments on blood flow autoregula-
tion.

Mathematical modeling is a proven tool to unravel indi-
vidual and combined mechanisms that contribute to the
pathophysiology of POAG. A wealth of studies has indi-
cated that impaired blood flow regulation capacity, elevated
IOP, fluctuations in BP and CSF, and decreased capillary
density (CD) are associated with POAG.13 Such impairments
alter the normal capacity for flow autoregulation in glau-
coma and cause a detrimental impact on retinal and ONH
tissue oxygenation. In this study, blood flow is simulated
within a realistic, heterogeneous description of a human
retinal microvascular network. The mathematical model can
be used to predict the impact of reductions in CD, impair-
ments in autoregulation capacity, and increases in IOP on
retinal blood flow and oxygenation as the incoming pres-
sure is varied. This autoregulatory model is among the first
to integrate each previously reported feature set into a single
comprehensive model of retinal vascular autoregulation in
POAG.

METHODS

Theoretical Model of the Retina

Hybrid Geometry. The theoretical model of the retina
that our group developed previously14,15 is referred to as a
hybrid model because it combines a heterogeneous network
structure for arterioles with compartments for capillaries and
venules. The heterogeneous arteriolar network structure was
obtained from murine confocal microscopy images scaled
appropriately to human.11 A series of resistors (compart-
ments) representing capillaries, small venules, and large
venules is connected downstream of each terminal arteriole
of the heterogeneous arteriolar network (see Fig. 1). The
spatial heterogeneity of the arterioles is preserved in the
downstream compartments because fractional flows based
on oxygenation levels are calculated for each set of vessel
compartments. Although blood is supplied to the human
retina via four main arteries, only one of the four arteries is
simulated to preserve computation time. Figure 1 provides
a depiction of the vascular network geometry.

Hemodynamics. In the hybrid model, the microvas-
cular network is represented as a directed graph, with the
edges of the graph representing the vessels of the network
and the nodes representing the network junctions. Blood
flow through each of the vessels is assumed to be pressure
driven and governed by Poiseuille’s law:

Q = �P
πD4

128 μL
(1)

where Q is the blood flow rate, �P is the pressure drop
along the vessel, D is the vessel diameter, μ is the apparent
viscosity of the blood, and L is the vessel length.

The BP entering the arteriolar network was assumed to be
40 mm Hg,9,16 and the venous output pressure was assumed
to be the same as the IOP, initially set to 15 mm Hg. Given
these boundary conditions, together with Poiseuille’s law
and assuming conservation of mass at each of the network
junctions, an iterative process was used to solve for the inte-
rior flow, hematocrit, and apparent viscosity in all of the
network vessels.17,18

Flow Regulation Mechanisms. According to the law
of Laplace, circumferential tension (T) within the vessel
wall is related to vessel diameter (D) and transmural

FIGURE 1. Schematic of network geometry of one branch of the retinal vasculature. The heterogeneous representation of the arterioles and
compartmental representation of the capillaries (C), small venules (SV), and large venules (LV) together comprise the hybrid model. The
circled region provides an enlargement to depict how a series of compartments is attached to each terminal arteriole.
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pressure—that is, the difference between the pressure inside
the vessel (Pin) and the pressure outside the vessel (Pout)—
by the following relationship, assuming vessel wall thick-
ness is much smaller than vessel diameter: T = (Pin−Pout)D

2 .
To account for the role of blood flow regulation, a vessel
wall mechanics model is used here, as in our previous
work,8,9,19,20 in which total tension (Ttotal) within the vessel
wall is modeled as the sum of passive tension (Tpass), due
to structural components and modeled by an exponential
function of diameter, and active tension, due to contraction
of smooth muscle cells and modeled by the product of a
Gaussian function of diameter representing the maximally
active tension generated by smooth muscle (T max

act ) and the
activation (A) of vascular smooth muscle:

Ttotal = Tpass + AT max
act (2)

where

Tpass = Cpass exp

[
C ′
pass

(
D

D0
− 1

)]
(3)

and

T max
act = Cact exp

[
−

(
D
D0

−C ′
act

C ′′
act

)2]
(4)

where D0 is the passive vessel diameter at a pressure of
40 mm Hg.

