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Vascular impairments, including compromised flow regulation, have been identified as significant contributors
to glaucomatous disease. Recent studies have shown glaucoma patients with significantly reduced peripapillary,
macular, and optic nerve head vessel densities occurring with early glaucomatous structural changes prior to

lé:t?;ma detectable visual field loss. This study aims to quantify the potential impact of decreased vessel densities on
Oxygenation retinal perfusion and oxygen metabolism. In our clinical observations, pre-perimetric glaucoma patients
Blood flow exhibited a 10-13 % reduction in vessel density compared to healthy individuals. Our theoretical model of the

retinal vasculature is adapted in this study to assess the potential impact of this reduction in vessel density on
retinal oxygenation. The model predicts a 1 % and 38 % decrease in mean oxygen saturation in retinal vessels
immediately downstream of the capillaries when vessel density is decreased from its reference value by 10 % and
50 %, respectively. The impact of capillary loss on oxygen extraction fraction and the partial pressure of oxygen
in retinal tissue is also predicted. Reductions in vessel density are simulated in combination with impaired flow
regulation, and the resulting effects on saturation and flow are predicted. The model results showed a nonlinear
relationship between vessel density and downstream saturation, indicating that larger decreases in the density of
capillaries have a disproportionate impact on oxygenation. The model further demonstrates that the detrimental
effects of minor vessel density reductions are exacerbated when combined with other vascular impairments.

1. Introduction In addition, recent studies [2-9] have used optical coherence tomogra-
phy angiography (OCTA) to reveal significant reductions in the vessel

Open angle glaucoma (OAG) is the second leading cause of blindness density (VD) of the peripapillary retina, optic nerve head (ONH), and

worldwide and has a wide array of known and theorized contributing
risk factors that lead to the destruction of retinal ganglion cells (RGC)
and irreversible vision loss. While lowering intraocular pressure (IOP) is
the only currently approved therapeutic target for OAG patients, im-
pairments to oxygen delivery, tissue perfusion, and autoregulation have
also been identified as significant contributors to glaucoma disease [1].

macular regions in OAG patients compared to healthy controls.
Currently, data on early vascular changes are scarce in patients with
pre-perimetric OAG, which is defined by the occurrence of characteristic
structural glaucomatous changes in the ONH and retinal nerve fiber
layer (RNFL) prior to significant visual field defects. Analysis in the
earliest stages of glaucoma is vital to understand if vascular insult occurs

Abbreviations: DCP, Deep capillary plexus; ICP, Intermediate capillary plexus; IOP, Intraocular pressure; OAG, Open angle glaucoma; OCTA, Optical coherence
tomography angiography; OEF, Oxygen extraction fraction; ONH, Optic nerve head; RGC, Retinal ganglion cell; RNFL, Retinal nerve fiber layer; RPC, Radial per-
ipapillary capillary; SCP, Superficial capillary plexus; VD, Vessel density; VSM, Vascular smooth muscle; ANOVA, analysis of variance; C, Capillaries; PO2, Partial
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prior to and/or in conjunction with RGC loss. Although many studies
have associated vascular insufficiency with glaucoma, the exact mech-
anisms of RGC death and sequence of changes observed in OAG remain
poorly understood.

A recent prospective, cross-sectional study identified significantly
reduced peripapillary, macular, and ONH VD in OAG patients in
conjunction with early glaucomatous structural changes occurring prior
to detectable visual field loss [10]. Such early capillary loss prior to
functional loss may indicate a primary role for vascular dysfunction in
OAG pathophysiology. It is therefore essential to gain a more complete
understanding of the effects of capillary loss on retinal perfusion and
oxygenation. In this study, theoretical modeling based on prospective
clinical observations is used to predict how reductions in VD impact the
blood flow and oxygenation of retinal tissue.

Previous mathematical modeling studies have addressed certain as-
pects involving the role of capillaries in microvascular blood flow dis-
tribution within various tissues. Fry et al. [11] used a theoretical model
of blood flow regulation to demonstrate that observed capillary
recruitment in response to changing metabolic conditions in hamster
cremaster preparations can occur via the local control of arteriolar tone
combined with nonuniform hematocrit partitioning at vessel bi-
furcations. However, this study did not examine the effects of varying
vessel density. Goldman et al. [12] used modeling to show that the
abnormal microvascular perfusion observed in skeletal muscle during
sepsis could be described by varying the distribution of normal, fast, and
stopped capillaries. They showed that decreased functional capillary
density and increased oxygen consumption rate could lead to regions of
severe hypoxia. However, this study did not allow for blood flow regu-
lation (i.e., vessels could not dynamically change diameters in response
to changing densities or oxygen consumption) and used a simplified
non-heterogeneous description of the microvasculature, which can lead
to underestimates of tissue hypoxia and partial pressure of oxygen (PO2)
spread [13]. Chiaravalli et al. [14] utilized a multi-scale/multi-physics
mathematical model to quantify the impact of two hypothesized capil-
lary configurations on retinal hemodynamics and oxygenation. The
study compared model predictions when the superficial capillary plexus
(SCP), intermediate capillary plexus (ICP), and deep capillary plexus
(DCP) were connected in series or in parallel. Their model simulations
showed larger pressure drops in the DCP and ICP than SCP when con-
nected in series, and it showed that the blood flow redistributed uni-
formly when the three plexuses were connected in parallel. Capillary
density values for each layer were obtained from Campbell et al. [15].
While providing helpful insight into oxygenation and hemodynamics,
the model used in Chiaravalli et al. did not consider changes to vessel
density values nor did it account for the heterogeneous vascular struc-
ture or flow regulation mechanisms within the human retina.

