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Purpose: Our goal is to evaluate how lamina cribrosa (LC) oxygenation is affected by the tissue 

distortions resulting from elevated IOP.  

Design: Experimental study on monkeys 

Subjects: Four healthy monkey eyes with OCT scans with IOP of 10 to 50 mmHg, and then with 

histological sections of LC. 

Methods: Since in-vivo LC oxygenation measurement is not yet possible, we used 3D eye-

specific numerical models of the LC vasculature which we subjected to experimentally-derived 

tissue deformations. We reconstructed 3D models of the LC vessel networks of 4 healthy monkey 

eyes from histological sections. We also obtained in-vivo IOP-induced tissue deformations from 

a healthy monkey using OCT images and digital volume correlation analysis techniques. The 

extent that LC vessels distort under a given OCT-derived tissue strain remains unknown. We 

therefore evaluated two biomechanics-based mapping techniques: cross-sectional and isotropic. 

The hemodynamics and oxygenations of the four vessel networks were simulated for 

deformations at several IOPs up to 60mmHg. The results were used to determine the effects of 

IOP on LC oxygen supply, assorting the extent of tissue mild and severe hypoxia.  

Main Outcome Measures: IOP-induced deformation, vasculature structure, blood supply, and 

oxygen supply for LC region 

Result: IOP-induced deformations reduced LC oxygenation significantly. More than 20% of LC 

tissue suffered from mild hypoxia when IOP reached 30 mmHg. Extreme IOP(>50mmHg) led to 

large severe hypoxia regions (>30%) in the isotropic mapping cases. 

Conclusion: Our models predicted that moderately elevated IOP can lead to mild hypoxia in a 

substantial part of the LC, which, if sustained chronically, may contribute to neural tissue 

damage. For extreme IOP elevations, severe hypoxia was predicted, which would potentially 

cause more immediate damage. Our findings suggest that despite the remarkable LC vascular 

robustness, IOP-induced distortions can potentially contribute to glaucomatous neuropathy.  
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1. Introduction  

Vision loss in glaucoma is due to the loss of the retinal ganglion cells that transmit visual 

information to the brain.1,2 Glaucomatous axonal damage is believed to initiate within the lamina 

cribrosa (LC) region of the optic nerve head (ONH), where the axons exit the globe.1-5 Although 

neural tissue damage can occur even at normal levels of intraocular pressure (IOP), elevated IOP 

is a major risk factor for glaucoma and currently every method to prevent or treat glaucoma is 

based on reducing IOP.6,7 Nevertheless, the mechanisms by which elevated IOP contributes to 

the neuropathy remain unclear, complicating the development of new improved methods to 

prevent vision loss.8-14 A leading theory suggests that elevated IOP causes distortions of the ONH 

vasculature, particularly of the LC.8,10,15-17 The distorted vessels have reduced blood flow within, 

resulting in compromised perfusion and, most importantly, in reduced oxygenation of the neural 

tissues of the LC.10,18,19 Even mild reductions in oxygenation, if sustained, can result in or 

contribute to neural tissue damage.20-23  

Despite remarkable advances of the experimental techniques available to study ocular 

biomechanics and blood flow, obtaining detailed maps of the LC flow and oxygenation remains 

out of reach. Available techniques suffer, for example, from limited penetration (OCT and related 

light-based techniques), 24-28 or insufficient spatial or temporal resolutions (ultrasound and MRI 

29,30). Also importantly, several of these techniques are primarily aimed at detecting blood flow. 

While blood flow is important, studies note that it is crucial to measure and understand 

oxygenation.27 Oxygenation is related to, but not identical to flow. Techniques for measuring 

oxygenation within the blood vessels have been developed 27, but application in deep vessels 

within the LC remains out of reach.  Because of the experimental challenges, several groups have 

turned to theoretical 18,31 and computational modeling 9,10,32 to study LC hemodynamics and 

oxygenation and get a better understanding of the role of IOP-induced deformations. Theoretical 

models are particularly elegant, but they are only able to account for highly simplified anatomies 

and thus are not yet useful to analyze the extremely complex nature of eye-specific vascular 

networks. Computational models have been able to overcome this limitation, first using 2D models, 

and later 3D flat LC anatomies.9,10,18,33,34 

We have developed a technique to reconstruct eye-specific models of the complex 3D 

vascular network of the LC region 35 and then use it for hemodynamics and oxygenation 

simulation.32 Recently, we leveraged these techniques to study a set of eye-specific vascular 

networks and evaluate the effects of IOP-related tissue distortion on LC hemodynamics and 

oxygenation.  We found that LC blood flow was sensitive to IOP-related vessel collapse, 
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particularly if the collapses were clustered. An important finding was that normal local flow did not 

imply adequate oxygenation. In the study, however, we made several strong assumptions that we 

now aim to revisit in this work. For instance, as a first approximation we considered the vessels 

as either open and unaffected by IOP, or fully collapsed and closed. A better understanding of 

how IOP influences the LC, including blood flow and oxygenation requires a more precise and 

subtle consideration of how IOP distorts vessels, the flow within, and from these the tissue 

oxygenation.  

