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Abstract 

 Glaucoma is the second leading cause of blindness around the world. Diagnosis of this 

disease often occurs after the detection of noticeable symptoms, by which point irreversible 

damage has already been incurred. Glaucoma develops when stress factors induce retinal ganglion 

cell death, resulting in vision loss. In particular, prolonged reduction in blood flow into the eye 

may lead to ocular tissue malnutrition and hypoxia, eventually leading to cell death. The posterior 

ciliary arteries are the main blood supply to the optic nerve head, where glaucoma damages occur 

first. These arteries traverse the posterior peripapillary sclera to penetrate the eye. This study aims 

to investigate the effects that different combinations of intraocular pressure, blood pressure, and 

scleral stiffness have on blood flow of in vitro posterior ciliary artery models. To perform this 

study, a modeling system of the peripapillary sclera was developed. A number of different 

polymers (including agarose, polydimethylsiloxane, and industrial TC-5005 gels) were explored 

to model scleral tissues with various compressive moduli. Multiple models of industrial TC-5005 

and agarose were made to mimic sclera of increasing stiffness. The polymers were molded and 

cured into wall-less vessels and placed into a perfusion chamber where pressure was separately 

applied to the outside (intraocular) and inside (blood) the vessel at different combinations. Five 

models of stiffness ranging from 30 – 415 kPa were fabricated for flow tests. The resulting change 

in fluid flow rate was recorded to determine the combinatory effects of the two pressures through 

these phantoms. It was found that across all combinations of pressures, the fluid flow would 

initially increase with stiffness, then upon reaching ~60 kPa achieve a maximum flow. For models 

much stiffer than 60 kPa, a significant decrease in fluid flow as much as 87% was observed. The 

initial increase in fluid flow from 30 to 60 kPa may be evidence of the protective effects of scleral 

stiffening predicted in previous research. This study represents a first step in understanding the 
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potential impacts of the scleral compressive modulus on the fluid flow rate under biological effects 

by IOP and BP, supporting the hypothesis that sclera stiffness may play an important role in 

glaucomatous development. 
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I. Introduction 

Glaucoma is often simply viewed as a disease in which an increased level of pressure 

within the eyeball eventually results in blindness. In the past, diagnosis of glaucoma was heavily 

reliant on the presence of high intraocular pressure (IOP). The leading theory was that a chronically 

elevated IOP level would continuously apply stress to the optic disc, eventually leading to 

deterioration of the ganglion cell layer in the eye (He, Vingrys, Armitage, & Bui, 2011; Jia, Yu, 

Liao, & Duan, 2016; Ramanathan & Ernest, 1998). Hamzah & Azuara-Blanco reported that as 

much as 50% ganglion cell death can occur before any noticeable symptoms may be detected, but 

by that point irreversible damage has already been done. 

In fact, glaucoma affects more than 66 million people worldwide; however, the true causes 

of this debilitating disease are still under much scrutiny (Hamzah & Azuara-Blanco, 2010). While 

high IOP levels may increase the risk of developing glaucoma, there are many cases in which 

patients diagnosed with glaucoma do not show any abnormalities in IOP levels. There have also 

been cases in which people with high IOP levels do not end up developing glaucoma. Numerous 

studies have been done to investigate other potential factors that may contribute to the development 

of glaucoma. Research has been done exploring the effects of age-related deteriorations, ethnic 

predispositions, family glaucomatous history, central corneal thinning, and others in a plethora of 

large-scale studies (He et al., 2011). Regardless of cause, there is consensus in the field that 

glaucomatous pathogenesis can be attributable to damage of retinal ganglion cells. 

 

Relevant Ocular Anatomy and Physiology 

The human eye receives light through the cornea which focuses the light through the lens 

to reach the retina at the back. The retina consists of hundreds of thousands of ganglion nerve cells 
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that convert the light image into electrical impulses that is carried to the brain by the optic nerve. 