In Equations 5 and 6, total activation (Atotal) is assumed
to vary between 0 and 1 and is modeled as a sigmoidal func-
tion of Stone, which is the stimulus that dictates the amount
of vascular smooth muscle tone that is generated. In this
study, three blood flow regulation mechanisms are assumed
to contribute to the generation of smooth muscle tone: the
myogenic (pressure) response, shear stress (flow) response,
and conducted metabolic (PO2) response.

Atotal = 1

1 + exp (−Stone)
(5)

where

Stone = Cmyo (T − Tcs) −Cshear

(
τwall − τwall,cs

)
−Cmeta

(
Smeta − Smeta,cs

)
(6)

In Equation 6, T, τwall, and Smeta represent the current
values of tension, shear stress, and metabolic signal in a
given vessel, respectively; Tcs, τwall,cs, and Smeta,cs represent
the control state values (i.e., baseline conditions correspond-
ing to a healthy human retina) of tension, shear stress, and
metabolic signal in a given vessel, respectively. Changes in
pressure, flow, and oxygen levels thus cause a change in
smooth muscle activation and lead to the constriction or dila-
tion of arteriolar diameters.

A system of ordinary differential Equations 7 and 8 is used
to represent the rapid passive change in diameter followed
by active smooth muscle contraction or relaxation to a new
equilibrium diameter and activation in the ith arteriole:

dDi

dt
= 1

τd

Dcs,i

Tcs,i
(Ti − Ttotal,i(Di,Ai)) (7)

dAi

dt
= 1

τa

(
Atotal,i (Di,Ai) − Ai

)
(8)

where τ d and τ a are time constants, and Dcs,i is the
control (reference) state diameter. Parameter values for
the flow regulation model have been validated and esti-
mated in previous modeling studies9,15,19–21 and are given
in the Table.

Oxygen Transport. Oxygen transport to tissue is
modeled via the conservation of mass, which states that
oxygen diffusion must equal oxygen consumption:

Ddiffα∇2PO2 = M (PO2) (9)

where Ddiff and α are the diffusivity and solubility of oxygen
in the tissue, respectively, and M(PO2) is the tissue oxygen
consumption rate. It is assumed here that Ddiffα = 6 × 10−10

cm3 O2/cm/s/mm Hg.22,23 A Green’s function method is used
to solve Equation 9 in the arteriolar network and surround-
ing tissue.17,24,25 In this method, vessels are modeled as
discrete oxygen sources, and the tissue regions are consid-
ered oxygen sinks. The PO2 at any given tissue point is
calculated by summing the oxygen fields (Green’s func-
tions) produced by the surrounding sources and sinks. The
Green’s function method is especially useful because it can
be applied to heterogeneous vascular network structures
and allows for diffusive interaction among all vessel and
tissue points.

In the capillary compartments, Equation 9 is solved using
a Krogh cylinder model26 as in Albright et al.14 and Fry et
al.,27 whereby each capillary delivers oxygen via diffusion to
a surrounding tissue sleeve. Oxygen exchange in the venules
is neglected, as oxygen is primarily exchanged in the arte-
rioles and capillaries. In each vessel segment, the conserva-
tion of mass dictates that the rate of change of the convective
oxygen transport rate is equal to the rate of diffusive oxygen
efflux per vessel length, as in Albright et al.14

Simulated Hemodynamic Impairments

In our clinical observations,28 early POAG patients are
shown to exhibit ∼10% reduction in CD compared to
healthy individuals, with advanced patients experiencing
significant further reductions. Thus, decreases in CD from
a baseline of 500 mm−2 ranging from 10% (early POAG)
to 30% to 50% (advanced POAG) are simulated. Decreased
CD corresponds to a larger Krogh cylinder surrounding
the capillaries and leads to increased tissue regions expe-
riencing reduced oxygenation, as described in our recent
work.27

To model impairments to autoregulation mechanisms, a
factor is multiplied in front of the myogenic (Cmyo), shear
(Cshear), and metabolic (Cmeta) terms in the stimulus equation
(Equation 6) and is assumed to be a percentage that varies
between 0% and 100%, where a value of 100% indicates
fully functional flow regulation (herein defined as autoregu-
lation capacity, Reg), and Reg = 0% indicates fully impaired
autoregulation capacity.