In this study, our previously developed theoretical model [16],
which accounts for heterogeneous arteriolar network structure, flow
regulation mechanisms, and oxygen transport, is used to assess the he-
modynamic impact of clinically observed reductions in VD in patients
with OAG. Although the original version of the model began as a mouse
model, the model was scaled to represent a human retinal vascular
network [17] and can be used in this study for comparisons to human
data. Changes in IOP are not considered in this study by design so that
the model simulations can isolate the vascular effects of vessel density
changes. More specifically, the model is used to predict the partial
pressure of oxygen (PO3) and oxyhemoglobin saturation in retinal ves-
sels and tissue for varied levels of VD, with an ultimate goal of com-
plementing clinical studies to demonstrate possible consequences of
capillary loss in glaucoma disease.
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2. Materials and methods
2.1. Clinical measures

Our team recently published a study from which we obtained clinical
VD data for use in the current modeling study [10]. Vessel densities of
the ONH and macular regions were assessed using OCTA (Optovue Inc,
Avanti Angiovue, Fremont, CA, USA), as depicted in Fig. 1. The princi-
ples and mechanisms behind OCTA calculations are complex [18-20]
and involved consecutive scans, removal of artifacts using validated
software algorithms, calculation of motion contrast to convert tissue
reflectance into flow signals, and computation of VD as a percentage of
assessed area [21]. A 4.5 mm HD Angio Disc scan was specifically used
to assess the ONH VD (percentage of area occupied by OCTA detected
vasculature) in the radial peripapillary capillary (RPC) slab (from the
internal limiting membrane to the RNFL). ONH VDs were acquired
within the optic disc region, the peripapillary region (identified by two
concentric rings of 2.0 mm and 4.0 mm centered on the optic disc
center), and the combination of these two regions. VDs were identified
for all vessels (ALL) and small vessels (SV) using large-vessel masking
(with threshold of > 3 pixels, approximately > 33 pm). The study
included ONH VD assessments globally and peripapillary from the RPC
slab (hemispheric for both ALL and SV) and regionally divided SV
density parameters in all quadrants (superior, temporal, nasal, and
inferior). Additionally, central macular VD was assessed using a 6.0 mm
HD AngioRetina scan in the 1.0 mm central ring of the ETDRS grid
radiating from the fovea [21]. Repeated measures ANOVA was used to
evaluate differences in vessel density due to glaucoma status (glauco-
ma/healthy) and quadrant, adjusted for age, sex, and race. The ANOVA
allowed different variances for the glaucoma and healthy groups, ho-
mogeneous variances for the four quadrants, and allowed correlations
among sectors to vary. Pair-wise comparisons were adjusted for multiple
comparisons using the Bonferroni method with a 5% overall signifi-
cance level. Analyses were performed using the gls function of the R
statistical software package. Further details regarding the methods and
initial differential results of OCTA data in patients with OAG and healthy
controls may be found in [10].

2.2. Theoretical model of the retina

A published theoretical model of the human retina [16], which in-
cludes a combined heterogeneous representation of retinal arterioles
and compartmental representation of capillaries, small venules, and
large venules, is adapted in this study to isolate the potential impact of
VD on retinal vessel and tissue oxygenation.

2.2.1. Geometry of the hybrid model

In this study, the theoretical model of a full retinal microvascular
network is referred to as a “hybrid” model because it combines a het-
erogeneous spatial representation of the arteriolar network with a
compartmental representation of the capillaries and venules [16]. The
arteriolar network in the hybrid model was mapped from confocal mi-
croscopy images obtained from mice and adapted and scaled to human.
Specifically, since a human retina has only four main arteriolar branches
while a mouse retina has six, two branches from the mouse network
were eliminated. The angles between the branches were adjusted based
on human oximetry images. Finally, the diameters and lengths of the
vessels were scaled by a factor of 3.6 and 5.9, respectively, based on
human retinal measurements. This adaptation from mouse to human
retina is also described in our previous work [17]. This network ob-
tained originally from mouse is incredibly useful because it provides a
physiologically accurate branching structure for this study. For
computational ease, a single feed artery (“Branch 1") is simulated in this
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Fig. 1. A: Schematic representation of the anatomy and vascular supply of the optic nerve head (ONH) including the superficial nerve fiber layer, the prelaminar
region, the laminar region, and the retrolaminar region [reproduced with permission from [22]. B-E: Images derived from optical coherence tomography angiography
(OCTA) of a healthy subject (panels B and C) and an open-angle glaucoma patient (panels D and E). Panels B and D: Scanning laser ophthalmoscope-like image of the
ONH region. Panels C and E: color-coded vessel density (VD) map in the radial peripapillary capillary (RPC) slab. The RTVue XR Avanti System (RTVue XR, Version
2018.1.1.63, Optovue Inc, Fremont, CA, USA) was used to assess VD as percentage of area occupied by OCTA-detected vasculature in the ONH region. ONH VD was
measured in the 4.5 mm HD Angio Disc scan in the RPC slab (from the internal limiting membrane to the nerve fiber layer) in the entire region (“whole image™), and
in the “peripapillary” region (defined by 2 rings of 2 mm and 4 mm centered on the disc center). The VD was measured for the small vessels (i.e., with large vessel
masking) and for all vessels (“ALL”); the application of large vessel mask has a threshold of >3 pixels (~ > 33 um) [23].
magnitudes of vessel diameter and length are assumed to differ between
mice and humans.
Compartments representing downstream capillaries (C), small ve-

study, although the complete model contains all four feed arteries and
nules (SV), and large venules (LV) are appended downstream of each of