The optic nerve enters the posterior of the eye by penetrating the peri-papillary scleral layer and 

through the fenestration of the lamina cribrosa, this segment of the nerve being termed the optic 

nerve head (ONH). The ophthalmic artery trifurcate into the central retinal artery (CRA), the long 

posterior ciliary artery (lPCA), and the short posterior ciliary artery (sPCA). Along with the optic 

nerve, the sPCA also penetrate the sclera in order to feed the choroid and retina while the CRA 

enters the eye in between the optic nerve (Fig. 1). The ONH itself also obtains its oxygen and 

nutrients primarily from branches of the sPCA (Prada et al., 2016; Yanoff & Sassani, 1994). 

Maintaining a constant blood flow to this region is critical in supporting the functions of the eye. 

 

Figure 1. Schematic of ONH; shaded rectangle denotes the area of interest 

 

 Like many other vasculatures to important organs of the body, the vessels to the eye exhibit 

the ability to engage autoregulation in order to maintain a relatively constant blood flow (Pillunat 

et al. 1997, Riva, Cranstoun, & Petrig, 1996). The vascular smooth muscles of the blood vessels 

are capable of vasoconstriction and vasodilation in response to the fluctuations in arterial pressure. 

Changing the vessel diameter in turn changes the vessel’s resistance to flow. However, 
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autoregulation has a limited range of effect, outside of which the blood flow derails from optimal 

range. Pillunat et al. found that in humans, IOP greater than 45 mmHg resulted in declines in blood 

flow. While this may not cause immediate damage in the short run, prolonged reduction in blood 

flow may contribute to retinal ganglion cell death. The mechanisms of ocular autoregulation are 

still not well understood. For example, there has been evidence that the efficiency of the 

autoregulation within the choroid varies given different stressors (Schmidl, Garhofer, & 

Schmetterer, 2011). This phenomenon may in fact be due to the contributions of neural 

mechanisms at work and remains to be studied. 

 

Pressure and Fluid Flow 

Recently, more interest has been focused on the effects of blood pressure (BP) on the blood 

flow through the ONH. The heart continuously pumps oxygenated and nutrient-rich blood through 

the body’s vasculature. The pumping of the heart produces the driving force of blood flow, the 

blood pressure. The mean arterial BP constantly varies between the systolic and diastolic limits 

that correlate to the contraction and relaxation of the heart, respectively. For the average human, 

this value is around 120/80 measured from the brachial artery. As the vasculature branches off, the 

BP and blood flow is reduced as the vessels diminish in size to allow for the diffusion of oxygen 

and nutrients to occur in the capillaries. The mean arterial pressure in the ophthalmic artery, for 

example, is about 90/70 (Hayreh & Edwards, 1989). Further branching from a main artery has 

been characterized through experimentation; specifically, it’s been shown that by the time blood 

reaches capillary vessels, the pressure drops to as low as 20 mmHg to allow for optimum oxygen 

and nutrient diffusion (Lombard, 1912). It can be assumed that the branches of the ophthalmic 
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artery, PCAs and CRA, would experience a reduction in blood pressure down to the level of 

capillaries as they continue to divide. 

Since the sPCA penetrates the scleral layer, that segment of the artery is also under the 

mechanical effects from IOP. IOP is the fluid pressure exerted by production and drainage of the 

aqueous humor. The normal human IOP range of 10 – 20 mmHg is necessary for the eye to 

maintain its shape. As IOP pushes outward against the structures of the globe, the scleral layer 

becomes compressed. So while the sPCA travels through the sclera, its branches also experiences 

a slight compressive force, potentially resulting in a decrease in fluid flow. With high enough IOP 

compressing the vessels, a substantial reduction in blood flow may occur resulting in ischemic 

microenvironments. Furthermore, IOP has been found to significantly correlate to changes in BP, 

increasing by as much as 0.4 mmHg for every 10 mmHg increase in BP (Klein, Klein, & Knudtson, 

2005). This may be another possible mechanism of autoregulation to maintain ocular blood flow. 