Increased IOP is an established risk factor for POAG29

and thus was elevated in this study to assess its impact
on retinal blood flow and oxygenation in isolation and in
combination with changes to CD and Reg. Baseline IOP is
assumed to be 15 mm Hg, and elevated IOP is simulated at
25 mm Hg.
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TABLE. Parameter Values for Flow Regulation Model

Description Parameter Value Unit Reference

VSM activation sensitivity Cmyo 1.37/D0 cm/dyn Fry et al.21

VSM shear stress sensitivity Cshear 0.0258 cm2/dyn Fry et al.21

VSM metabolic sensitivity Cmeta 1000 1/μM/cm Fry et al.21

Passive tension strength Cpass 1.67·D0 dyn/cm Calculated
Passive tension sensitivity C′

pass −0.027·D0 + 12.52 — Fry et al.21

Maximum active peak tension Cact 1.30·D0
1.48 dyn/cm Fry et al.21

Maximum active length dependence C′
act −0.00146·D0 + 1.13 — Fry et al.21

Maximum active tension range C′ ′
act −0.00146·D0 + 0.308 — Fry et al.21

Passive reference diameter D0 29–151 μm Calculated
Time constant for diameter τd 1 s Fry et al.21

Time constant for activation τa 20 s Fry et al.21

Control state diameter Dcs 22–117 μm Fry et al.21

Control state tension Tcs 13–188 dyn/cm Fry et al.21

Control state shear stress τwall,cs 1–260 dyn/cm2 Arciero et al.15

Control state metabolic signal Smeta,cs 0.05–0.20 μM·cm Arciero et al.15

VSM, vascular smooth muscle.

Autoregulation is defined as the phenomenon by which
blood flow is maintained relatively constant over a wide
range of intraluminal pressure values. When autoregulation
is functioning under healthy conditions, an increase in pres-
sure should lead to an increase in tension, an increase in Stone
(Equation 6), an increase in activation (Equation 5), and thus
a decrease in vessel diameter to maintain blood flow despite
the increase in pressure. Simulations were conducted over a
range of CD values, IOP values, and autoregulation capaci-
ties to determine the effects of impairments in these factors
on the ability to maintain blood flow and oxygenation over
a range of incoming arterial pressures.

RESULTS

Under baseline conditions for CD and autoregulation func-
tionality (i.e., CD = 500 mm−2 and Reg = 100%), an autoreg-
ulation plateau is predicted for incoming arterial pressure

(Pa) values of Pa = 28 to 44 mm Hg in Figure 2A (blue line).
Without the ability to regulate flow (Reg = 0%), the autoreg-
ulation plateau disappears completely (Fig. 2A, black line),
and the predicted flow increases significantly with pressure,
including for Pa = 28 to 44 mm Hg. Figure 2B shows the
corresponding average downstream (post-capillary) oxygen
saturation predicted by the model for the same conditions.
When flow regulation mechanisms are fully functional (Reg
= 100%), the plateau in flow between Pa of 28 and 44 mm
Hg corresponds to a similar plateau in oxygen saturation
over that range (blue line), with values dropping only 13.6%
from Pa = 44 mm Hg to Pa = 28 mm Hg. In the absence of
regulation (Reg = 0%), there is a much larger (90.3%) drop
in oxygen saturation for that same pressure range (Fig. 2B).
Outside the autoregulation range (i.e., for Pa > 44 mm Hg or
Pa < 28 mm Hg), flow increases with pressure, as expected.