Our goal in this study was to improve understanding of how LC oxygenation is affected by tissue 

deformations resulting from elevated IOP. We consider four eye-specific vascular networks from 

monkey ONHs. We analyzed the hemodynamics and oxygenation at baseline, as reconstructed, 

and then when subjected to experimentally-derived IOP-induced tissue deformations. Compared 

with our previous report, herein we use a more refined approach to map experimental tissue 

deformations into vessel deformations, which then alter LC oxygenation. Also, because of the 

simplistic assumption of how blood vessels were affected by IOP (open or closed) in our previous 

study, we were unable to evaluate details of the effects of IOP and we only considered baseline 

and high IOPs (10mmHg and 40 mmHg). Herein we used a much more realistic approach to 

estimate vessel deformations with IOP, and were thus able to obtain also a more refined 

understanding of tissue distortions and their effects.  

2. Methods 

General procedure. We reconstructed 3D models of the LC vessel networks of four healthy 

monkey eyes from histological sections following previously reported techniques.32,35  In-vivo IOP-

related tissue deformations within the LC were determined from a healthy monkey using OCT 

imaging and analysis techniques under controlled IOP conditions 36  Two biomechanics-based 

techniques were then used to map the OCT-derived tissue strains to local LC to estimate their 

deformations. LC hemodynamics and oxygenations of the four vessel networks were simulated 

as reconstructed, baseline, and under several levels of IOP elevation (Fig 1). The outputs of these 

simulations were then analyzed to determine the effects of IOP on LC oxygenation (oxygen partial 

pressure, PO2). To interpret the results, the LC oxygen supply was classified into three levels 

based on the literature: normoxia (PO2 > 38 mmHg), mild hypoxia (38 mmHg > PO2 > 8 mmHg), 

and severe hypoxia (8 mmHg > PO2). Below we provide more details of each of the steps. 

 

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

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

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

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

research. The reconstructions were made following the processes described elsewhere.32,35 

Briefly, four healthy female rhesus macaque monkeys’ heads and necks were processed for 

vessel labeling. The anterior chamber of each eye was cannulated to control IOP throughout the 

experiment. Polyimide micro-catheters were inserted into carotid arteries for vessel labeling, and 

warm phosphate-buffered saline (PBS) washed the vascular bed to remove blood. A lipophilic 

carbocyanine dye, Dil, was used to label the vessels in the eye. We perfused 100 ml Dil solution 

into each carotid artery, followed by a PBS wash, and then perfused 100 ml formalin into each 

carotid artery to fix the eye. Afterward, the eyes were enucleated, extraocular tissues were 

carefully removed and immersion fixed in 10% formalin for 24hrs to complete fixation. We used 

formalin fixation because it has been shown to only have a minimal effect on ocular tissues. 37 

The ONH and surrounding sclera were isolated using a 14-mm diameter trephine, the 

tissues were then cryoprotected and cryosectioned (16 µm-thick) as described elsewhere.32 

Fluorescence microscopy (FM) and polarized light microscopy (PLM) images were acquired to 

visualize vessels and collagen, respectively.  Stacks of sequential FM and PLM images were 

aligned and registered in Avizo software (version 9.1). After registration, the FM images were 

segmented and skeletonized to create a 3D reconstruction of the ONH vasculature.35 Our 

reconstructed vascular networks included the whole LC region, and some of the pre-laminar and 

retro-laminar regions (Figure 2). This ensured that the 3D LC network was fully enclosed within 

the region reconstructed. Vessels in the LC region were identified based on the presence of 

collagen beams in PLM images. As in our previous work 32, we could not ensure that the vessel 

diameters in the ex-vivo sections were truly representative of the in-vivo condition, and therefore 

a uniform capillary diameter of 8 µm was  assumed, as measured in 38. 

Vascular reconstruction validation 

To minimize clotting, which could prevent dye perfusion from reaching all vessel segments, we 

did our best effort to minimize the time between animal death and perfusion, and extensively 

washed the ONH with PBS. We estimate that all perfusions were started less than 90 min from 

death. Using a large dye volume ensured sufficient labeling. FM revealed strong signals in retinal 

and choroidal vessels, indicating successful perfusion. In some regions signal was less strong, 
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potentially due to partial occlusion of a vessel. However, these were still discernible by controlling 

the brightness and contrast settings. 

Nevertheless, we acknowledge that there will always be some uneven labeling, 

discontinuities or leaks that could impact the visualization and reconstruction. Manual intervention 

including "cleaning" and "bridging" segments, was required. This could introduce potential 

artifacts and randomness in our final reconstructed model. To validate the reconstruction 

technique we reconstructed the same eye twice by two individuals working independently from 

the same sections. We then processed them in exactly the same way all the way to the 

computational predictions of hemodynamics and oxygen distribution.  
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Figure 1. (a) Diagrams of the eye and ONH vasculature (left and middle). An eye-specific model 

of ONH vasculature (right). The region reconstructed is indicated by the black trapezoid in the 

center panel. The region is part of the scleral canal, delimited at the periphery by the connective 

tissues of the sclera and/or pia mater, at the center by the central retinal artery and vein and by 

flat planes perpendicular to the central retinal artery and vein, at locations in the pre-lamina and 

retro-lamina regions selected to ensure that the LC was completely enclosed. (b) Schematic of 

our analysis process. The four eye-specific ONH vasculatures were reconstructed from 

histological sections and their baseline hemodynamics and oxygenation predicted by simulation. 
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Experimental IOP-induced 3D deformation maps were then applied and used to predict vessel 

segment-specific distortions. The full LC hemodynamics and oxygenation were then re-calculated 

for the networks with distorted vessels. The left hand-side of panel a was adapted from a diagram 

by NEI. The middle panel was adapted from a classic drawing.  39 

 