In studying the relationship between blood pressure and intraocular pressure, it is critical 

to observe the ocular perfusion pressure (OPP), which differs from the typical calculation as the 

difference between arterial and venous pressure. OPP refers to the perfusion pressure that drives 

blood flow within the intraocular vessels (Prada et al., 2016): 

  OPP = 
2

3
 MAP – IOP 

 

where 

Mean Arterial Pressure (MAP) = diastolic BP + 
1

3
 (systolic BP – diastolic BP) 

 



12 

 

Without the effects of autoregulation, a decrease in OPP, that is to say a decrease in BP or an 

increase in IOP, reduces the blood flow. This causes a reduction in oxygenation and nutrition of 

the cells eventually leading to regional cell apoptosis (Cherecheanu et al., 2013). This relationship 

between the OPP, BP, and IOP can also explain why the current method of decreasing IOP levels 

is such a common treatment for patients diagnosed with glaucoma. On the other hand, He et al. in 

their comprehensive review found that 11 studies reported significant correlation between 

glaucoma and high BP, yet 10 other studies have reported links between glaucoma and low BP. 

Furthermore, it intuitively makes sense that low BP may lead to glaucoma as it would reduce OPP, 

thereby increasing the risk of retinal ganglion cell apoptosis. On the other hand, a higher OPP 

could result from hypertension, which would in fact induce a protective effect. Nevertheless, 

studies have also shown an increased risk of developing glaucoma in patients diagnosed with 

hypertension. This contradictory relationship between ocular perfusion pressure (resulting from a 

combination of BP and IOP) and the resultant risk of developing glaucoma requires further study. 

 Aside from perfusion pressure, fluid flow is also highly dependent on the physical fluid 

properties. For example, blood flow is determined by the non-Newtonian properties of blood. 

Importantly, for non-Newtonian fluids such as blood, the fluid viscosity is highly dependent on 

the shear rate against the blood vessel (Johnston, Johnston, Corney, & Kilpatrick, 2004). In many 

cases, blood flow may be simplified into a Newtonian flow model under steady-state laminar flow. 

Eduard Hagenbach and Jean Poiseuille derived the Hagenbach-Poiseuille’s Law from the Navier-

Stokes equation to characterize Newtonian flow (Skalak, 1993): 

  Q = πr4P/8µL,  R = 8µL/πr4,  P = Q*R 

 

  where 
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  Q = fluid flow   r = tube radius 

  P = blood pressure  µ = viscosity 

  L = length   R = resistance 

 

This law describes a direct relationship between pressure and flow rate that varies by the resistance 

coefficient, R. As pressure change increases, it can be expected that given the same tube structure, 

and therefore a constant resistance, flow rate will increase linearly. It is also important to note that 

the flow resistance is hugely affected by the tube radius (r4), resulting in a drastic increase in 

resistance with only a small change in the vessel radius. This simplified relationship may provide 

insight for how fluid flow vary under changing IOP and BP. 

 

Scleral Stiffness 

The sclera makes up the structural casing of the eye, protecting the delicate mechanisms 

within. Due to IOP, the scleral layer is constantly inflated and under a compressive force. The 

sclera’s stiffness, quantified by its compressive modulus, has been measured in a variety of ways. 

Average scleral stiffness has been found to be within the range of 5 to 60 kPa using a uniaxial 

compression system (Battaglioli & Kamm, 1984; Mortazavi, Simon, Stamer, & Vande Geest, 

2009). Other methods have found scleral stiffness to be much higher, reaching as high as 300 kPa 

(Coudrillier et al., 2012). It has been hypothesized that soft, or “weak” sclera could also represent 

a risk factor for glaucomatous development. Eilaghi et al. developed a finite element model to 

discern the effects of stiffness on the resultant IOP-induced strain in ONH structures such as the 

lamina cribrosa. They found that their soft scleral model exhibited a much higher level of strain in 
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the ONH than previously reported data, even at normal levels of IOP (Eilaghi, Flanagan, Simmons, 

& Ethier, 2009). 