485 pathways. The number of pathways is not scaled between mouse
and human, since branching structure is a physiological characteristic
assumed to be consistent between species; only the vessel positions and

Terminal
arterioles

Fig. 2. Schematic of hybrid model. The arterioles are represented with spatial heterogeneity, and each terminal arteriole is connected to a series of compartments
(resistors) representing downstream capillaries (C), small venules (SV), and large venules (LV), as shown in the enlargement. Reproduced with permission from [16].
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the 171 terminal arterioles in Branch 1, as illustrated in Fig. 2. Each
compartment consists of identical, parallel-arranged segments that are
exposed to the same hemodynamic and metabolic conditions. Capillaries
are assumed to have a fixed diameter of 6 um, a fixed shear stress of 15
dyn/cm?, and a fixed viscosity of 9.05 cP. These assumptions dictate
flow through a single capillary. The number of capillaries in any
compartment downstream of a terminal arteriole is determined via the
conservation of flow, which requires that flow through the i’th terminal
arteriole (Qra ) is equal to the product of the number of capillaries (n. ;)
in the compartment and the flow through an individual capillary (Qc).
Given these calculations, an average of 412 capillaries comprises each
compartment, with a maximum of 2627 capillaries and minimum of 9
capillaries depending on the pathway [16]. Fractional flows (and thus
oxygen levels) enter each series of capillary and venous compartments
downstream of the terminal arterioles, preserving heterogeneity of the
network.

The numbers, diameters, and lengths of the small and large venules
in each compartment are dictated by conservation of flow and loose
symmetry assumptions. In particular, it was assumed that each terminal
arteriole was associated with a corresponding small venule, and that the
lengths of these corresponding compartments were the same. Similarly
to the above capillary compartment description, conservation of flow
dictated that the product of the number of small/large venules
emanating from each terminal arteriole and the flow through each
small/large venule must equal the flow through the given terminal
arteriole. The treatment of the venous compartments is described in full
detail in [17]. Table 1 provides the diameter, length, and vessel number
for the capillary, small venule, and large venule compartments averaged
over all 171 pathways.

2.2.2. Hemodynamics and flow regulation

As in [16], the microvascular network of the hybrid model is rep-
resented as a directed graph, where the vessels are the edges, and the
vessel junctions are the nodes of the graph. It is assumed that
pressure-driven flow through each vessel of the network is governed by

Poiseuille’s Law, Q = AP %, where Q is the volumetric blood flow rate
in the vessel, AP is the pressure drop along the vessel, D is the diameter of
the vessel, L is the length of the vessel, and v is the apparent viscosity of
the blood in the vessel.

The pressure entering Branch 1 is assumed to be 40 mmHg (based on
outgoing pressure measurements in the central retinal artery [24]), and
the pressure at the downstream end of the venules in each pathway is
assumed to be the value of IOP (taken here to be 15 mmHg). At each
junction within the network, the principle of mass conservation was
enforced, enabling the calculation of flow rate, hematocrit, and apparent
viscosity in each arteriole through an iterative process [25]. A repository
for the code used for this flow calculation method is provided at https://
github.com/secomb/NetFlowV2. Subsequently, flows within the
downstream capillary and venous compartments were calculated using
Poiseuille’s Law in conjunction with conservation of mass.

The model allows for the regulation of blood flow, whereby di-
ameters of the arterioles change in response to changes in the activation
level of surrounding vascular smooth muscle (VSM). A previously
established theoretical model of blood flow regulation in the arterioles
(described in detail in [26-29]) is used here to simulate changes in
vascular tone in response to various stimuli. Namely, regulating

Table 1
Diameter, number, and length of segments in capillary, small venule, and large
venule compartments averaged over all pathways.

Description C sV LV
Diameter, D (pm) 6 31.3 159
Number of segments, n 412 1 0.006
Length, L (cm) 0.080 0.032 0.938
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arterioles are assumed to constrict and dilate due to the contraction and
relaxation of the VSM, which is dictated by myogenic (pressure),
shear-dependent (flow), and metabolic (oxygen) responses. Briefly, the
vessel wall mechanics are assumed to be governed by the Law of Laplace
(Eq. (1)) whereby the circumferential wall tension, T, balances the
pressure difference across the vessel wall to maintain the diameter of the
vessel:

(P—P)D

T=
2

@

where P; is the intraocular pressure, and P is the intraluminal blood
pressure. The total tension (Tyaq = Tpass + ATqy’) in the vessel wall is
assumed to be the combination of passive tension (Tpass =