The impact of decreasing CD by 10% (450 mm−2,
black), 30% (350 mm−2, red), and 50% (250 mm−2, blue)
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FIGURE 2. (A) Normalized flow as a function of Pa for Reg = 0% (black) and Reg = 100% (blue). (B) Mean downstream oxygen saturation
as a function of Pa for Reg = 0% (black) and Reg = 100% (blue). These simulations assume IOP = 15 mm Hg and CD = 500 mm−2.
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FIGURE 3. (A) Normalized flow as a function of Pa for CD = 500 mm−2 (green), 450 mm−2 (black), 350 mm−2 (red), and 250 mm−2 (blue).
(B) Mean downstream oxygen saturation as a function of Pa for CD = 500 mm−2 (green), 450 mm−2 (black), 350 mm−2 (red), and 250
mm−2 (blue). These simulations assume IOP = 15 mm Hg and Reg = 100%.

is compared with the baseline case (500 mm−2, green)
in Figure 3. As CD is decreased, the autoregulation plateau
is translated to higher pressure values, and flow levels are
increased (Fig. 3A). Thus, significant decreases in CD lead
to a loss in the autoregulation plateau in the normal phys-
iological range of Pa = 28 to 44 mm Hg. The effects of
decreased CD on downstream oxygen saturation are shown
in Figure 3B; a loss in the ability to autoregulate leads to
large decreases in oxygenation over that physiological pres-
sure range. In particular, as Pa is lowered from 44 mm Hg to
28 mm Hg, the change in downstream saturation is 13.6% for
CD = 500 mm−2 (as noted in Fig. 2B); however, this change
in saturation increases as CD is decreased: 16.5% at CD =
450 mm−2, 36.4% at CD = 350 mm−2, and 75.3% at CD = 250
mm−2. This occurs despite all blood flow regulation mech-
anisms being active, which is the case for all simulations in
Figure 3.

Figure 4 demonstrates the impact of CD on mean tissue
PO2 levels downstream of the capillaries for autoregulation
capacities (Reg) of 0%, 25%, 50%, and 100%. A 10% decrease
in CD (from 500 mm−2 to 450 mm−2) yields a 5% decrease
in tissue PO2, whereas total impairment of regulation when
CD = 450 mm−2 yields an 8% decrease in tissue PO2. If
the CD is reduced by 10% and regulation is impaired, PO2

in the tissue is decreased by 12.4%. For larger decreases in
CD, the gap in oxygenation widens between cases with full
and impaired regulatory capacity. From the base case of CD
= 500 to 250 mm−2, the decrease in predicted downstream
tissue oxygenation is 46.5% when Reg = 100%, 50.7% when
Reg = 50%, 60.9% when Reg = 25%, and 96.3% when Reg
= 0%.

Because elevated IOP is a significant risk factor for glau-
coma, the impact of increasing IOP on model predictions
was also investigated. Figure 5 shows the predicted impact
of increasing IOP from a baseline level of 15 mm Hg (blue)
to an increased level of 25 mm Hg (red). In Figure 5A, the
predicted impact of increased IOP on flow as a function
of pressure is shown. Higher IOP is predicted to shift the
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FIGURE 4. Mean tissue PO2 levels downstream of the capillaries
as CD is varied over four values: 250, 350, 450, and 500 mm−2.
Four levels of autoregulation capacity (Reg) are shown: 0% (dotted,
fully impaired), 25% (dashed), 50% (dash–dot), and 100% (solid,
fully functional). These simulations assume Pa = 40 mm Hg and
IOP = 15 mm Hg.