Scleral stiffening has been under consideration as a potential protective measure that 

naturally occurs through aging to protect the lamina cribrosa from IOP-induced deformation. The 

lamina cribrosa maintains the pressure gradient between the IOP and the surrounding tissue by 

deforming posteriorly. However, it is thought that increased IOP would result in pinching of the 

laminar meshwork and mechanical damage to the ONH which traverses it (Prada et al., 2016, 

Quigley et al., 1981). It has been well documented that scleral stiffening occurs with aging (Fazio 

et al., 2014; Palko et al., 2016; Wensor, Stanislavsky, Livingston, & Taylor, 1998). Coudrillier et 

al. also found that peripapillary scleral stiffening is effective at reducing the magnitude of 

biomechanical strains within the lamina cribrosa (Coudrillier et al., 2016). Furthermore, stiffer 

sclera may restrict arterial vessel wall compliance and reduce IOP-effects, thereby allow for 

increased BP. Blood pressure increase would induce a higher OPP, effectively reducing the risk 

for glaucoma. Yet, there are also reports that increased stiffening of the scleral layer may result in 

intensifying the strain response in other softer tissues (Quigley & Cone, 2013). The exact effects 

of scleral stiffness in regards to nerve damage in the eye is still a mystery, and has only recently 

begun to attract research attention. 

No clear link has been made of exactly how BP, IOP, scleral stiffness, and the blood flow 

rate relate to each other and ultimately, affect the development of glaucoma. With a stronger 

understanding of these factors and their relationships with each other, we may be able to find other 

avenues for diagnosing glaucoma. The complex mechanics, interactive anatomy, combined with 

the many possible risk factors make studying the diseases of the eye especially complicated; our 

research model simplify the complexities of the eye’s anatomy first into the phantom model. Here, 
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we propose an in vitro model to study the effects of blood pressure and intraocular pressure on the 

ciliary arterial flow rate in polymer phantom models mimicking peri-papillary scleral tissue at 

various degrees of stiffness. 

 

II. Methodology 

Perfusion Chamber Design 

To be able to collect perfusion data, a unique chamber was developed. The chamber main 

body is cut from a cylindrical tube of acrylic that is fitted into a square top and base plate with 

rubber O-rings to prevent leakage. The top and base pieces are tapped and threaded to further seal 

the device. Around the midsection of the chamber, four threaded holes were staggered in height to 

fit connectors for the following purposes: 1) BP pressure column, 2) IOP pressure sensor, 3) Outlet 

and BP pressure sensor, 4) IOP pressure column (Fig. 2). During the phantom curing process, a 

21-gauge needle (800 ± 3 µm) was inserted through connectors 1 and 3 to form a wall-less vessel, 

mimicking a 3-cm segment of the posterior ciliary artery. 
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Figure 2. Perfusion Chamber Design; top view of the perfusion chamber and its attachments 

(left); side view of the perfusion chamber with TC-5005 phantom (right) 

 

Polymer Phantom Fabrication 

Multiple polymers were tested in an effort to produce phantoms with stiffness comparable 

to scleral tissue. The phantoms used here were made from either agarose (Low-EEO/Multi-

Purpose/Molecular Biology Grade, Fisher BioReagents) or industrial TC-5005 (BJB Enterprises). 

Four models, two different agarose and two different TC-5005, were ultimately tested in the 

perfusion flow analysis. 

Agarose phantoms were made by dissolving various weights (in grams) of the powder in 

distilled water volume (in mL) ranging from 0.6 – 0.9% and then mixed at 70°C for 15 minutes. 

10 mL of the resultant mixture was poured into the perfusion chamber and left to cure for at least 

8 hours. 1.5 mL of agarose was poured into a cell culture dish (60 mm × 15 mm) and left to cure 
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for at least 8 hours. Polymer disks (10 mm× 1.5 mm) were cut out with a 10 mm Trephine blade 

to use in mechanical compression tests. 