Vessel deformation 

The deformation of blood vessels  is a classic biomechanical process, which is determined by 

many factors, including the surrounding tissue strain and stress environment, the compliance of 

the vessel wall, and luminal blood pressure. 40,41 In this work, we assumed that the small vessels 

of the ONH were primarily deformed by the in-vivo ONH deformations (strain) resulting from an 

increase in IOP.  This is the same general approach used elsewhere by us 42 and others.10  This 

work, however, differs from previous ones in that we used a more refined biomechanics-based 

method to translate the in-vivo ONH strains into local LC vessel deformations. Specifically, we 

performed in-vivo OCT scans on a health monkey while IOP was controlled at 10 mmHg(baseline), 

20 mmHg, 30 mmHg, 40 mmHg, 50 mmHg, 60 mmHg. And a digital volume correlation (DVC) 

method was applied to measure the in-vivo ONH strain from the OCT volumes, as reported before. 

36 Since the in-vivo ONH deformation and vascular networks are from different eyes, 

corresponding scaling and rotation were utilized to align the central retinal artery/vein and the 

temporal-nasal and superior-inferior axes. The approach was essentially the same as in a 

previous publication.42 We then used a biomechanics-based techniques to map the tissue strains 

to LC vessel distortions. These steps are described in more detail below. 

 

Deformation mapping. 

To map the local strain tensor to the local vessel segment we used an approach we call “cross-

sectional strain mapping”. This approach is based on modeling the blood vessels as hollow tubes 

embedded in the ONH, with the blood pressure applied on the vessel wall. This approach has the 

advantage that the deformation of ONH vasculature takes into consideration the complex network 

geometry, hemodynamics, and vessel-tissue interaction. A fully coupled model, however, is 

extremely complex and difficult to simulate. We therefore took advantage of some simplifications 

to approximate vessel deformation and evaluate the changes in blood flow and oxygenation. The 

flow resistance of vessels, crucial in determining vascular network hemodynamics, is highly 

sensitive to their diameters (∝ 𝑑4). As a result, we focused on the cross-sectional deformation of 

each vessel, as it closely relates to diameter variations. 
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Each vessel segment was assumed to be embedded in a tissue with a square cross-section, with 

the vessel centerline is located at the center of the square (figure 2). The entire region consisted 

of tissue and the hollow vessel lumen. Here, we assumed that the vessel wall had the same 

material as the surrounding tissue. The boundary conditions of this system consist of: 1. The 

displacement boundary conditions on the side surface of the tissue region were interpolated from 

the in-vivo ONH tissue deformation tensor; 2. The blood pressure boundary condition applied on 

the interior vessel wall were derived from the hemodynamic simulation. We applied a linear elastic 

model to the behavior of the tissue, setting the stiffness (Young’s modulus) to 0.3 MPa and the 

Poisson's ratio to 0.5. 40 Specifically, the deformation of the cross-section of the vessel satisfied 

the linear relationship: 

[
(𝑟1 − 𝑟0)/𝑟0

(𝑟2 − 𝑟0)/𝑟0
] = [

𝐶11 𝐶21

𝐶12 𝐶22
] [

𝐸1

𝐸2
] + 𝐶𝑃𝑃 

Where 𝑟𝑥 , 𝑟𝑦 were the semi axes of the vessel cross-section, which was considered to be an 

ellipse under deformation, 𝑟0 was the original radius of the vessel,  𝐸𝑥, 𝐸𝑦 were tissue strains 

added on the x, y direction, respectively, 𝑃 was the luminal blood pressure (mmHg), and the 

coefficients 𝐶11 , 𝐶12 , 𝐶21 , 𝐶22 , 𝐶𝑃  were 3.03 , 0.38 , 0.38 , 3.03 , 5.9 ∙ 10−3 , respectively. We 

generated models with various parameters in Abaqus software and simulated vessel 

deformations. Multilinear fitting techniques were then applied to derive the coefficients from the 

simulation results. 
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Figure 2. Diagram of the cross-sectional vessel deformation model. The vessel segment (red) 

was embedded in the center of the tissue (flesh color) with a square cross-section. The edge 

length L of the square was set to be 40 𝜇𝑚. The original radius (r) of the vessel was set to be 4 

𝜇𝑚. The deformed vessel cross-section was considered as an ellipse with the semi axes of  𝑟1, 𝑟2 . 