autoregulatory curve to the right (i.e., to higher levels of
Pa). The plateau is predicted to shift from Pa = 28 to 44 mm
Hg for IOP = 15 mm Hg to Pa = 36 to 52 mm Hg for IOP =
25 mm Hg. The effects of this shift on downstream oxygen
saturation are shown in Figure 5B. As expected, the shift of
the flow plateau effectively shifts the oxygenation curve to
the right, as well. Importantly, over the physiological range
of Pa = 28 to 44 mm Hg, there is once again a loss in the
autoregulatory plateau (in particular, for Pa < 36 mm Hg).
As a result, the downstream oxygen saturation is predicted
to be about 75.7% lower at Pa = 32 mm Hg with an IOP of
25 mm Hg than with an IOP of 15 mm Hg, and the satura-
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FIGURE 5. (A) Normalized flow as a function of Pa for IOP = 15 mm Hg (baseline, blue) and IOP = 25 mm Hg (high, red). (B) Mean
downstream oxygen saturation as a function of Pa for IOP = 15 mm Hg (baseline, blue) and IOP = 25 mm Hg (high, red). These simulations
assume CD = 500 mm−2 and Reg = 100%.
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FIGURE 6. Mean tissue PO2 levels downstream of the capillaries
as CD is varied among four values: 250, 350, 450, and 500 mm−2.
Results are shown for a baseline IOP = 15 mm Hg and Reg = 100%
(blue, solid), as well as IOP = 15 mm Hg and Reg = 0% (blue,
dashed), IOP = 25 mm Hg and Reg = 100% (red, solid), and IOP =
25 mm Hg and Reg = 0% (red, dashed). These simulations assume
Pa = 40 mm Hg.

tion is predicted to be near 0 for Pa = 28 mm Hg in the high
IOP case.

To investigate the combined effects of elevated IOP
and impaired blood flow regulation on tissue oxygenation,
the model was simulated for a range of CD, with normal
and high IOP, and with and without blood flow regula-
tion. Figure 6 shows the predicted mean tissue PO2 level
downstream of the capillaries with combinations of IOP = 15
and 25 mm Hg and Reg = 0% and 100% over a range of CD.
With fully functioning regulation mechanisms, an increase
in IOP from 15 to 25 mm Hg leads to a predicted decrease
in downstream tissue PO2 from 21.3 mm Hg to 20.6 mm Hg

with a baseline CD of 500 mm−2. If CD is decreased to 250
mm−2, the downstream tissue PO2 is predicted to decrease
to 11.4 mm Hg when IOP = 15 mm Hg and to 6.7 mm Hg
when IOP = 25 mm Hg. This gap in predicted oxygenation
levels between the baseline and elevated IOP cases is much
higher (41.3%) at CD = 250 mm−2 compared to CD = 500
mm−2 (3%). The combination of high IOP and fully impaired
flow regulation (red dotted line in Fig. 6) exacerbates the
decreases in tissue PO2 as CD is decreased, so that even
a 10% reduction in CD (to 450 mm−2) leads the predicted
downstream tissue PO2 to be just 4.6 mm Hg. Further reduc-
tions of CD to 350 and 250 mm−2 yield predicted down-
stream tissue PO2 values of 0.2 mmHg and 0 mmHg, respec-
tively, in the absence of flow regulation and with elevated
IOP.

DISCUSSION

A theoretical model of the human retinal microvasculature is
used in this study to elucidate factors that impact autoregula-
tion of blood flow within the retina. The model predicts that
conditions observed in POAG patients such as decreased CD,
impaired blood flow regulation mechanisms, and increases
in IOP all lead to a loss of the autoregulation plateau in the
physiological range of incoming arterial pressures between
28 and 44 mm Hg. The loss of this autoregulation plateau
corresponds to a significant decrease in oxygenation in that
pressure range. These model predictions are used to hypoth-
esize that the inability to autoregulate could explain, at least
in part, the loss of visual function in advanced glaucoma
patients.

Our model indicated that reductions in CD translate the
autoregulation plateau to higher pressure and flow values
(see Fig. 3). Model predictions show a small change in the
blood saturation levels at the downstream end of the capil-
laries when CD is reduced from 500 mm−2 to 450 mm−2.
However, this change in blood saturation downstream of
the capillaries is much more significant when CD is reduced
to 350 mm−2 and 250 mm−2, leading to significant impair-
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ments in oxygenation with capillary loss. Figure 4 shows
that functional flow regulation mechanisms can compensate
and address small changes in CD but are not sufficient to
overcome the larger reductions.