C

Cpasse ( ), which results from structure components of the
vessel wall and is given by an exponential function of vessel diameter
based on measured nonlinear increases in tension with circumferential

length [30], and active tension (ATpe"), which results from activation of

vascular smooth muscle in the vessel wall, where A is the level of smooth

muscle activation in a given vessel ranging between 0 and 1, and T]\$* =
2

D 7
Dy~ Cact

act
Cqcte is a Gaussian function of vessel diameter. Dy repre-
sents the passive diameter (i.e., A = 0) of the vessel at a pressure of 40
mmHg. The level of smooth muscle activation (Aq, Eq. (2)) for a given
vessel is modeled as a sigmoidal function of the input stimulus (denoted
Stones EQ. (3)) which is assumed to be a function of the myogenic
response, the shear-dependent response, and the metabolic response:
1

Avg=—— 2
total 1 +eXP(—Smne) ( )

Smne = Cmyo Ttotal (D ) - CshearTwall (D ) Q) - Cmetasmem (P 02) + C:ung (3)

Increases in activation lead to vessel constriction (i.e., positive terms
in Eq. (3) for the myogenic response), and decreases in activation lead to
vessel dilation (i.e., negative terms in Eq. (3) for the shear response and
conducted metabolic response). From an assumed initial control
(reference) state, changes in vessel diameter and activation are assumed
to be governed by the following set of differential equations in each
arteriole:

dD 1 D,

EZET(T_Tmml(D«,A)) (4)
dA 1

E = E (Atoml (D,A) 7A) (5)

where 7; and 7, are time constants for diameter and activation,
respectively, and D, and T, are the control (reference) state diameter and
tension, respectively. Parameter values for this model have been esti-
mated and validated in previous modeling studies [11,17,26,28,29,
31-33] and are given in Table 2.

2.2.3. Oxygen transport

Oxygen transport in the arteriolar tissue is governed by the steady-
state diffusion equation with consumption, assumed here to have a
Michaelis-Menten saturating form:

PO2(xa.y= Z)

DayraV2Pos(x, Y, 2) = My— 202
araV Poz(x, Y, 2) Py T Poa(x.7.2)

(6)

where Dy and a are the diffusivity and solubility of oxygen in the
arteriolar tissue, respectively, Po; is the tissue partial pressure of oxygen
at tissue point (x,y,z), My is the maximum oxygen consumption rate in
tissue (herein referred to as oxygen demand), and Py is the PO, at which
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Table 2
Parameter values for vessel wall mechanics (flow regulation) model.
Description Parameter Value Unit Reference
VSM activation sensitivity Crmyo 1.37/Dg cm/dyn [11]
VSM shear stress sensitivity Cshear 0.0258 cm2/dyn [28]
VSM metabolic sensitivity Crneta 1000 1/pM/cm [29]
VSM constant c 52-205 Calculated
tone
Passive tension strength Cpass 1.67-Dy dyn/cm calculated
Passive tension sensitivity c —0.027-Dy + 12.52 [26]
‘pass
Max active peak tension Cact 1.30-Dy'*8 dyn/cm [11]
Max active length dependence c . —0.00146-Dy + 1.13 [28]
ac
Max active tension range c . —0.00146-Dy + 0.308 [28]
aci
Passive reference diameter Do 29-151 um calculated
Time constant for diameter 74 1 s [26]
Time constant for activation Ta 20 s [11]
Control state diameter D, 22-117 um [17]1
Control state tension T, 13-188 dyn/cm [17]
Vessel length L 38-2224 um [17]
Table 3
Parameter values for oxygen transport model.
Description Parameter Value Unit Reference
Krogh diffusion coefficient Dggga 6 x 10710 em® O,/cm/s/mmHg [31,32]
Oxygen demand M, 1-4 cm?® 0,/100 cm®/min varied
Michaelis Menten constant for O, consumption Py 10 mmHg [33]
Tissue width of Krogh Cylinder d 20-36 um calculated

the consumption rate is half maximal (i.e., Michaelis Menten half satu-
ration constant). All parameter values are listed in Table 3.

In the arteriolar network, which is comprised of a spatially hetero-
geneous distribution of vessels, a Green’s function method was used to
solve Eq. (6), whereby the arterioles were represented as oxygen sources
and the tissue points as oxygen sinks [34,35]. The oxygen level at a given
tissue point was then computed as the superposition of the oxygen fields
(i.e., the Green’s functions) resulting from each of the vessel oxygen
sources. This method allows for the efficient computation of oxygen
levels in a heterogeneous network and accounts for the diffusive in-
teractions among all tissue points and vessels throughout the network. A
repository for the Green’s function method is provided at https://github.
com/secomb/GreensV4_GPU.

By conservation of mass, in each vessel segment,

9 éf”) =—q,(s) @

where f(Pp) = Q(HpCoS(Pp) + apPp) is the convective Oy transport rate,

Hp is the discharge hematocrit, Cy is the hemoglobin-bound O5 con-

centration in a fully saturated red blood cell, Py is the blood PO, oy, is the

solubility of O, in blood, s is the length along the vessel segment, g,(s) is

the rate of diffusive Oz efflux per unit length, and S(Pp) is the oxyhe-

moglobin saturation, given as a function of blood PO by a Hill equation:
Py

S ®

with P5p = 26 mmHg and n = 2.7 [36].
In the downstream venous and capillary compartments, similarly to

Eq. (7), conservation of mass gives the following rate of change of Oy
flux:

d(QHpCoS(Ps(s)))

s =—qy(s) )

where j indicates the index of a given compartment, and s is the length
along the compartment.

