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Abstract 1 

Our goal was to identify the factors with the strongest influence on the minimum lamina cribrosa 2 

(LC) oxygen concentration as potentially indicative of conditions increasing hypoxia risk. Because 3 

direct measurement of LC hemodynamics and oxygenation is not yet possible, we developed 3D 4 

eye-specific LC vasculature models. The vasculature of a normal monkey eye was perfusion-5 

labeled post-mortem. Serial cryosections through the optic nerve head were imaged using 6 

fluorescence and polarized light microscopy to visualize the vasculature and collagen, 7 

respectively. The vasculature within a 450 µm-thick region containing the LC – identified from the 8 

collagen, was segmented, skeletonized, and meshed for simulations. Using Monte Carlo sampling, 9 

200 vascular network models were generated with varying vessel diameter, neural tissue oxygen 10 

consumption rate, inflow hematocrit, and blood pressures (arteriole, venule, pre-laminar, and 11 

retro-laminar). Factors were varied over ranges of baseline ±20% with uniform probability. 12 

For each model we first obtained the blood flow, and from this the neural tissue oxygen 13 

concentration. ANOVA was used to identify the factors with the strongest influence on the 14 

minimum (10th percentile) oxygen concentration in the LC. The three most influential factors were, 15 

in ranked order, vessel diameter, neural tissue oxygen consumption rate, and arteriole pressure. 16 

There was a strong interaction between vessel diameter and arteriole pressure whereby the 17 

impact of one factor was larger when the other factor was small. Our results show that, for the 18 

eye analyzed, conditions that reduce vessel diameter, such as vessel compression due to 19 

elevated intraocular pressure or gaze-induced tissue deformation, may particularly contribute to 20 

decreased LC oxygen concentration. More eyes must be analyzed before generalizing.  21 



1. Introduction 22 

The optic nerve head (ONH) is a site of initial retinal ganglion cell damage in glaucoma. (Quigley 23 

and Anderson, 1976; Quigley et al., 1995) In particular, glaucomatous damage is believed to 24 

initiate within the lamina cribrosa (LC) region of the ONH. The LC is a highly vascular structure in 25 

which vessels form a complex network, intertwined with collagen beams, that provides nutritional 26 

and oxygen support to retinal ganglion cell axons. (Brazile et al., 2020; Hayreh, 1996; Levitzky 27 

and Henkind, 1969) The causes for retinal ganglion cell axon damage occurring within the LC 28 

early are not yet understood. (Burgoyne et al., 2005; Chuangsuwanich et al., 2016; 29 

Chuangsuwanich et al., 2020; Sigal and Ethier, 2009; Sigal et al., 2007; Sigal and Grimm, 2012; 30 

Voorhees et al., 2020; Zhang et al., 2015) One of the leading hypotheses postulates that 31 

insufficient nutrient and oxygen supply within the LC cause or contribute to retinal ganglion cell 32 

axon damage. (Stefánsson et al., 2005) This can happen at any level of intraocular pressure (IOP), 33 

and is likely to worsen if elevated IOP induces LC deformations that distort the vasculature and 34 

compromise blood flow. (Burgoyne et al., 2005; Fechtner and Weinreb, 1994; Quigley et al., 2000) 35 

Predicting susceptibility to retinal ganglion cell damage and vision loss, at all levels of IOP, thus 36 

requires a comprehensive understanding of the characteristics (e.g., LC capillary diameters) and 37 

conditions (e.g., blood perfusion pressure) that determine the LC hemodynamics and oxygenation, 38 

and most importantly, the risk of regions of low oxygenation. 39 

Unfortunately, experimental measurements of LC blood flow and oxygenation are not yet 40 

possible, and alternate approaches are therefore needed. One such approach is modeling. 41 

Several mathematical models have been developed. (Carichino et al., 2012; Causin et al., 2014) 42 

These models, while insightful, the challenges of the analytical approach required the authors to 43 

assume a highly simplified LC vasculature, and thus the models have limited ability to predict 44 

conditions in specific eyes. More recently, models using computational fluid dynamics have 45 

incorporated more complex vessels. (Chuangsuwanich et al., 2016; Chuangsuwanich et al., 2020) 46 

Nevertheless, the vascular network in these models was still substantially simplified. The models 47 

were generic, i.e., not specific to an eye, and did not incorporate the full 3D vascular network. 48 

In addition, the analysis of factor influences of these studies did not account for possible 49 

interactions between factors. Assessing eye-specific hemodynamics and LC oxygenation of a 50 

specific eye will benefit from models that incorporate the complex 3D vascular network of the eye, 51 

including interactions. 52 

Our goal in this study was to identify the factors with the strongest influence on the LC 53 

oxygenation in a specific eye. To achieve this goal, we developed a novel eye-specific 3D model 54 



of the LC vascular network, which we use to predict LC hemodynamics. From the hemodynamics, 55 

we then used a diffusion-consumption model to predict the oxygenation throughout the LC. 56 

Specifically, we focused our analysis on the factor influences on the minimum (10th percentile) 57 

oxygen concentration as potentially indicative of conditions relevant to hypoxia. We used a Monte 58 

Carlo approach to generate a series of models, which we then analyzed to identify the factors that 59 

most influence the minimum oxygen concentration in the LC. 60 

2. Methods 61 

General procedure. The vasculature of a normal monkey ONH was labeled, imaged, and 62 

reconstructed following the process described elsewhere. (Lee et al., 2021; Waxman et al., 2021) 63 

From the 3D vessel reconstructions we created a large set of vascular network models with 64 

varying vessel diameter, neural tissue oxygen consumption rate, pressures (arteriole, venule, pre-65 

laminar, and retro-laminar), and inflow hematocrit. Blood flow and neural tissue oxygen 66 

concentration were then, in turn, estimated using algorithms described elsewhere. (Secomb et al., 67 

2004) ANOVA was used to identify the factors with the strongest influence on the minimum (10th 68 

percentile) oxygen concentration in the LC. The steps are described in detail below. 69 

2.1 Reconstruction of a 3D eye-specific LC vascular network 70 

All procedures were approved by the University of Pittsburgh’s Institutional Animal Care and Use 71 

Committee (IACUC), and adhered to both the guidelines set forth in the National Institute of 72 

Health’s Guide for the Care and Use of Laboratory Animals and the Association of Research in 73 

Vision and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision 74 

research. 75 

Vessel labeling. The head and neck of a healthy 15-year-old female rhesus macaque monkey 76 

were received within 30 minutes of sacrifice. The anterior chamber of each eye was cannulated 77 

to control IOP using a saline fluid column (Figure 1a). IOP was set to 5 mmHg throughout the 78 

experiment to avoid hypotony or hypertension. Two polyimide micro-catheters (Doccol Inc., 79 