 

Hemodynamic and oxygenation simulation 

The hemodynamics of the four vascular networks were simulated at the baseline condition and 

subjected to the IOP-induced deformations as described in the previous section. The vascular 

network was represented as a system of interconnected capillary elements. Considering the low 

Reynolds number in capillaries, the blood flow inside a cylinder-like capillary can be approximately 

by the Poiseuille flow,  

Q =
𝜋∆𝑝

8𝜇𝐿
𝑟4, 
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where Q is the blood flow rate, r is the vessel radius, L is the vessel length, µ is the blood viscosity, 

and ∆𝑝 is the pressure drop along the vessel. The blood viscosity µ was described as a function 

of vessel radius and hematocrit (i.e., the volume fraction of red blood cells). 43,44 It is worth noting 

that, both experimental observations and theoretical models reveal a dramatic increase in µ 

(viscosity) as the vessel diameter reaches the width of a red blood cell (~2 µm).44 Namely, the 

vessel is nearly fully collapsed at that diameter. Flow and circulation of red blood cells in tight 

vessels can be extremely complex. Such analysis is beyond the scope of this work, but interested 

readers are encouraged to read the papers by Pries and Secomb mentioned above and by 

Ebrahimi and Bagchi. 45    

When the vessel undergoes deformation due to IOP elevation, the cross-section of the vessel can 

be approximated as an ellipse, while the flow satisfies 46: 

Q =
𝜋∆𝑝

8𝜇𝐿

2(𝑟1𝑟2)3

𝑟1
2+𝑟2

2  , 

where the 𝑟1, 𝑟2 represent the axes of the ellipse cross-section of the vessel. 

Pressure boundary conditions were applied to simulate the physiological blood supply for ONH. 

These were described and discussed in detail elsewhere.42 Specifically, we divided the model 

boundaries into four surfaces for assigning the blood pressure conditions that irrigate the ONH 

region. The arteriole inlet pressure, representing blood inflow from the circle of Zinn-Haller, was 

set to 50 mmHg at the periphery. The central retinal vein, responsible for drainage, had a venule 

outlet pressure of 15 mmHg. The anterior ONH boundary and the posterior ONH boundary were 

set to pressures of 20 mmHg and 16 mmHg, respectively. 

 

The ONH oxygenation simulation relied on the blood flow field, which involved modeling the 

transport of oxygen from vascular networks to tissues, thereby establishing the oxygen field. . The 

physical principles of oxygen transport are well established 47, including diffusion in the tissue and 

convection in the vessel. The governing equations for oxygen diffusion and consumption in tissue 

are: 

𝐷𝛼∆𝑃 = 𝑀(𝑃), 𝑀(𝑃) = 𝑀0𝑃 (𝑃0 + 𝑃)⁄ , 

where 𝐷𝛼 is the oxygen diffusion coefficient, and the oxygen solubility coefficient, respectively. 𝑃 

is the oxygen partial pressure in tissues. The oxygen consumption rate 𝑀(𝑃) can be estimated 

by Michaelis-Menten enzyme kinetics, where 𝑀0, 𝑃0 are the Michaelis-Menten constants. In this 

study, 𝑀0, which represents the demand of neural tissues, was assumed to be uniform throughout 

the ONH. 
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The oxygen flux in blood vessels satisfies: 

𝑓(𝑃𝑏) = 𝑄(𝐻𝐷𝐶0𝑆(𝑃𝑏) + 𝛼eff𝑃𝑏) 

where 𝐻𝐷  is the hematocrit, 𝐶0  is the concentration of hemoglobin-bound oxygen in a fully 

saturated red blood cell, 𝑃𝑏  is the blood oxygen concentration (mmHg), 𝑆(𝑃𝑏) is the oxygen-

hemoglobin saturation as determined by Hill equation, and 𝛼eff is the effective solubility of oxygen 

in plasma. All parameters are listed in Table 1. 

We used a fast and efficient method to simulate the convective and diffusive oxygen transport in 

the complex ONH vascular networks, as reported before. 48 The comparison of oxygenation levels 

was analyzed between the baseline and deformed vessel networks to assess the impact of 

elevated IOP on the LC oxygenation. 

 

Hypoxia definition 

We were interested in quantifying the effects of IOP on LC oxygenation. We therefore selected 

as outcome measure the size of the region suffering hypoxia, or the “hypoxia region” as the way 

to quantify the LC oxygen supply, and as an indicator of potential damage from the IOP elevation.  

Tissue hypoxia, characterized by an insufficient supply of oxygen to tissues, often arises from 

structural and functional disturbance in microcirculation. 23,49. Pathological processes driven by 

hypoxia involve complex biochemical mechanisms, and vary significantly across different tissues  

21,23,50 A normal oxygen supply ensures physiological cellular activity, and a decrease in 

oxygenation increases the risk of damage to the tissues. When oxygen partial pressure declines 

to some critical levels, irreversible damage, such as tissue necrosis, can occur. 51 To distinguish 

the hypoxia level and the related potential tissue damage, we categorize tissues into three levels 

based on local oxygen partial pressure: 

1) Normoxia (>38 mmHg): Normal cellular activity and metabolism. 

2) Mild hypoxia (8~38 mmHg): Physiological responses to hypoxia occur. If sustained 

chronically, may contribute to neural tissue damage. 

3) Severe hypoxia (<8 mmHg): Tissue necrosis and irreversible damage at the short time 

scale. 