In the downstream capillary compartments, oxygen transport was
simulated using a Krogh cylinder model [26,27,37,38], whereby vessels
are arranged in parallel, with each cylindrical vessel surrounded by a

sleeve of tissue into which oxygen diffuses (see Fig. 3). The governing
equation for this process is the steady-state radial diffusion equation
with a consumption term:

1d dpog(s, r) o
Dagrax [; i (ridr )} =M, 10

where r is the radial distance within the tissue cylinder, s is the length
along the capillary segment, and M, is the maximum oxygen con-
sumption rate (assumed constant) in the capillaries. The Krogh cylinder
model assumes that the PO, of the blood is equal to the PO at the blood-

tissue interface (i.e., Ppx(s,7:) = Py(s)) and that there is no flux at the
tissue boundary (i.e., % = 0). The capillary is discretized into 100
segments along its length. At each point along the capillary, Eq. (9) is
solved to obtain the PO of the blood (Py(s)), and then the PO; in the
radial direction of the tissue cylinder (Pox(s,r)) is obtained by solving
Eq. (10) analytically. Oxygen extraction is negligible in venules and is
thus neglected in this model.

The O3 consumption rate per vessel length (i.e., g, in Eq. (9)) in the
downstream capillary tissue was computed as:

g = / Mo2ar dr = Mox(r? —12) an

where r is the radius of the capillary, and r; is the radius of surrounding
tissue. The tissue width that surrounds each capillary is defined to be d =
re— 1., and is dependent on the vessel density, VD. As in [17], the vessel
density is defined as

Ncilc;
VD — Zl 2C,1 C.i
VOL, + Zi [TlcviLc_iﬂ(r(;vi + d) + nSV_iLSV.,iﬂrgvj + nLV-,iLLVi’"fV.i
N—~— —
_Arteriolar Capillary Venous

contribution

contribution contribution

12

where index i represents all vessel pathways (i.e., 171 pathways as
described in 2.2.1; thus, index i ranges from 1 to 171), nj; represents the
number of vessels in compartment j along pathway i, L;; represents the
length of vessels in compartment j along pathway i, VOL,4 is the total


https://github.com/secomb/GreensV4_GPU
https://github.com/secomb/GreensV4_GPU

B.C. Fry et al.

Mathematical Biosciences 377 (2024) 109292

fr (radial direction)

r.d
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s (axial direction)
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of the capillaries
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Fig. 3. Schematic of a single Krogh tissue cylinder. A sample capillary (red outline) is surrounded by a sleeve of tissue (black outline). The schematic depicts the
radius of the capillary (r,), the radius of the surrounding tissue (r), and the width of the surrounding tissue (d, gray). The red and black dot represent the starting and
ending point of the curves depicted in Fig. 7 for PO, measures in tissue at the downstream end of the capillaries.

volume of the arteriolar network vessels and tissue (0.00115 cm?), and
the summation in the denominator represents the total volume of the
downstream vessels and tissue (i.e., volume of the C, SV, and LV com-
partments). For an assumed vessel density, the tissue width (d) is
calculated using Eq. (12). In the reference case of VD = 500 mm> [39],
the tissue width d surrounding each capillary is 22 ym. Table 3 gives the
range of computed values of d for simulated capillary densities between
VD = 250 mm? and 750 mm™,

2.2.4. Vessel density simulations

The model is simulated for vessel density values ranging from 250 to
750 mm'2. It is important to note that the common clinical definition of
decreased VD referring to a reduction of the number of capillaries in a
given area is qualitatively equivalent to the methodology conducted in
the present study. Namely, decreased VD is achieved by increasing the
radius of the Krogh tissue cylinder, which means that any given capillary
is supplying oxygen to a larger tissue region, which is qualitatively
equivalent to a region of tissue with fewer capillaries supplying it.

In each model simulation, the oxygen extraction fraction (OEF) is
calculated as the ratio of oxygen consumption to oxygen delivery [40]:

Z;’;l Ql (S(IOQ — SVOzvi)

OEF =
Qroml 'SaOZ

13)

where m is the number of terminal arterioles (and thus downstream
pathways), Q; is the blood flow through the ith pathway, Qo is the total
blood flow through the full network, SaO, is the incoming arteriolar
oxygen saturation to the network (assumed here to be 0.92 [41,42]), and
SvO,; is the outflow oxygen saturation at the downstream end of the ith
capillary compartment.

In addition to OEF, oxygen saturation and/or PO, levels are pre-
dicted throughout the entire microvascular network and surrounding
tissue as VD is varied for a range of oxygen demand (My = 1 — 4 cm® Oy/

A B

Mean vessel density

100 cm®/min). Additionally, simulations are conducted under condi-
tions in which flow regulation mechanisms are not functional as a way to
predict the impact of simultaneous vascular impairments that are
characteristic of glaucoma. All simulations are run using C code, and the
Green’s function method is run using parallel processing to speed up
computation time.