Sharon, MA) were inserted into the carotid arteries on each side of the neck. The vascular bed 80 

was washed with warm phosphate-buffered saline (PBS) to remove intravascular blood. To avoid 81 

vessel damage, the PBS perfusion was minimal at first, and then progressively increased over 82 

several minutes as the output solution cleared, indicating blood washout. The PBS wash 83 

continued for at least 10 minutes after the output was clear. DiI, a lipophilic carbocyanine dye, 84 

was used to label the vessels in the eye. (Li et al., 2008) We perfused 100 mL of aqueous Dil 85 

solution into each carotid artery at a rate of 5-10 mL/min for 10 minutes, followed by a PBS wash 86 



to remove residual DiI. We then perfused 50 mL of 10% formalin into each carotid artery twice, 87 

with an interval of 15 minutes. After an additional 15 minutes, both eyes were enucleated, making 88 

sure to preserve optic nerves at least 10 mm in length from the globe. The IOP control lines were 89 

switched from saline to 10% formalin columns. To complete the fixation, both eyes were 90 

immersion fixed overnight in 10% formalin while IOP was maintained at 5 mmHg. 91 

Histology and imaging. The right eye was hemisected, and the retina was examined under a 92 

dissecting fluorescence microscope (Olympus MVX10, Olympus, Tokyo, Japan) to evaluate 93 

vessel labeling. The image showed continuous staining of the retinal vasculature without any 94 

discernible dark patches or leaks, suggesting that the eye had satisfactory perfusions. The details 95 

of the process to confirm complete perfusion of the ONH vasculature are described and discussed 96 

elsewhere. (Lee et al., 2021; Waxman et al., 2021) The most important of these are also 97 

addressed in the Discussion of this manuscript. The ONH and surrounding sclera were isolated 98 

using a 14-mm-diameter circular trephine. The tissues were placed in 30% sucrose overnight for 99 

cryoprotection, flash-frozen in optimum cutting temperature compound (Tissue Plus, Fisher 100 

Healthcare, Houston, TX), and sectioned coronally at 16 µm thickness with a cryostat (Leica 101 

CM3050S). Immediately after sectioning, the sections were hydrated and cover-slipped for 102 

imaging. Both fluorescence microscopy (FM) and polarized light microscopy (PLM) images were 103 

acquired of each section using a commercial inverted microscope (IX83, Olympus, Tokyo, Japan) 104 

to visualize the vessels and collagen, respectively (Figure 1b). (Brazile et al., 2020; Jan et al., 105 

2015) Image acquisition was controlled using Olympus CellSens software. 106 

3D vasculature reconstruction. Stacks of sequential FM and PLM images were imported and 107 

registered based on the collagen in Avizo (version 9.1, FEI; Thermo Fisher Scientific). 108 

The transformations necessary for registering the collagen were then applied to the vessel images. 109 

The vessels were segmented using a semi-automated algorithm based on a Hessian filter. 110 

(Jerman et al., 2016) The vessel segmentations or “labels” were combined to create a 3D map of 111 

the vasculature (Figure 1c). We identified the vessels in the LC region based on the presence of 112 

collagen beams. (Brazile et al., 2018; Jan et al., 2017a; Jan et al., 2017b; Voorhees et al., 2020; 113 

Voorhees et al., 2017a; Voorhees et al., 2017b) Overall, we reconstructed the vessels within the 114 

scleral canal, “feeder” vessels in the periphery, and some pre-laminar and retro-laminar regions. 115 

This ensured that the 3D LC network was fully enclosed within the region reconstructed, without 116 

any of the LC vessels directly in the model boundary. The 3D vasculature was skeletonized and 117 

converted into a graph in which all vessels were connected except at the periphery. During the 118 

skeletonization, we assumed the cross section of vessels to be circular, and kept the curvature of 119 

the vessel centerline. The skeleton was then converted into a mesh for solving flow numerically. 120 



Convergence tests were performed, and adequate accuracy (relative differences in the maximum 121 

blood flow rate under 3%) was achieved with a mesh consisting of 14,448 elements and 10,571 122 

nodes. Based on the literature, (An et al., 2021) we assumed that all capillaries have the same 123 

uniform diameter of 8 µm. 124 

2.2 Pressure conditions 125 

The model boundaries were divided into four regions for assigning the blood pressure conditions 126 

that drive the blood flow throughout the vascular network (Figure 2). We first selected baseline 127 

values for each blood pressure boundary. Then, to fairly compare their effects when analyzing 128 

the relative factor influences, all boundary blood pressures were varied by ±20% from their 129 

baseline values. This is important as it implies that we are comparing factor influences in an 130 

unbiased way that assumes the same range of variation. This is helpful to understand the 131 

fundamental role that each factor has on the system. Other factor levels and ranges may be 132 

necessary if the goal is to understand the potential roles of pathology, for example. A thorough 133 

discussion of this is beyond the scope of this work. Interested readers may consult the literature 134 

(Hua et al., 2017; Hua et al., 2018; Voorhees et al., 2016; Voorhees et al., 2018) Below we 135 

describe our rationale for choosing the baseline values. Further considerations of the rationale 136 

and impact of our choices are addressed in the Discussion. 137 

At the periphery and center: For the boundary conditions at the periphery and center we 138 

followed the precedent established by previous studies modeling LC blood flow. 139 

(Chuangsuwanich et al., 2016; Chuangsuwanich et al., 2020; Mozaffarieh et al., 2014) Specifically: 140 

At the periphery: An arteriole pressure of 50 mmHg was set as baseline to represent 141 

blood inflow from the circle of Zinn-Haller. (Chuangsuwanich et al., 2016; 142 

Chuangsuwanich et al., 2020) 143 

At the center: A venule pressure of 15 mmHg was set as baseline to represent blood 144 

drainage through the central retinal vein. (Chuangsuwanich et al., 2016; Chuangsuwanich 145 

et al., 2020; Mozaffarieh et al., 2014) 146 

At the anterior and posterior model boundaries: To the best of our knowledge, no model of 147 

LC hemodynamics had accounted for the detailed vascular interconnections between regions that 148 

are considered in our model, and thus there was no precedent to follow. We assumed that under 149 

normal conditions the capillaries at the anterior and posterior boundaries do not collapse. 150 

Because the capillary wall is very thin, i.e., mostly consisting of a single layer of endothelial cells, 151 



this meant that the blood pressure in the capillaries should be at least as high as the surrounding 152 

tissue pressure. We could then use tissue pressures to estimate the worst-case blood pressures. 153 