When flow regulation mechanisms are completely
impaired, the mechanisms are held at their control state
values, causing Stone = 0 and activation to be 0.5 in the Reg
= 0% case. Because Stone = 0 on the steepest part of the
(sigmoidal) activation curve, even the slightest change from
Stone = 0 will have a very significant effect on activation, thus
explaining that even a small ability to regulate flow leads to
much better results than if regulation is impaired completely
(see Fig. 4). Further changes in Reg lead to comparable
changes in Stone, but not as significant of changes in acti-
vation due to the nonlinearity in the activation versus Stone
curve.

The model predicts a shift in the autoregulation curve
toward higher Pa values when IOP is increased from 15
mm Hg to 25 mm Hg (see Fig. 5). This leads to a loss in
the autoregulatory plateau over the normal physiological
Pa range, which causes a large drop in downstream vessel
oxygen saturation. For example, when Pa = 32 mm Hg,
there is an extreme drop in oxygen saturation when IOP
is elevated from 15 to 25 mm Hg. Thus, although increased
IOP has historically been related to structural changes in the
retina, the model predictions presented in this study suggest
that elevated IOP impacts blood flow and oxygenation to a
large extent, suggesting a key role of IOP in leading to vascu-
lar problems in glaucoma patients.

The model demonstrates a more detrimental effect on
retinal oxygenation when two or more known vascular
phenomena of POAG (i.e., capillary loss, flow regulation
impairment, and/or elevations in IOP) occur in combination.
As expected, the predicted downstream tissue PO2 decreases
with decreasing CD in all cases, and there is a decrease in
predicted downstream tissue PO2 as IOP is increased from
15 mm Hg to 25 mm Hg. However, as CD is decreased, the
gap between the normal and high IOP cases grows, as well.
As noted in Figure 6, the difference between the tissue PO2

for the high and low IOP cases grows from just 3% when
CD = 500 mm−2 to 41% when CD = 250 mm−2. The delete-
rious effects of elevated IOP on tissue oxygenation become
exacerbated at lower levels of CD.

Limitations

By design, theoretical models are limited in their capacity to
capture all factors that contribute to a physiological system.
In this model, the network geometry accounts only for
heterogeneity in arteriolar network structure, although frac-
tional flows are assigned to capillary compartments to try to
preserve the impact of vascular heterogeneity. However, the
current (generalized) network geometry was not obtained
from individual human patients. Future work will digi-
tize patient-specific vascular network geometries obtained
from ultrawide optical coherence tomography angiogra-
phy imagery of blood vessel geometry. The model will be
applied to those clinically obtained vascular geometries so
that model predictions can be compared more accurately to
other patient characteristics. For example, model predictions
of tissue oxygenation will be validated with Zilia oximetry
measures that will be obtained from each ocular quadrant of
patients. Patient-specific network geometries may also help
to illustrate whether inferior or superior regions of the eye
are predicted to exhibit lower oxygen levels and help to

establish a potential role of gravity on blood flow dynamics
when comparing predicted oxygen levels with clinical visual
field data. A blood flow steal phenomenon has also been
suggested to occur in patients with vascular dysregulation
where a shift in blood flow occurs between vascular beds as
they attempt to compensate for local tissue insufficiency.30

Future modeling studies of retinal hemodynamics should be
designed where possible to account for the potential influ-
ence of gravity and autoregulatory factors along with differ-
ing blood vessel geometry.

CONCLUSIONS

Previous work has strongly associated individual physio-
logical factors with POAG including elevated IOP, varia-
tions in BP and CSF, lower CD and blood flow, and lack
of healthy vascular autoregulation. In the present study, the
model demonstrates that combinations of impaired regu-
lation, high IOP, and reduced CD all contribute to poor
tissue oxygenation. If blood flow regulation mechanisms are
functioning, the impact on tissue oxygenation is minimal
when IOP is increased on its own or during a small (∼10%)
decrease in retinal CD. This model prediction thus motivates
early identification of vascular changes to prevent a substan-
tially worse effect of these factors on retinal oxygenation in
the more advanced stages of glaucoma. Ultimately, whether
from increased IOP (causing poor autoregulation), impaired
blood flow regulation mechanisms, or decreased CD, the
results indicate how vascular risk factors may lead to poor
oxygenation outcomes consistent with POAG disease.
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