In our previous study on LC oxygenation we provided a detailed rationale for our choices of 

oxygen tension levels.42 Briefly, 8 mmHg (~1% oxygen) is a widely accepted threshold for severe 

hypoxia. 20,50-54 The threshold for normoxia, 38mmHg (~5% oxygen), was chosen based on the 

literature. 51 Mild hypoxia is then defined as the intermediate state between normoxia and severe 

hypoxia. It is important to recall that this is not intended to suggest that there are no potentially ill 

effects of mild hypoxia. It seems plausible that the effects take longer or are more pronounced in 
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tissues that are already in distress, for example due to mechanical insult.  As outcome measures, 

we assessed the volumetric fraction of these three types of regions. The mild and severe hypoxia 

regions are mainly used to evaluate the LC oxygenation challenge caused by elevated IOP. 

Table 1. Parameters used in hemodynamic and oxygenation simulations.  

Hemodynamic parameters Value Reference 

Vessel diameter  8 µm 32 

Arteriole pressure  50 mmHg 32 

Venule pressure  15 mmHg 32 

Anterior blood pressure  20 mmHg 32 

Posterior blood pressure  16 mmHg 32 

Oxygenation parameters   

Oxygen diffusion coefficient, 𝐷𝛼  6 × 10-10 mlO2/cm/s/mmHg 55 

Effective oxygen solubility, 𝛼𝑒𝑓𝑓 3.1 × 10-5 mlO2/ml/mmHg 55 

Consumption rate, 𝑀0 5 × 10-4 mlO2/ml/s 32 

Oxygenation at half-maximal consumption, 𝑃0 10.5 mmHg 55 

Maximal RBC oxygen concentration 𝐶0 0.5 mlO2/ml 55 

Vessel deformation parameters   

Vessel compression parameter 𝐶11, 𝐶22 3.03 See text 

Vessel compression parameter 𝐶12, 𝐶21 0.38 See text 

Vessel compression parameter 𝐶𝑃 5.9 × 10-3 /mmHg See text 

 

Alternative approaches to mapping the compression: 

As noted above, there are currently no experimental methods suitable to measure IOP-induced 

distortions of the LC capillaries. Thus, it is necessary to define a way to map ONH strains to vessel 

segment distortions. Since this mapping directly determines the magnitude of the vessel 

distortions, it likely also plays a major role in the effects of IOP on the blood flow and oxygenation.  

While we still posit that the cross-sectional strain mapping technique described above is 

reasonable, we are aware that the vessel distortion is complex and may depend on many other 

factors and mechanisms. Therefore, there could be other ways to assign vessel segment 

distortion from the tissue deformation. We were interested in exploring if other strain mapping 

techniques could lead to very different effects on the blood flow and oxygenation. To evaluate 

this, we decided to pick an alternative method that would represent a realistic worst-case limit. 

For this, we considered an approach in which each vessel segment experiences an isotropic 
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compression from the surrounding tissues. In this case the compression of the vessel radius was 

derived from the largest tissue compression, specifically, from the minimum eigenvalue of the 

strain tensor, 𝐸3. We called this approach “Isotropic compression mapping”. In the isotropic case, 

the cross-sectional equation turns into 

𝑟 − 𝑟0

𝑟0
= (𝐶11+𝐶12)𝐸3 + 𝐶𝑃𝑃 

 Where 𝑟 and 𝑟0 are the compressed and original radius of the vessel, respectively. 𝐸3 is the 

maximum tissue compression.  We repeated the whole set of simulations, including every strain 

mapping and simulation, using this alternative mapping approach. The rationale was based on 

the lack of direct experimental evidence that the cross-sectional mapping is accurate. In other 

words, we would anticipate that the actual effects of IOP would fall somewhere between the 

effects predicted using both approaches.   
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3. Results 

 

Reconstruction repeatability:  The two vascular networks reconstructed independently from the 

same labeled eye exhibited extremely similar anatomy and oxygenation (Figure 3). Total vessel 

lengths were 547.68mm and 528.68 mm, a difference of 3.3%. The average LC oxygen partial 

pressures were 55.56 mmHg and 54.85 mmHg, a difference of 1.3%. Altogether this indicates 

excellent repeatability of our reconstruction process. 

 

Figure 3. Two independent reconstructions from the same labeled eye. Both reconstructions 

exhibited similar geometry and oxygenation, indicting excellent repeatability in reconstruction. 

 

 

Four eye-specific reconstructions: The four vascular networks used in our simulations are 

shown in Figure 4. The DVC-based ONH deformations are shown in Figure 5. 
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Figure 4. Reconstructed vasculatures of the ONH of the four eyes used in this work. All four 

networks were reconstructed from the right eyes (OD) of healthy monkeys. To improve 

boundary conditions we simulated the full volumes shown, but the analyses focused on the LC 

region (segments colored in yellow).  

 

 

Figure 5. The ONH compression fields under various IOPs. The fields were derived using DVC 

technique to quantify tissue deformation from OCT images acquired at the baseline (10 mmHg) 

and elevated IOPs. The magnitude of the compression increased with IOP. The coronal views of 

deformations are shown in OD configuration. Note that colors indicating compression are only 

shown where the compression was measured with the DVC. A DVC region was defined that 

completely enclosed the scleral canal region where the vasculature was modeled to ensure 

accurate compressions were computed everywhere necessary.   
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Effects of IOP-induced tissue distortions:  

The effects of IOP increases on LC oxygenation using the cross-sectional approach are shown in 

Figures 6-8. The detailed vasculature deformation and oxygenation of Eye 1 are shown in 

Figure 6. At baseline all vessel segments were assumed to be 8 µm in diameter. As IOP increased, 

tissue distortions led to decreased vasculature diameters, and with this to also decreased ONH 

oxygenation. For briefness, we only show one eye. Similar patterns were observed for the four 

other eyes.  