At the anterior boundary: The tissues of the pre-laminar region are primarily neural and 154 

glial, and thus highly compliant. Because the tissues cannot bear substantial loads, the 155 

pressure decrease across them is minimal, which we will approximate by zero. This, in 156 

turn, means that we could assume that the tissue pressure at the anterior model boundary 157 

was equal to IOP. This is consistent with experimental observations using micropipettes 158 

in the beagle dog ONH of Morgan and colleagues. (Morgan et al., 1998) It is also common 159 

for numerical models of the LC that do not explicitly account for pre-laminar tissues to 160 

assume the tissue pressures at the anterior LC surface to be equal to IOP (Roberts et al., 161 

2010). Hence, we assigned a baseline blood pressure of 20 mmHg to the anterior 162 

boundary vessels. A baseline value of 20 mmHg results in an anterior boundary blood 163 

pressure range from 16 mmHg to 24 mmHg. Note that even though this pressure was 164 

estimated from IOP, its range is only intended to explore the relative influence of the 165 

parameter. This range is not intended to simulate the effects of IOP variations or of the 166 

effects of highly elevated IOP as may be related to pathology, for instance to assess 167 

susceptibility to glaucoma. 168 

At the posterior boundary: For the tissue pressure at the posterior boundary, the 169 

situation is more complex as the pressure directly behind the LC is believed to be related 170 

to, but not identical to the cerebrospinal fluid pressure (CSFP). The experiments from 171 

Morgan and colleagues suggest that retro-laminar tissue pressure can be approximated 172 

by 0.82 × CSFP + 2.9 mmHg. (Morgan et al., 1998) Following a similar approach as for 173 

the anterior boundary, we could estimate a minimum blood pressure such that under 174 

normal conditions the capillary blood pressure is no lower than tissue pressure, preventing 175 

the capillaries from collapsing. Assuming an estimated CSFP of 16 mmHg, (Feola et al., 176 

2016; Hua et al., 2018) we can derive baseline posterior boundary blood vessel pressure 177 

of 16 mmHg, with a range for factor influence analysis between 12.8 mmHg and 19.2 178 

mmHg. As for IOP, the values of the blood pressures were estimated from CSFP, but they 179 

are not intended to represent variations in CSFP and how this pressure may affect 180 

susceptibility to disease. 181 

Another consideration for our model is that the region reconstructed and simulated was larger 182 

than the LC. This means that there was a “buffer” region between the prescribed boundaries and 183 

the LC of interest. 184 



2.3 Modeling blood flow within vessels 185 

The behavior of blood flow in single vessels was assumed to follow Poiseuille’s Law 186 

4 1
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=                                                                         (1) 187 

where Q  is the volume flow rate (nL/min), d  the vessel diameter (m), l  the vessel length,   the 188 

blood viscosity (Pa·s), and p  the pressure drop along the vessel. The blood viscosity   was 189 

described as a function of vessel diameter and hematocrit (i.e., the volume fraction of red blood 190 

cells). (Pries et al., 1994; Pries and Secomb, 2005) The Reynolds number for blood flow in 191 

capillaries is very low, indicating that the blood is flowing in a smooth and laminar fashion. In this 192 

sense, the cross-sectional velocity profile of a curved vessel would be similar to that of a straight 193 

circular cylinder. (Pries et al., 1994; Wang and Bassingthwaighte, 2003) Therefore, the Poiseuille 194 

law can still provide a reasonable approximation of the blood flow in tortuous vessels in our study. 195 

Following the work of Pries and Secomb, (Pries and Secomb, 2008) we specified the 196 

hematocrit at all inflow boundary vessels as 0.45. The hematocrit at the outflow vessels was 197 

determined by the solver. The partition of hematocrit at vessel bifurcations was described by a 198 

function of flow rates, vessel diameters, and hematocrit of parent vessels. (Pries et al., 1989; 199 

Pries and Secomb, 2005) 200 

2.4 Modeling oxygen concentration in neural tissues 201 

We employed a Green’s function method to estimate oxygen concentration in neural tissues. 202 

(Secomb et al., 2004) This method has been used to simulate oxygen transport from 203 

microvascular networks to tissues in skeletal muscle, (Hsu and Secomb, 1989; Secomb and Hsu, 204 

1994) tumors, (Secomb et al., 1998; Secomb et al., 1993) brain, (Secomb et al., 2000) and LC 205 

(Chuangsuwanich et al., 2020). The essential idea of the Green’s function method is to represent 206 

vessels as a set of discrete oxygen sources, and tissues as oxygen sinks embedded regularly 207 

throughout the vascular network. In this study, the density of neural tissue points (i.e., oxygen 208 

sinks) was fixed at 6,500 points/mm3, consistent with previous studies modeling the LC. 209 

(Chuangsuwanich et al., 2020) The modeled region thus contained 14,680 oxygen-consuming 210 

neural tissue points. The tissue region was considered as embedded in an effectively infinite 211 

domain with the same diffusivity, without oxygen sources or sinks outside the specified tissue 212 

region. (Groebe, 1990) 213 

The governing equations for the Green’s function method are detailed in (Secomb et al., 2004). 214 

Briefly, the oxygen diffusion in neural tissues was described by Fick’s law 215 



( )2D P M P =                                                            (2) 216 

where D  is the oxygen diffusion coefficient of neural tissues (cm3O2 cm−1 s−1 mmHg−1),   is the 217 

oxygen solubility coefficient of neural tissues (cm3O2/cm3/mmHg), 2  is the Laplacian operator, 218 

P  is the oxygen concentration in neural tissues (mmHg), and ( )M P  is the oxygen consumption 219 

rate of neural tissues that can be estimated by 220 

0

0
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                                                            (3) 221 

where 0M  is the maximum oxygen consumption rate (cm3O2 (100 cm3)−1 min−1), and 0P  is the 222 

Michaelis-Menten constant corresponding to the oxygen concentration at half-maximal 223 

consumption. In this study, 0M  was assumed to be uniform throughout the LC. 224 

The rate of oxygen transport along a vessel segment was given by 225 

( ) ( )( )0b D b eff bf P Q H C S P P= +                                                (4) 226 

where DH  is the hematocrit, 0C  is the concentration of hemoglobin-bound oxygen in a fully 227 

saturated red blood cell (cm3O2/cm3), bP  is the blood oxygen concentration (mmHg), ( )bS P  is 228 

the oxygen-hemoglobin saturation as determined by Hill equation, (Hill, 1921) and eff  is the 229 

effective solubility of oxygen in blood (cm3O2/cm3/mmHg). 230 

Conservation of oxygen implied that 231 

( )
( )b

v

df P
q s

ds
= −                                                           (5) 232 

in each vessel segment, where s  is the distance along the vessel segment (m), and ( )vq s  is the 233 

rate of diffusive oxygen efflux per unit vessel length. 234 

At the interface between blood vessel and tissue, the diffusive oxygen flux across the interface 235 

and the oxygen concentration must be continuous, implying that 236 
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                                                     (6) 237 

where r  is the radial distance from the vessel centerline (m), vr  is the vessel radius (m), and the 238 

integral is around the circumference, denoted by angle  . 239 



A list of constants used in the Green’s function method is provided in Table 1. 240 