3. Results
3.1. Vessel densities obtained from clinical observations

Clinical data come from our ongoing prospective cross-sectional
study of pre-perimetric open angle glaucoma patients (n = 95) and
healthy controls free from eye disease (n = 111). One eye was randomly
selected per subject for examination. Pre-perimetric open angle patients
were under treatment with IOP-lowering medications, and their mean
IOP was 16.1 (standard deviation: 4.7) mmHg. Further details regarding
the clinical data are available here [10]. In these published clinical
observations [10], pre-perimetric glaucoma patients demonstrated a
10-13 % reduction in VD compared to healthy, non-glaucomatous in-
dividuals. Specifically, computations of percentage area occupied by
OCTA-detected vasculature revealed that whole image small vessel (SV)
VD and global peripapillary SV VD were significantly lower in
pre-perimetric OAG patients versus controls (43.99 (4.49) vs. 49.3 (2.5);
p < 0.001, 10.8 % reduction) and (45.69 (6.02) vs. 51.89 (3.10); p <
0.001, reduction of 11.95%). Whole image ALL VD and global peri-
papillary ALL VD were also both significantly lower in pre-perimetric
OAG patients versus controls (49.62 (4.55) vs 55.55 (2.73); p < 0.001,
reduction of 10.68 %) and (50.47 (8.07) vs 57.88 (3.20); p < 0.001,
reduction of 12.81%). Vessel densities were significantly lower for
glaucoma patients than healthy individuals in all four quadrants (p <
0.001). Fig. 4 shows the means of measured vessel densities in the four
quadrants, separated by glaucoma status (glaucoma/healthy).
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Fig. 4. A. Locations of superior (S), nasal (N), inferior (I), and temporal (T) quadrants in the eye. B. Measured vessel densities for healthy (blue) and glaucomatous
(red) individuals in the four ocular quadrants. Mean + SE. N = 111 healthy, N = 95 glaucoma [10].
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Fig. 5. Measured and simulated venous saturation. Clinically-measured venous saturation values obtained from retinal oximetry images in healthy (panel A) and
early glaucoma patients (panel B). No error bars are shown, since this is a histogram showing the distribution of the full data set (with the average measured
saturation indicated by the vertical red line). Venous blood oxygen saturation (i.e., at the downstream end of the capillaries) predicted using the mathematical model
at baseline VD (i.e., simulated healthy VD = 500 mm™, panel C) and a 10 % decrease in VD (i.e., simulated early glaucoma VD = 450 mm'2, panel D). Vertical red line
in panels C and D denote the model-predicted average saturation across all pathways.

Measurements indicate a variation in vessel density by spatial region,
both between glaucoma status groups and within.

3.2. Model validation
To validate model predictions, venous saturation values that were
clinically measured from retinal oximetry in healthy and early glaucoma

patients (histograms of the full distribution of patient saturation mea-
surements are shown in Fig. 5A and 5B, respectively) are compared with

Baseline (500 mm?)

10% Decrease (450 mm?)

mathematical model simulations at baseline VD (i.e., simulated healthy)
and a 10 % decrease in VD (i.e., simulated early glaucoma) in Fig. 5C
and 5D, respectively. There is a larger spread in clinically measured
saturation values, but both measured and simulated data show a minor
decrease in mean venous saturation (1.75% and 0.4 %, respectively)
values. This data set was not used to fit any model parameters. The
alignment of model-predicted venous saturation levels with clinically-
measured values validates the utility and accuracy of the mathemat-
ical model.
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Fig. 6. Model predictions of oxyhemoglobin saturation of blood at the downstream end of the capillaries emanating from each of the terminal arterioles in the
simulated network, for three values of vessel density: 500 mm 2 (left), 450 mm™2 (middle), and 250 mm™> (right). The vertical red line indicates the average saturation

across all pathways.
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3.3. Model predicted impact of vessel density on retinal oxygenation

The theoretical model described in this study is used to assess the
impact of these clinically observed changes in VD on oxygenation of
retinal tissue and vessels. Larger changes observed in more advanced
glaucoma cases [43] are also simulated with the model. Since a Krogh
cylinder model is used to model oxygen diffusion in the capillaries,
altering the overall density of capillaries translates into different Krogh
tissue cylinder radii. For example, if VD is decreased, the radius of the
Krogh tissue cylinder is increased (see Table 2).

Fig. 6 provides a histogram for the blood oxyhemoglobin saturation
calculated immediately downstream of the capillaries assuming an ox-
ygen demand of My = 2 ecm® 05/100 ecm3/min and fully functional
regulation mechanisms. The model predicts a 1 % and 38 % decrease in
mean saturation (mean values are denoted by vertical red lines) in
retinal vessels immediately downstream of the capillaries when VD is
decreased from its reference value of 500 mm™ by 10% and 50 %,
respectively, indicating that for smaller (10 %) decreases in VD, blood
flow regulation mechanisms provide compensation to maintain oxygen
saturation levels near baseline. Additionally, a greater spread in POy
values is predicted at lower values of VD.