 

Figure 6. Eye1 vasculature deformation and oxygenation at different IOPs for cross-sectional 

strain mapping. The diameters of the vasculature and the oxygenation decreased with IOP 

elevation. Regions of low oxygenation are primarily near the central portion of the ONH, although 

it appears to be more evenly split between the superior and inferior portions of the disc than one 

might assume given that the distortion and vessel compression seems concentrated in the inferior 

region. High IOP (>40 mmHg) caused a substantial region of vessel deformation (green and blue). 

As we mentioned in method section, vessel would nearly fully collapse when its diameter reaches 

the RBC’s size (~2 µm). Here, the vessel diameters never reach that value. 

 

The LC oxygenation frequency distribution and the hypoxia region under various IOPs are shown 

in Figure 7, 8. The IOP-induced deformations reduced LC oxygenation significantly in all the eyes 

(p<1e-5). The effects of IOP were largest with the IOP change from 10 to 20 mmHg. Further IOP 

increase had smaller effects per unit of IOP increase.. The IOP elevation primarily contributed to 

the expansion of the mild hypoxia region, whereas the severe hypoxia region remained small 

(single digits %), even in cases of extremely high IOP. The effects of IOP varied between eyes 

(different panels in Figure 7 and different symbols in Figure 8), but the trends were similar.   
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Figure 7. LC oxygenation frequency distribution for the four eyes at six IOPs under cross-sectional 

deformation mapping model. The oxygen frequency curves granually shift to the left as IOP 

increases for all four eyes. This indicates an association between elevated IOP and decreased 

oxygenation within the LC. The most substantial change in LC oxygenation frequency is observed 

during the initial rise in IOP (Baseline-20 mmHg). On the other hand, even under high IOP, only 

a minimal proportion of tissue falls under severe hypoxia. 
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Figure 8. The relationship between IOP and hypoxia region in LC under a cross-sectional model. 

Results varied slightly between eyes, but overall, both the mild hypoxia and severe hypoxia region 

increased as IOP increased. For moderate IOP elevation (20~30 mmHg), the mild hypoxia region 

increased significantly (p<0.05). About 25% of LC tissue suffered from mild hypoxia when IOP 

reached 30 mmHg. Only few severe hypoxia regions (<5%) were observed under extreme high 

IOP (>50 mmHg). 

 

As explained in the Methods, we considered an alternative isotropic compression mapping 

method for mapping the DVC-measured deformations caused by IOP increases onto vessel 

distortions. The results were similar in distribution to those shown above using the cross-sectional 

mapping method, except that the effects were larger. The most substantial difference was that 

vessel compression did result in a substantial region under severe hypoxia (<8 mm Hg). The size 

of this region reached up to 40% at 60 mmHg in one eye.  For briefness these results are 

presented as Supplementary material. 

 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 10, 2024. ; https://doi.org/10.1101/2024.09.05.609208doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.05.609208
http://creativecommons.org/licenses/by-nc/4.0/


4. Discussion 

Our goal was to evaluate how LC oxygenation is affected by the tissue distortions resulting from 

elevated IOP. Specifically, we used 3D eye-specific numerical models of the LC vasculature 

subjected to experimentally-determined IOP-induced tissue deformations for several IOP levels 

from 10 mmHg to 60 mmHg. DVC-determined tissue strain was mapped to vascular deformations 

using first a cross-sectional strain mapping technique and later an isotropic compression 

technique. We then used numerical simulations to determine LC hemodynamics in each case, 

and from these the oxygenation throughout the LC, with particular attention to measure the 

fraction of LC under mild or severe hypoxia.  Three main findings arise from the models in this 

work. First, LC oxygenation was generally predicted to decrease as IOP increases. Second, 

moderately elevated IOP (20-30 mmHg) can lead to mild hypoxia in a substantial part (>20%) of 

the LC. Severe hypoxia region occurred for extreme IOP elevations (50-60 mmHg). Third, 

although IOP-induced deformations were roughly proportional to the level of IOP increase, the 

effects on LC oxygenation were larger at the initial increases in IOP, decreasing for higher IOPs. 

Below we discuss in detail each of these results, as well as the most important aspects of our 

modeling that readers should keep in mind when interpreting our results.  

LC oxygenation generally decreased as IOP increased.  

From baseline (10 mmHg) to extremely elevated IOP (60 mmHg), the oxygen distribution curve 

showed a general decreasing trend with IOP elevation. The hypoxic regions, both mild and severe, 

enlarged with IOP increases. 

The association between LC oxygenation and IOP can be explained as follows. Qualitatively, the 

entire ONH is deformed during an IOP elevation. The fragile vessels within experience stretch, 

compression and distortion. A deformed vasculature will then alter the LC microcirculation, and 

potentially compromise the LC blood/oxygen supply. In this work, from quantitative perspective, 

we found that even a small IOP-induced ONH deformation (e.g. ~5% compression under 30 

mmHg of IOP) leads to a substantial decrease in LC oxygenation (~25% mild hypoxia). Our 

previous work 42 also showed that LC oxygenation is susceptible to IOP-induced deformation. 