2.5 Parametric analysis of factor influences 241 

The model was parameterized to allow independent and simultaneous variations in seven factors: 242 

vessel diameter, neural tissue oxygen consumption rate, pressures (arteriole, venule, pre-laminar, 243 

and retro-laminar), and inflow hematocrit. These factors were chosen as they may affect the blood 244 

flow and oxygen concentration in the LC based on our understanding and previous findings of LC 245 

hemodynamics. (Chuangsuwanich et al., 2016; Chuangsuwanich et al., 2020) Factor baseline 246 

values were obtained from the literature (Table 2). The range of these factors remains unknown. 247 

To assess their relative influence in an unbiased manner we varied them by the same ±20% from 248 

their baseline values. 249 

Using Monte Carlo sampling, we created 200 models. (Montgomery, 2017) The factor 250 

configurations formed an orthogonal array, which means that all factors were sampled in a 251 

balanced manner. The correlation coefficient between any two factors was less than 0.02. 252 

We randomized the order in which the factor configurations were pre-processed, simulated, and 253 

analyzed. 254 

As model responses, we focused on the minimum oxygen concentration in the LC as a 255 

measure of the susceptibility to hypoxia. (Davies et al., 2013; Mintun et al., 2001) The 10th 256 

percentile was used as the definition of the minimum value to reduce the influence of possible 257 

numerical artifacts or of regions too small to have a physiological impact. (Hua et al., 2020; 258 

Voorhees et al., 2020) We evaluated other percentile levels and obtained equivalent results. 259 

2.6 Statistical analysis 260 

ANOVA was used to determine the influence and statistical significance of the factor and 261 

interaction effects. (Dar et al., 2002; Montgomery, 2017) The percentage of the total sum of 262 

squares corrected by the mean was used to represent the approximate contribution of each factor 263 

and interaction to the variance of the response, providing a measure of influence. (Sigal, 2009; 264 

Sigal et al., 2005a) A factor or interaction had to contribute at least 5% to the total variance of the 265 

response to be deemed influential in a physiologically significant way. For statistical significance, 266 

we used P < 0.01, and the contribution had to be greater than the residual. In this work, 267 

interactions refer to two-factor interactions. Higher-order interactions were found to have much 268 

weaker effects and are therefore not presented or discussed. 269 

The response variable was transformed to improve the normality of the response and the 270 

residual, satisfy the requirements of ANOVA, and allow factor effects to be added in an unbiased 271 



fashion. A traditional Box-Cox analysis and plot method was used to determine the optimal 272 

transformation for the response. (Box et al., 2005) We found that the optimal transformation was 273 

a power transformation. For plotting, the response was converted back to the original scale. 274 

The experiment was designed and analyzed with commercial software (Design-Expert, version 7; 275 

Stat-Ease, Inc., Minneapolis, MN). 276 

  277 



3. Results 278 

The 3D LC vascular network and the blood flow within were quite complex (Figure 3 and Video 1). 279 

The flow rate was relatively high at the periphery, where blood flows in from the circle of Zinn-280 

Haller, and at the center, where blood drains through the central retinal vein. The oxygen 281 

distribution in the LC was heterogeneous. Regions with low oxygen did not colocalize precisely 282 

with those of low blood flow. This is important as it indicates that it is not sufficient to compute or 283 

measure the blood flow to understand the oxygenation. 284 

Figure 4 shows the distributions of blood pressure and flow velocity through the baseline 285 

model. The flow was primarily from the peripheral to the center, consistent with current 286 

understanding of ONH hemodynamics. (Hayreh 2001) The flow pattern can also be discerned in 287 

Figure 5 and Video 2. 288 

Scatterplots of minimum oxygen concentration as a function of each of the factors are shown 289 

in Figure 6. The plots are sorted according to the strength of the factor effects. A clear positive 290 

association is discernible for the vessel diameter. Weak negative and positive associations are 291 

still discernible for the oxygen consumption rate and arteriole pressure, respectively. ANOVA 292 

revealed that the factors affecting the minimum oxygen concentration the most were the vessel 293 

diameter, neural tissue oxygen consumption rate, and arteriole pressure (P’s < 0.001) (Figure 7). 294 

These three factors and their interactions accounted for the majority of variance (87%) in the 295 

minimum oxygen concentration. 296 

Our primary goal was to understand the factors affecting LC oxygen. As noted in the methods, 297 

to estimate the oxygen, it was necessary to predict the LC blood flow. This is also an outcome of 298 

potential interest, and thus we examined the association between LC blood flow and all the factors, 299 

and computed the ranking of factors and interactions. These results, while interesting, are not 300 

central to our goals, and thus we show them as Supplementary Figures S1 and S2. Our results 301 

show that the most influential factors on the LC oxygen were not just those influencing the blood 302 

flow. For example, the oxygen consumption rate had the second strongest influence on the LC 303 

oxygen, but had little effect on the LC blood flow. Again, this shows that, to predict LC oxygenation, 304 

it is not sufficient to measure the blood flow. The boundary pressures also had different effects 305 

on the LC oxygen and blood flow. As an example, the pre-laminar pressure impacted the LC blood 306 

flow more than the oxygen. 307 

There were strong interactions between the three influential factors on the minimum oxygen 308 

concentration in the LC (Figure 7). An improved understanding of the role of factor interactions 309 

can be gained by examining the interaction plot in Figure 8. An interaction plot shows the effects 310 



of two factors on a response, with all other factors constant (in this case at the baseline). The 311 

interaction plot illustrates that: 1) the impact of vessel diameter was more substantial when the 312 

arteriole pressure was lower, and 2) the impact of arteriole pressure was more substantial when 313 

the vessel diameter was smaller. 314 

Figure 9 illustrates the effects on blood flow and oxygen concentration of the two most 315 

influential factors, vessel diameter and oxygen consumption rate. 316 

4. Discussion 317 

Our goal was to identify the factors with the strongest influence on the LC oxygenation. 318 