The mean values of the oxyhemoglobin saturation downstream of the
capillaries are shown for a wider range of VD values in Fig. 7A. The
model is also used to predict the impact of vessel density on oxygen
extraction fraction (Fig. 7B). As expected, the decrease in oxygen satu-
ration with decreased vessel density corresponds to an increase in the
oxygen extraction fraction. In both panels, model predictions are given
for three levels of oxygen demand: My = 1 (low, blue), 2 (moderate, red)
and 4 (high, black) cm® 05/100 cm®/min with all flow regulation
mechanisms functional. For the lowest VD value considered (250 mm'z),
the oxygen extraction fraction is maximal (at 1, or 100 %) for My = 4
cm® 0,/100 cm®/min. For My=1 cm?® 0,/100 cm3/mir1, saturation does
not change much over the entire range of simulated VD values. How-
ever, the vascular smooth muscle tone (activation) varies between 0 and
1, suggesting that the ability to regulate flow allows the vasculature to
compensate for reduced VD levels. However, as oxygen demand is
increased, the vasculature reaches its maximum regulatory capacity,
and thus impairments in oxygenation are observed via the decreases in
venous saturation.

The impact of decreased VD on downstream tissue oxygenation is
shown in Fig. 8 for an oxygen demand of Mg = 2 cm® 05/100 cm®/min.
The mean tissue PO, calculated for all Krogh tissue cylinders is depicted
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Fig. 8. Tissue PO, at the downstream end of the capillaries as a function of
tissue radius (radial position) for five values of vessel density: 750 mm™
(magenta), 550 mm> (cyan), 500 mm> (black), 450 mm2 (red), and 250 mm2
(blue). The positions at which these predictions are obtained are shown in
Fig. 3. Model simulations are conducted for an oxygen demand of My = 2 cm®
0,/100 cm®/min with all flow regulation mechanisms functional.

as a function of radial position, and five different values of VD are
depicted: 750 mm™ (magenta), 550 mm™> (cyan), 500 mm™ (black), 450
mm> (red), and 250 mm2 (blue). Thus, all curves begin at 3 pm, cor-
responding to the radius of the capillaries (r.), and extend to the radius
of the Krogh tissue cylinder (ry), which ranges from about 20-36 pm
based on tissue widths for each VD value (as depicted in Fig. 3). As
expected, as VD is decreased, PO, also decreases at r, = 3 ym. Inter-
estingly, there are even larger decreases in PO into the tissue (i.e., in the
radial direction) at smaller VD values. The mean tissue PO, near zero for
a VD of 250 mm™ indicates that several pathways are hypoxic (PO, =
0 mmHg) under those conditions.

Since glaucoma is characterized by multiple vascular impairments in
addition to capillary loss, the model is used to simulate the impact of
capillary loss in combination with impaired flow regulation mechanisms
on retinal oxygenation and flow in Fig. 9 for an oxygen demand of Mg =
2 em® 05/100 cm®/min. Impaired flow regulation is simulated in the
model by keeping the components of S,y (Eq. (3)) at their control state
values to prevent a change in vessel diameter in response to changing
pressure, shear stress, or oxygen level. When flow regulation is func-
tional, a large change in flow is possible over the range of simulated VD
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Fig. 7. A. Oxyhemoglobin saturation of blood at the downstream end of the capillaries as vessel density is varied among five values: 250 mm2, 450 mm2, 500 mm2,
550 mm2, and 750 mm™2. B. The oxygen extraction fraction (OEF) is shown as a function of vessel density. Model simulations are conducted for a low (Mp =1 cm® 04/
100 em®/min, blue), moderate My =2 em® 0,/100 em®/min, red), and high (My = 4 em® 0,/100 em®/min, black) level of oxygen demand.



B.C. Fry et al.

A

1
0.9 —
08— |

0.7 —

0.6 — Regulation on N

05 -
0.4 -
03fF

021 .o f

-,
-
-

0.1~ - -
Yl B Y R N I N B

250 300 350 400 450 500 550 600 650 700 750

Regulation off _ - =~ —

Mean downstream saturation

Vessel density (mm?)

Mathematical Biosciences 377 (2024) 109292

o8]
X
N
Q

>

Regulation on

Regulation off

Total network flow (nL/min)
T

| | | | | | | | |
0
250 300 350 400 450 500 550 600 650 700 750

Vessel density (mm?)

Fig. 9. Oxyhemoglobin saturation of blood at the downstream end of the capillaries (panel A) and total network flow (panel B) as vessel density is varied from 250
mm™? to 750 mm™2. Simulations are provided in the presence (solid) and absence (dashed) of flow regulation mechanisms.

values (Fig. 9B), which translates to relatively constant saturation levels
until VD is decreased dramatically (Fig. 9A). However, when flow
regulation is impaired, a dramatic impact on oxygen saturation is pre-
dicted. At a baseline level of VD = 500 mm2, impairing regulation leads
to a 69 % decrease in saturation while a 50 % decrease in vessel density
leads to a 38 % decrease in saturation. If both regulation is impaired and
vessel density is decreased by 50 %, saturation is predicted to decrease
by 100 %. A similar result of near-zero saturation was also predicted for
just a 10 % decrease in VD if, in addition to impaired regulation, oxygen
demand (Mp) was doubled to 4 cm® 05/100 c¢m®/min (not shown),
indicating that a combination of high oxygen demand and impaired
regulation can lead to large decreases in oxygenation even for small
decreases in vessel density.