This can be attributed to two main reasons. First, the capillaries are softer and more susceptible 

to deformations than the fiber-rich tissues in the LC. (Camasão and Mantovani, 2021) The cross-

sectional strain mapping model shows that the deformation of a capillary is approximately three 

times that of the surrounding tissue. Therefore, elevated IOP will induce a larger deformation on 

the LC vessels, leading to smaller diameters. Second, the flow conductance, defined by the ease 
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with which blood can flow through, is sensitive to the vessel diameter, primarily from the quartic 

power relationship in Poiseuille's law, and the diameter-dependent blood viscosity for red blood 

cells. (Pries and Secomb, 2008) These two effects amplify the influence of IOP on LC blood supply, 

and consequently, on LC oxygen supply.  

Moderately elevated IOP (20-30 mmHg) can lead to mild hypoxia in a substantial part (>20%) 

of the LC. Some severe hypoxia regions occurred for extreme IOP elevations (50-60 mmHg). 

IOP-induced ONH deformation increased with higher IOP levels, resulting in a significant 

expansion of the LC hypoxia region. Based on the physiological and pathological scenarios, mild 

hypoxia (<5% oxygen) and severe hypoxia (<1% oxygen) were selected as indicators to evaluate 

the potential damage from the elevated IOP on LC oxygenation.  

Mild hypoxia is considered to occur at oxygenation levels that hypoxia responses start being 

detected. 51 Short-term mild hypoxia can be reversed by the blood flow autoregulation.56,57 

However, if mild hypoxia is sustained chronically, it may contribute to neural tissue damage. 

Therefore, our models predict that long-term, moderately elevated IOP may lead to progressive 

and irreversible neural tissue effects, potentially resulting or contributing to glaucoma. 

Severe hypoxia can cause immediate and irreversible tissue damage. Individuals experiencing 

acutely elevated IOP are at risk of rapid vision loss and neural tissue damage 58, This could be 

seen as a contradiction: only a few severe hypoxia regions (<5%) were observed under extreme 

high IOP, even though experimentally such a high IOP level will likely lead to widespread damage 

in a short time.59 One potential explanation could be that the extreme high IOP could impact eye 

circulation and vision signaling other than the lamina region. For example, an acute extremely 

high IOP challenge can damage retinal circulation in closed-angle glaucoma.58 We focus on the 

effects of milder, chronically elevated IOP on the LC region, and therefore could underestimate 

the effects in extreme cases. Conversely, moderately elevated IOP typically does not lead to 

sudden vision loss or acute neural tissue damage. This is consistent with our findings that severe 

hypoxia does not occur in moderately elevated IOP.  

It is worth noting that our results rely on the local vessel deformation mapping method. Because 

the actual vessel deformations resulting from IOP are still not known, we used two methods, 

cross-sectional strain mapping to and isotropic compression mapping as reasonable estimates. 

Although the trends were similar, the IOP effects were larger in the isotropic mapping case, with 

larger mild/severe hypoxia regions. Further experimental and modeling work is necessary to 

address the IOP effect on LC oxygenation and provide more clinical insight. 
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Although IOP-induced deformations were roughly proportional to the level of IOP increase, 

the effects on LC oxygenation were larger at the initial increases in IOP, decreasing for 

higher IOPs. As IOP increased, ONH deformations became more pronounced. This deformation 

compromises the blood supply in ONH, and results in reduced LC oxygenation. Interestingly, the 

most significant change in LC oxygenation occurred as IOP began to rise from 10 mmHg to 

20mmHg. This can be understood through the IOP-induced deformation and the compliance of 

the LC, defined as the ability of the LC to deform in response to pressure changes. Experimental 

observations have indicated that LC compliance exhibits a nonlinear behavior in response to 

elevated IOP. 60 When IOP experiences a moderate increase, meaning it deforms more easily. 

This higher compliance at moderate IOP levels results in rapid and substantial deformation of the 

LC.  

As IOP continues to rise beyond moderate levels, the LC becomes less compliant, and its 

deformation grows at a slower rate. This indicates that the LC stiffens with higher pressure, 

making it less capable of further deformation. This nonlinear compliance behavior explains why 

the most substantial reduction in LC oxygenation occurs during the early stages of IOP elevation. 

Additionally, this finding is consistent with the crimp behavior of LC fibers. Crimping refers to the 

wavy pattern of collagen fibers in the LC. When subjected to moderate IOP increases, these 

crimped fibers can stretch and straighten, contributing to the initial higher compliance and 

significant deformation. As the fibers straighten out, the LC becomes less compliant, leading to a 

slower growth of deformation with further increases in IOP (Foong et al., 2023).  

This study integrates 3D eye-specific LC vascular networks with in-vivo ONH deformation data. 

We further employed a biomechanical-based strain mapping approach to capture vessel 

deformations. This allowed us to perform a more realistic hemodynamic and oxygenation 

simulation for elevated IOP compared to highly simplified generic cases, and thus providing a 

more precise evaluation of the IOP impact. Additionally, our work provides a systematic analysis 

of multiple eyes with low to high IOPs. The use of multiple eye-specific vascular networks reduced 

the influence of individual variances, enhancing the robustness of our findings. 