Specifically, we focused on the minimum (10th percentile) oxygen concentration – as a measure 319 

of the risk of hypoxia. Our models predicted that the vessel diameter, tissue oxygen consumption 320 

rate, and arteriole pressure had the strongest influence on the minimum oxygen concentration in 321 

the LC. There were strong interactions between the influential factors. Our models also predicted 322 

that LC oxygenation and blood flow did not overlap perfectly. Before we go any further, we remind 323 

readers that the model predictions reported herein were obtained from a single eye, and thus that 324 

it is impossible to know how general they are. More eyes must be studied before general 325 

conclusions can be drawn. Our intent in this work was to illustrate a workflow from vascular 326 

network reconstruction to parametric analysis on LC oxygenation. This is important information 327 

that could help understand ONH physiology and pathology previously unavailable for a specific 328 

eye. Below we discuss in detail the main findings and potential implications, followed by a detailed 329 

discussion of the limitations of the methods. 330 

Vessel diameter was the strongest influential factor on the LC oxygenation 331 

Our models predicted that the minimum oxygen concentration in the LC was positively associated 332 

with the vessel diameter. This can be understood as follows: an increase in vessel diameter 333 

decreases the flow resistance, increasing the blood flow rate, resulting in more efficient oxygen 334 

transport and a higher oxygen concentration in the LC. Tissues in the LC experience stretch, 335 

compression, and shearing under IOP. (Hua et al., 2020; Ma et al., 2020; Sigal et al., 2014; 336 

Voorhees et al., 2020; Voorhees et al., 2017b) Such deformations can be transferred to the 337 

vessels in the LC, resulting in changes in vessel tortuosities and diameters. (Brazile et al., 2020; 338 

Causin et al., 2014; Chuangsuwanich et al., 2020) For example, reduced vessel diameters due 339 

to elevated IOP have been observed experimentally in the rat ONH, (Moreno et al., 2014) and 340 

suggested by computational models. (Causin et al., 2014) Vessels may be constricted due to 341 

pericyte action, although whether there are pericytes in the LC remains unclear. (Alarcon-Martinez 342 

et al., 2020; Tovar-Vidales et al., 2016) The predictions from our models were made under the 343 



assumption that all vessels had the same diameter. We will address the rationale for this choice 344 

later in the Limitations. 345 

Oxygen consumption rate had the second strongest influence on the LC oxygenation 346 

The minimum oxygen concentration in the LC was negatively associated with the oxygen 347 

consumption rate of neural tissues. This seems reasonable, as neural tissues with a higher 348 

consumption rate would consume more oxygen within a fixed time interval, resulting in less 349 

oxygen remaining in the LC. It is important to consider that we assumed neural tissue 350 

consumption rate to be uniform throughout the LC. It is possible that LC regions vary in 351 

consumption rate due to variations in the amount, type or activity of neural tissues (including 352 

axons, astrocytes, and other cells). For example, the consumption rate in larger pores could be 353 

higher since there are proportionally more high-oxygen-consumption neural tissues than low-354 

oxygen-consumption collagen, resulting in the tissues within these pores more susceptible to 355 

hypoxia-induced damage. Due to the pressure gradient across the LC resulting from differences 356 

between IOP and CSFP, maintaining axonal transport may also result in consumption rates 357 

varying over the LC or over time. (Feola et al., 2017; Tran et al., 2017a; Wang et al., 2017; Zhu 358 

et al., 2021) With current techniques, it is challenging to measure in vivo the oxygen consumption 359 

rate in the LC. 360 

Arteriole pressure ranked the third strongest influential factor on the LC oxygenation 361 

The minimum oxygen concentration in the LC was positively associated with the arteriole pressure. 362 

A higher arteriole pressure would facilitate blood flow toward the LC and supply more oxygen to 363 

neural tissues. Since arteriole pressure is related to systemic blood pressure, it is plausible that 364 

individuals with a higher blood pressure may have a lower risk for developing ischemia-induced 365 

optic neuropathy, such as glaucoma. However, evidence for the role of blood pressure on 366 

glaucoma remains controversial. (He et al., 2011) Some studies have linked glaucoma with low 367 

blood pressure, (Graham et al., 1995; Hayreh et al., 1994) whereas others have reported a 368 

significant positive association between high blood pressure and glaucoma. (Bonomi et al., 2000; 369 

Dielemans et al., 1995; Hulsman et al., 2007) Study results are much more consistent when 370 

instead of blood pressure they have considered ocular perfusion pressure, which is defined as 371 

the difference between blood pressure and IOP. Low ocular perfusion pressure has consistently 372 

been linked to glaucoma in population studies. (Bonomi et al., 2000; Quigley et al., 2001; Tielsch 373 

et al., 1995) 374 

The anterior and posterior boundary blood pressures are related to IOP and CSFP, 375 

respectively. Given the roles of IOP and CSFP on glaucomatous neuropathy, (Tran et al., 2017a; 376 



Wang et al., 2017) it was somewhat unexpected that the anterior and posterior boundary blood 377 

pressures did not play a larger role in blood flow and oxygenation. The possible reasons are given 378 

below: First, we did not incorporate potential effects of pressure-induced vessel deformation. This 379 

is likely to underestimate the effects of the anterior and posterior boundary blood pressures. 380 

Second, we analyzed the vascular network of a healthy monkey eye. Thus, for conditions that are 381 

modeled around the normal, it seems reasonable to expect that this eye would not suffer much 382 

adverse effects. Having identified the factors with the strongest influences on ONH 383 

hemodynamics will shed light on the characteristics that can potentially make an eye more 384 

sensitive to the pressures and susceptible to pathology. Studies using OCT-A suggest that vessel 385 

density in the pre-laminar region may be lower in glaucoma eyes than in healthy ones, (Numa et 386 

al., 2018; Rao et al., 2017) although like all cross-sectional studies it remains unclear if these 387 

differences are indicative of susceptibility to glaucoma or a consequence. Third, the model 388 

predictions reported in this study were obtained from a single eye. More eyes must be studied 389 

before we can really consider the roles of the anterior and posterior boundary blood pressures. 390 

LC oxygenation and blood flow did not overlap perfectly 391 

The strong interest in characterizing and understanding the causes of neural tissue damage in 392 

glaucoma have prompted the development and application of many tools to study the ONH in vivo. 393 

Measures of blood flow can be obtained, for instance, using optical coherence tomography 394 

angiography, (De Carlo et al., 2015; Jia et al., 2012) Doppler ultrasound, (Butt et al., 1995; 395 

Vosborg et al., 2020) and laser speckle flowgraphy (Shiga et al., 2016; Sugiyama et al., 2010; 396 