4. Discussion
4.1. Clinical perspectives from theoretical predictions

This study uses a theoretical model to predict the impact of clinical
measures of VD on the retinal circulation and tissue oxygenation. Un-
derstanding the consequences of hemodynamic and metabolic distur-
bances helps to reveal the mechanisms involved in eye disease.
Specifically, impaired vascular factors have been long associated with
glaucomatous disease, with pilot data linking impaired blood flow to
biomarkers of disease progression [1]. Recently, we reported significant
early reductions in the VD of the peripapillary retina, ONH, and macular
regions in pre-perimetric glaucoma patients compared to healthy con-
trols [10]. Herein, we use a validated [16] theoretical model to describe
the impact of reduced VD on retinal perfusion and oxygen metabolism.

Our clinical observations demonstrate a moderate, yet significant
(10-13%), reduction in VD in pre-perimetric glaucoma patients.
Following a reduction in VD by 10 %, the theoretical model predicted a
corresponding decrease in retinal tissue oxygenation. This suggests that
observed decreases in VD may be a precursor to larger blood flow and
oxygenation impairments in more advanced stages of glaucoma,
possibly initiating a negative feedback loop that goes undetected in early
glaucoma diagnostics, including visual fields.

The theoretical model results showed a nonlinear relationship be-
tween the decrease in VD and the effect on downstream saturation,
indicating that larger decreases in VD have a disproportionate impact on
oxygenation. The model results also indicated that the detrimental ef-
fects of minor reductions in VD are exacerbated when combined with
other vascular impairments. For example, an increase in oxygen demand

(i.e., Mp) combined with a decrease in VD was shown to yield abnormal
oxygenation and areas of hypoxia. Similarly, impaired flow regulation
mechanisms combined with decreased VD and/or increased My led to
very significant reductions in oxygen saturation (Fig. 9A). These pre-
dictions suggest that while an otherwise healthy patient may be able to
compensate for reduced VD (to some extent), decreased VD combined
with other vascular impairments could trigger a constellation of nega-
tive consequences that result in glaucoma. This study provides
convincing evidence of potential effects of reduced VD on tissue
oxygenation that are not currently observed in the clinic via oximetry
and suggests that reductions in vessel density may represent a precursor
to visual field loss.

Blood flow regulation mechanisms are predicted to be able to
dampen the effects of a small reduction in VD (Fig. 6, middle), but as the
VD reduction grows, regulation cannot prevent further decreases in
oxygenation (Fig. 6, right). At a low oxygen demand level, a 50 %
decrease in VD led to only a 3 % decrease in mean downstream oxygen
saturation. Maintaining the oxygen saturation was accomplished via an
86 % decrease in smooth muscle activation (i.e., significant vasodila-
tion). However, at a moderate oxygen demand level, vessels were
already nearly fully dilated, and thus a 50 % decrease in VD led to a 38 %
decrease in oxygen saturation. The clinical implication is that detecting
VD changes early — before other indicators of glaucoma become
observable — can potentially prevent more significant decreases in VD
(or other vascular impairments) typically seen in advanced stages of
glaucoma.

4.2. Limitations

As with any theoretical model, assumptions are made that lead to
some model limitations. For example, the current network geometry
accounts only for heterogeneity in the arteriolar network structure,
although the assignment of fractional flows to capillary compartments
helps to maintain the impact of the spatial heterogeneity of the arteriolar
network. The use of compartments for capillaries, small venules, and
large venules could be altered in the future to introduce a capillary mesh
in different retinal layers and a heterogeneous network structure for
venules. Such an adaptation would cause significant increases in
computational time and is not predicted to alter tissue oxygenation
predictions substantially. The numbers of capillaries, small venules, and
large venules in the current compartmental version of the downstream
microcirculation were dictated by the conservation of flow. However,
different assumptions regarding symmetry of vessels could be simulated
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to assess the impact of varying the proportion of C, SV, and LV vessels
downstream of each terminal arteriole.

The network structure is physiological since it originates from a
mouse vascular network, but it did not originate from a human retinal
vasculature image. Future work will involve the digitization of images
obtained from retinal oximetry or fundus photography to generate
predictions that are patient-specific or at least averaged over numerous
healthy patients and glaucomatous patients. Future work also aims to
include multiple parallel compartments to represent capillaries in the
superficial, intermediate, and deep plexuses, since capillary densities
differ in each plexus. Also, the current model conserves vessel volume in
the system; future work could consider implementation of the Krogh
cylinder model in which total vessel plus tissue volume is conserved.
Additionally, while elevated intraocular pressure is a key risk factor for
glaucoma, IOP is not varied in this study in an effort to isolate the impact
of VD on tissue oxygenation. However, the impact of IOP as well as
varying mean arterial pressure will be examined in a separate study, and
future work will also account for venous collapsibility.

4.3. Summary

Ultimately, the mathematical model utilized in this study demon-
strated the significant detrimental impact of a reduced vascular density
on the oxygenation of retinal tissues. Quantifying the impact of
decreased VD on oxygenation of the retina provides a translatable
framework for improving predictive risk modeling in glaucoma. Future
research should seek to test predictability of modeling outputs with
clinical observations of disease progression over time.
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