It is important to consider the limitations of this study. We did not use vascular networks and ONH 

compression in our analysis. Both the vascular network and tissue deformation have significant 

individual differences. We applied scaling and rotation to align the central retina vessels and the 

temporal-nasal-superior-inferior axis for them.  
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Another limitation is that our work only considers the static status of LC hemodynamic and 

oxygenation. However, in-vivo blood/oxygen supply involved various regulation mechanisms to 

meet the changing demand of organisms. Short-term blood flow autoregulation has been 

identified as a significant factor in hemodynamics and oxygenation for eye. 57,61 Long-term vessel 

remodeling in the LC was also observed in the development of glaucoma.5,62 Although the precise 

regulation and remodeling in LC remain unknown, we acknowledge that they could alter the LC 

blood and oxygen supply. 57,61,63-66 Future research should incorporate the dynamic aspects of the 

LC blood and oxygen supply, which could contribute to the development of some pathological 

scenarios, such as glaucoma. 

We employed cross-sectional strain mapping methods. While we considered the luminal vessels 

embedded within the tissue, our approach simplified the model by assuming the vessel wall and 

the fiber-rich LC tissue as homogeneous linear elastic materials. This simplification serves two 

primary purposes: Firstly, it helps to reduce the computational cost of the coupled system. 

Secondly, it avoids the need for certain parameters in a more complex non-linear model, which is 

hard to measure in experiments. Based on the homogeneous linear assumption, our method may 

under/over-estimate the vessel compressions in the large deformation case. Also importantly, our 

strain mapping approaches considered the detailed eye-specific vascular network, but not the 

corresponding eye-specific collagenous network of beams and pores. Considering the recent 

findings that the vascular and connective tissue networks of the LC are distinct67, could cause a 

much more complex mechanical interplay than what can be captured by the modeling in this work. 

Future studies should strive to evaluate the potential effects of incorporating both specimen-

specific vessels and specimen-specific LC beams. Note that the above does not mean that we 

have ignored the LC connective tissues, it is just that their role is incorporated indirectly through 

the use of experimentally-derived deformation maps.  

In summary, we analyzed the LC oxygenation under various elevated IOP cases. Moderately 

elevated IOP can lead to mild hypoxia in a substantial part of the LC, which, if sustained 

chronically, may contribute to neural tissue damage. For extreme IOP elevations, severe hypoxia 

was predicted, potentially causing more immediate damage. The findings provide a systematic 

picture of the IOP-induced deformation effect on the LC, including multiple LC vascular networks, 

two strain mapping techniques and ONH deformation under various IOPs. This is important to 

help understand ONH physiology and pathology. 
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6. Appendix 

Supplementary material:  

Effects of IOP increases on LC oxygenation obtained usign the isotropic compression 

mapping. 

The impact of IOP variations on oxygenation for the isotropic compression model are shown in 

Figures S1 to S3. The detailed vasculature deformation and oxygenation of Eye 1 are shown in 

Figure S1. To simplify comparison with the cross-sectional mapping approach the three figures in 

S1, S2 and S3 were prepared in the same way as figures 6 to 8 . Similar to the cross-sectional 

case, as IOP increases, tissue distortions lead to decreased vasculature diameters, and with this 

to also decreased ONH oxygenation. However, the vessel deformation and the LC oxygenation 

of the isotropic compression case are overall larger than the cross-sectional case.   

 

The LC oxygenation frequency distribution and the hypoxia region under various IOP for the 

isotropic compression model are shown in Figure S2 and S3. Compared to the cross-sectional 

case, the IOP-induced deformations caused to a larger LC oxygenation decrease. Moderately 

elevated IOP (20-30 mmHg) can lead to mild hypoxia in a substantial part (~40%) of the LC. 

Severe hypoxia was predicted for extreme IOP elevations (>50 mmHg). 

 

 

Figure S1 Eye1 vasculature deformation and oxygenation at different IOPs for isotropic 

compression strain mapping. The diameters of the vasculature and the oxygenation both 

decrease with IOP increases. Regions of low oxygenation and vessels with large compression 
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had similar spatial distributions. High IOP (>40 mmHg) induced substantial vessel deformation 

(green and blue region), including the region of collapsed vessel (~0 diameter). 

 

 

Figure S2. LC oxygenation frequency distribution for the four eyes at six IOPs under isotropic 

compression model. As IOP increases, the oxygen frequency curves granually shift to the left, 

indicating the decrease of the LC oxygenation. Meanwhile, the left side of the curves arise, 

indicating the increase in the area of severe hypoxia. Similar to the cross-sectional case, the most 

substantial change in LC oxygenation frequency is observed during the initial rise in IOP 

(Baseline-20 mmHg).   
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Figure S3. Statistic results for the relationship between IOP and hypoxia region in LC under 

isotropic compression model. For all four eyes, LC tissue fractions at mild and severe hypoxia 

increased with IOP. For moderate IOP elevation (20~30 mmHg), the region of severe hypoxia 

was small, but the mild hypoxia region increased significantly (p<0.05). About 40% of LC tissue 

suffered from mild hypoxia when IOP reached 30 mmHg. Extreme IOP increases (>50mmHg) led 

to substantial severe hypoxia regions (>20% LC). 
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