Wang et al., 2012). Blood flow is of great relevance and thus these tools have provided important 397 

insight into the physiology and pathology of the posterior pole. Blood flow, however, is not a 398 

perfect surrogate measure of oxygenation. Our results show both that LC blood flow and 399 

oxygenation do not overlap perfectly, and that tissue oxygen consumption is a major factor in 400 

minimum oxygenation. Thus, to understand the risk of hypoxia, it is essential to develop 401 

experimental techniques that measure directly tissue oxygenation and consumption. To the best 402 

of our knowledge, despite important advances in recent years, (Pi et al., 2020; Soetikno et al., 403 

2018), experimental measurement of oxygenation is still not suitable for the in vivo study of the 404 

LC. We posit that computational models, like the ones in this work, limited as they are by the 405 

simplifications and necessary assumptions, represent an invaluable opportunity to improve our 406 

understanding of ONH oxygenation and risk of hypoxia. 407 

In our models, low oxygen concentration tended to be located in the central region of the canal, 408 

whereas neural tissue in the canal periphery is often thought to be damaged earlier in glaucoma. 409 



However, tissues likely also vary in their metabolic needs and sensitivity to low oxygen, and thus 410 

there may not be a simple relationship between low oxygen concentration and early damage. 411 

To the best of our knowledge, this is the first study modeling 3D eye-specific blood flow and 412 

oxygen concentration in the LC. Previous studies modeling LC hemodynamics and oxygenation 413 

were based on highly simplified 2D generic LC vascular networks, resulting in their predictions to 414 

be less representative of the physiologic conditions. (Carichino et al., 2012; Causin et al., 2014; 415 

Chuangsuwanich et al., 2016; Chuangsuwanich et al., 2020) Constructing a 3D eye-specific LC 416 

vascular network with pre and retro-laminar vessels allowed us to apply more realistic pressure 417 

boundary conditions than is possible in highly simplified generic networks. We considered 418 

arteriole and venule pressures for inflow and outflow in very much the same way as previous 419 

studies, but we were also able to consider the effects of IOP and CSFP that are potentially crucial 420 

to understand susceptibility to glaucoma. (Brazile et al., 2020; Hua et al., 2018; Morgan et al., 421 

1998) Although the direct influences of these two pressures on the LC blood flow and oxygen 422 

concentration were weaker than those of arteriole and venule pressures, their mechanical effects 423 

on LC hemodynamics and oxygenation could be substantial in other ways. For example, changes 424 

of either pressure could lead to tissue distortion that would affect vessel diameter, and in turn 425 

blood perfusion and oxygen delivery. (Carichino et al., 2012; Causin et al., 2014; 426 

Chuangsuwanich et al., 2020) Changes in IOP and CSFP could also alter the patterns of blood 427 

flow and oxygenation through the LC. In this work we focused only on the minimum oxygenation, 428 

and did not explore yet the patterns or distribution of the oxygenation. The ability to separate the 429 

direct and indirect effects of factors is one of the most useful strengths of computational modeling 430 

compared with experiments. (Voorhees et al., 2018) Future studies should look further into the 431 

effects of these two pressures on blood flow and oxygenation given their known influence in ONH 432 

biomechanics. 433 

We want to highlight another strength of this study. Our experimental design and analysis 434 

allowed us to evaluate the interactions between factors, namely how the effects of factors depend 435 

on each other. In biological systems, factors are often related, vary together, or have effects that 436 

depend on each other. The importance of factor interactions has been demonstrated in various 437 

areas of biomechanics, including the eye. (Dar et al., 2002; Liu and Roberts, 2005; Sigal et al., 438 

2011a; Sigal et al., 2011b) Ignoring factor interactions causes not only to miss that potentially 439 

crucial insight, but it can lead to severely over or underestimating the strength of individual factors. 440 

(Anderson and Whitcomb, 2017) It is unclear why other studies have not accounted for factor 441 

interactions. One potential explanation could be that the LC is already quite complex, and thus 442 

the authors opted for a simple method for the study. This work demonstrates that, despite the 443 



complexity of the LC vasculature and the blood flow within, it is possible to study and quantify 444 

factor interactions in a systematic way. Computational models provide an ideal platform for 445 

exploring LC hemodynamics and oxygenation and identifying the key factors and their interactions 446 

to inform experimental design and analysis. 447 

Limitations 448 

It is important to acknowledge the limitations of this study. A salient one, noted above, is that the 449 

model predictions reported herein were based on a single eye. Our work, therefore, serves as a 450 

demonstration of what can be done and provides insight into one eye, or a virtual “family of eyes” 451 

with the same vessel network and which differ only in the parameters varied. Given the high inter-452 

eye variability in other aspects of ONH morphology, readers should be cautious and not assume 453 

that our findings are general. 454 

We reconstructed the 3D LC vascular network from a healthy monkey eye. Although similar 455 

to human eyes regarding their size and collagenous LC and several aspects of pathophysiology, 456 

monkey eyes have distinct structural characteristics from human eyes. (Burgoyne et al., 2005) 457 

For example, monkey LCs have a trough-like shape, without the characteristic central ridge that 458 

makes human LCs saddle-rut shaped. (Tran et al., 2017c) Differences may also exist in the LC 459 

vasculature. The extent to which the monkey and human LC vasculatures are truly comparable 460 

remains to be established. Future work should include the vasculatures from human eyes, eyes 461 

of different ages, and diseased eyes to further understand LC hemodynamics and oxygenation. 462 

The integrity of the reconstructed vascular network largely depends on the quality of vessel 463 

perfusion. Perfusion of vasculature ex vivo may not reach all vascular tracts. This can be due in 464 

part to clotting and/or insufficient perfusate volume, or tissue swelling. To prevent vascular 465 

obstruction, we made efforts to minimize the time between the death of the animal and perfusion. 466 

For instance, we were able to obtain the monkey head within minutes of sacrifice and begin the 467 

perfusion process via the carotid arteries within an hour of sacrifice. We also performed extensive 468 

flushing of vasculature with PBS to remove blood from vessels. A large volume (50 mL) of dye 469 

was perfused for the eye to ensure sufficient labeling. Before cryosectioning, the eye was 470 

examined under a fluorescence microscope for labeling of retinal and choroidal vessels. The eye 471 

demonstrated continuous staining of vessels and did not show any notable leaks. Whereas the 472 

presence of unlabeled vessels is possible, we believe we labeled the majority of vessels present. 473 

Additionally, lack of labeling in some vessels does not affect the main conclusions of this study. 474 

We imaged coronal cryosections through the LC to visualize the blood vessels. There may 475 

have been artifacts induced by formalin fixation and sectioning, such as tissue distortion or 476 



shrinkage. However, we have shown previously that our method has minimal effects on changing 477 

the shape or size of ocular tissues. (Jan et al., 2015; Tran et al., 2017b) Future work could use 478 

fiducial markers to correct for any tissue warping during sectioning. (Sigal et al., 2005b) In addition, 479 

the cryosections for vasculature reconstruction were 16-µm-thick, resulting in a more limited depth 480 

resolution than the in-plane resolution. A higher depth resolution is desired for higher fidelity 3D 481 

reconstruction of the LC vasculature in future studies. Techniques like a tape transfer system can 482 

significantly reduce the minimum section thickness to as low as 2 µm and could be a potential 483 

candidate. (Golubeva et al., 2013) 484 

Like other studies of LC hemodynamics before, (Causin et al., 2016; Chuangsuwanich et al., 485 

2016; Chuangsuwanich et al., 2020) we assumed that all vessels in the LC had the same diameter. 486 

This was necessary because there are no studies providing detailed maps of vessel diameter. 487 

Our technique for reconstructing the vessel network could be leveraged to obtain this information. 488 

However, this is substantially more complicated in practice than it may seem on first inspection. 489 

For instance, post-mortem diameter and cross-sectional shape may differ from that in vivo due to 490 

the absence of blood pressure and/or tissue swelling. In addition, some of the vessels are within 491 

the connective tissue beams, and others are outside. (Brazile et al., 2020) This may affect how 492 

the vessels respond to changes in the pressures within (local blood pressure) or outside (IOP and 493 

CSFP). Vessel diameters in vivo could be affected by tissue distortions, as noted before. They 494 

could also be affected by autoregulation, which we have not yet considered in our models. 495 

Impaired autoregulation in the ONH has been postulated to play a role in individual susceptibility 496 

to glaucomatous optic neuropathy. (Prada et al., 2016) However, experimental measurements of 497 

autoregulation have been hampered by many of the same challenges that affect measurements 498 

of blood flow deep within the ONH, and thus the best information is from the pre-laminar region. 499 

For the pre-laminar region, the studies have shown that the blood flow is both highly sensitive to 500 

IOP levels, and that there is a highly refined autoregulatory system. (Sugiyama et al., 2010; Wang 501 

et al., 2001) The autoregulatory systems in the deep ONH and LC, however, are thought to be 502 

different and independent, and remain uncharacterized in vivo. (Burgoyne et al., 2005; Hayreh, 503 

1996; Hayreh et al., 1994; Wang et al., 2001) Further work, potentially involving variations of the 504 

reconstruction technique used for this work coupled with in vivo imaging, could help provide 505 

detailed information on vessel diameters and the potential role of autoregulation in the LC. The 506 

parametric analysis in this work seems like a reasonable first step given the variability and 507 

uncertainty in the vessel diameters and the difficulty in obtaining reliable experimental data of the 508 

physiologic values. 509 



We assumed the blood flow within a given vessel was one-dimensional, such that only the 510 

average flow velocity was solved for each cross-section of a vessel. We, and others, (Causin et 511 

al., 2016; Chuangsuwanich et al., 2016; Chuangsuwanich et al., 2020; Lu et al., 2021; Secomb 512 

et al., 2004) have followed this approach, as it is computationally efficient, and most importantly, 513 

it is a reasonable approximation of blood flow in microvessels. We also assumed the flow to be 514 

steady (unvarying in time) and laminar (free of turbulence). The Reynolds number, i.e., the ratio 515 

of inertial forces to viscous forces, of blood flowing in microvessels is generally in the range of  516 

10-3 to about 1, (Pries and Secomb, 2008) indicating the flow is laminar. Therefore, it was 517 

reasonable to disregard the effects of fluid inertia in microvessels. 518 

It is very important to consider that we did not incorporate the pressure-induced vessel 519 

deformations in this study. Our intent was to provide a first approximation to the regional 520 

hemodynamics, that later must be refined to incorporate other effects. We are not the first to follow 521 

this approach. Other studies of ONH hemodynamics have also explored blood flow independently 522 

from pressure-induced vessel deformations. (Chuangsuwanich et al., 2016) The extent to which 523 

the pressure-induced vessel deformations may affect the flow and oxygen distribution remains 524 

unknown. Experiments and numerical models of pressure-induced ONH deformations suggest 525 

that the distortions are typically in the range of single digits for compression. (Ma et al., 2020; 526 

Midgett et al., 2020; Sigal et al., 2014; Voorhees et al., 2017b; Zhang et al., 2015) Although these 527 

may seem small, ONH flow is complex and it is important to not assume that the effects on 528 

oxygenation will also be small. 529 

Since we did not consider the pressure-induced vessel deformations, we are yet to determine 530 

whether the action of the pre- and retro-laminar tissue pressures could result in collapse of vessels 531 

inside or outside collagen beams. It is potentially important to consider the interactions between 532 

blood vessels and collagen beams, and the effects of collagen beams on the pressure-induced 533 

vessel deformations, which will be studied in the future. 534 

Another elegant and powerful approach to model the LC was followed by (Causin et al., 2014). 535 

Their method allowed them to account simultaneously for solid deformations and fluid flow 536 

through the solid structure. The approach, however, does not consider specific blood vessels and 537 

is therefore not directly suitable for the type of model in this study. 538 

We assumed the oxygen consumption rate of neural tissues to be uniform throughout the LC. 539 

As noted above, the oxygen consumption rate may vary with regions and/or pressure gradients 540 

in the LC. It may be advantageous to incorporate region- and pressure-dependent neural tissue 541 

oxygen consumption rate in future studies. 542 



Our models have not been validated yet. This is extremely difficult because accurate in vivo 543 

measures of LC blood flow and oxygen concentration are not possible with current imaging 544 

techniques. As noted above, there have been recent promising efforts to characterize retinal 545 

capillary oxygen concentration using visible-light optical coherence tomography, (Pi et al., 2020) 546 

but this remains out of reach. We note that our model-predicted blood flow and oxygen 547 

concentration lie within normal biological ranges in other tissues with comparable capillary 548 

diameters. (Akons et al., 2017; Mintun et al., 2001) Nevertheless, until the models have been 549 

properly validated, in this study we have focused on a statistical approach comparing between 550 

models. This provides information fundamental to understand the role of the various interacting 551 

factors. 552 

In summary, we have developed 3D eye-specific models of the LC vascular network. Our 553 

models predicted that the vessel diameter, neural tissue oxygen consumption rate, and arteriole 554 

pressure had the strongest influence on the LC oxygenation. Considering the vessel diameter 555 

was the most influential factor, situations that reduce the diameter, such as IOP or gaze-induced 556 

tissue deformation, may particularly contribute to decreased LC oxygen concentration. 557 
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Table 1. Constants used in the Green’s function method. 855 

Constants Units Values References 

Oxygen diffusion coefficient, D  cm3O2 cm−1 s−1 mmHg−1 6 × 10-10 (Secomb et al., 2000) 

Effective solubility of oxygen in blood, eff  cm3O2/cm3/mmHg 3.1 × 10-5 (Secomb et al., 2004) 

Maximum oxygen consumption rate, 0M  cm3O2 (100 cm3)−1 min−1 5 × 10-4 (Secomb et al., 2000) 

Michaelis-Menten constant, 0P  mmHg 10.5 (Secomb et al., 2004) 

Blood oxygen concentration at inflow boundary nodes, bP  mmHg 75 (Chu et al., 2003) 

Hemoglobin-bound oxygen content of red blood cells, 0C  cm3O2/cm3 0.5 (Secomb et al., 2004) 

856 



Table 2. Factor baseline values and their ranges in the sensitivity analysis. 857 

Factors Units Low Baseline High References 

Vessel diameter µm 6.4 8 9.6 (Brazile et al., 2020) 

O2 consumption rate cm3O2 (100 cm3)−1 min−1 4 × 10-4 5 × 10-4 6 × 10-4 (Secomb et al., 2000) 

Arteriole pressure mmHg 40 50 60 (Chuangsuwanich et al., 2016) 

Venule pressure mmHg 12 15 18 (Mozaffarieh et al., 2014) 

Pre-laminar pressure* mmHg 16 20 24 (Hua et al., 2018) 

Retro-laminar pressure* mmHg 12.8 16 19.2 (Feola et al., 2016; Hua et al., 2018) 

Inflow hematocrit / 0.36 0.45 0.54 (Pries and Secomb, 2008) 

* The baseline values of the pre- and retro-laminar pressures were determined with their low levels (-20%) equivalent to normal 858 
intraocular and cerebrospinal fluid pressures, respectively. 859 



 860 

Figure 1. General approach for the reconstruction of a 3D eye-specific lamina cribrosa (LC) vascular network. (a) Vessels in the eye 861 
were labeled with a fluorescent dye, while IOP was set to 5 mmHg using a saline fluid column. (b) The ONH was sectioned coronally. 862 
Each section was imaged using fluorescence (FM) and polarized light microscopies (PLM) to visualize the vessels and collagen, 863 
respectively. Colors in the PLM image represent collagen fiber orientations. The LC region was defined based on the presence of 864 
collagen beams. (c) The vessel segmentations or “labels” were combined to create a 3D map of the vasculature. The vasculature 865 
covered a region larger than the LC. Vessels in the LC region were identified based on the LC segmentations.866 



 867 

Figure 2. (a) A diagram of the ONH adapted from (Hayreh, 1969). Our model represents the vessels 868 
within the scleral canal, delimited at the periphery by the connective tissues of the sclera and/or pia 869 
mater, and at the center by the central retinal artery and vein. The anterior and posterior limits of the 870 
model are flat planes perpendicular to the central retinal artery and vein, located to ensure that the 871 
region modeled completely enclosed the LC. The black dashed lines represent the model boundaries. 872 
(b) Assignment of boundary blood pressure conditions. Four blood pressure conditions were assigned 873 
at the peripheral, central, anterior, and posterior boundaries of the model. The model periphery was 874 
assigned an arteriole pressure to represent blood flow from the circle of Zinn-Haller. The center was 875 
assigned a venule pressure to simulate blood drainage through the central retinal vein. The anterior 876 
and posterior boundaries were assigned blood pressures related to IOP and CSFP, respectively. See 877 
the main text for the rationale and details on how these pressures were assigned. 878 



 879 

Figure 3. Lamina cribrosa vascular network colored by blood flow (left column) and contour plots of oxygen 880 
concentration in the neural tissues (right column). The plots are for a model with baseline values of all input 881 
parameters. Notice that there are similarities in the regional distribution of high/low blood flow and oxygen 882 
concentration, but there are also regions of disagreement. 883 



 884 

Figure 4. Distributions of (a) blood pressure and (b) flow velocity through the baseline model. The model 885 
was split into three layers: anterior (100 µm thick), middle (300 µm thick), and posterior (100 µm thick). 886 
The pressure was highest at the periphery, decreasing gradually towards the center, indicating that the 887 
blood flow was driven from the periphery to the center. This is further evidenced by the distributions of 888 
flow velocity. 889 



 890 

Figure 5. A still of the animation showing blood flow converging and draining via the central 891 
retinal vein opening (Video 2). Colors indicate blood flow rate. We used spheres to illustrate the 892 
movement of red blood cells. The density of spheres corresponds to hematocrit. The white 893 
squares indicate the points of outflow. 894 

 895 



 896 

Figure 6. Scatter plots showing the factor influences on the minimum oxygen concentration 897 
in the lamina cribrosa. Each dot is one model. There was a clear association with the vessel 898 
diameter, O2 consumption rate, and arteriole pressure, but the association with the other 899 
factors was not obvious. 900 



 901 

Figure 7. Bar chart showing the ranking of factors and interactions with respect to their 902 
influences on the minimum oxygen concentration in the lamina cribrosa, as determined 903 
by ANOVA. The vessel diameter, neural tissue oxygen consumption rate, and arteriole 904 
pressure were the three most influential factors, followed by the interactions between 905 
vessel diameter and arteriole pressure. 906 



 907 

Figure 8. Effects of the interactions between vessel diameter and arteriole pressure 908 
on the minimum oxygen concentration in the lamina cribrosa. Nonparallel lines 909 
indicate that the effects of one factor depends on the other factor (i.e., an interaction). 910 
Line endpoints are the mean responses for a given value of factors, whereas error 911 
bars depict the 95% least significant confidence interval. (Anderson and Whitcomb, 912 
2017) Response range was chosen so as to make the interactions clearest. The 913 
interaction plot shows that the influence of the vessel diameter was more substantial 914 
when the arteriole pressure was low (d1 > d2). Similarly, the effect of arteriole pressure 915 
was more substantial when the vessel diameter was small (d3 > d4).916 



 917 

 918 
Figure 9. The distributions of (a) blood flow and (b) oxygen concentration of nine models with 919 
various combinations of vessel diameter and oxygen consumption rate. Shown are results in a 920 
300 µm-thick slab through the middle of the region modeled. Oxygen concentration was higher at 921 
the periphery than at the center. Both vessel diameter and oxygen consumption rate affected 922 
oxygen concentration. 923 