Industrial TC-5005 phantoms were made by combining its three agents (A, B, and C) in 

various units. Per the factory instructions, increasing agent C would result in a more elastic 

polymer. Each phantom was made with a set A and B ratio (100 to 20 units) while increasing agent 

C from 40 to 50 units. 10 mL of the mixture was poured into the perfusion chamber, degassed for 

30 minutes, and then allowed to cure at 27°C for at least 16 hours. 1.5 mL of TC-5005 was used 

to form compression disks. 

Polydimethylsiloxane (Sylgard 184 PDMS, Dow Corning) polymers were also tested for 

its stiffness in comparison to sclera. PDMS disks were made by combining its two agents (A and 

B) in 100 to 12 units, respectively. The mixture was degassed for 30 minutes, then poured into a 

cell culture dish and cured in an oven at 60°C for 2 hours. PDMS was not ultimately used to make 

perfusion phantoms.  

 

Compression Test Protocol 

To measure the compressive properties of the polymer phantoms, mechanical compression 

tests were done using a modified Bose System (ElectroForce Planar Biaxial TestBench, Bose 

Corporation, Eden Prairie, MN, USA). The system consists of a mover plate controlled by the 

Bose speakers that provides displacements up to micron resolution and a load plate connected to 

the load cell that measures force in Newtons (Fig. 3). Fixtures for compression tests were made 

using 3D printing. The compression disk was placed on the load plate and gently moved manually 

to barely come into contact with the mover plate. The system then automatically adjusts to provide 
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a preload of 0.015 N of compressive force was applied to ensure that contact with the material was 

made. 

 

Figure 3. Compression test with agarose sample in the Bose System 

 

For agarose disks, compression tests were run for 10% strain over 2 minutes. To maintain 

the hydration of the agarose, the agarose samples were kept submerged in distilled water before 

testing. Since TC-5005 and PDMS were both found to be stiffer than agarose, compression tests 

were only run for 2% strain to reduce stress to the load cell. The Bose system recorded both the 

displacement (mm) and the resultant force (N) for each test. Each dataset was fitted with a linear 

trend-line, the slope of the resultant curve is recorded as the compressive modulus, E. The 

compressive modulus was calculated using the following equation: 



19 

 

E = σ/ε  

 

where     

σ = Force/Area, 

ε = Displacement/Original Length 

 

Three disks were tested for each batch of polymers and the average compressive modulus 

was taken as the stiffness of its respective phantom model. For the four phantom models, a total 

of 12 compression tests were completed. 

 

Flow Test Protocol 

 After curing each phantom, the space above the polymer was filled with distilled water. 

Connecting this chamber to a hydrostatic column through connector 4 allowed a simulation of IOP 

forces against the top face of the phantom. Connector 1 led to another hydrostatic column that 

applied a BP to the distilled water which flowed through the wall-less vessel. The distilled water 

was stained with food coloring to better visualize the fluid flow and distinguish it from the water 

in the IOP chamber. Connector 2 was attached to a pressure sensor for the IOP chamber. Connector 

3 was connected to a three-way nozzle that had an outlet for the fluid flow and an outlet to measure 

the BP through the wall-less vessel. The complete setup can be seen in Figure 4. 
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Figure 4. Complete setup for flow tests 

 

 Flow tests were performed for different combinations of BP and IOP. BP ranged from 20 

– 40 mmHg and IOP ranged from 10 – 40 mmHg which can be adjusted by raising or lowering the 

hydrostatic columns. Pairing each pressure step, there were a total of 12 combination per phantom. 

For every interval, the system was allowed to rest for 1 minute. Then, the outlet was opened to 

allow fluid to flow. To measure flow, the amount of time for 20 drops (1 mL) of water to flow 

through the vessel was recorded. Each combination of pressure was repeated in triplicate, and the 

flow rate averaged.  

 

Statistics 

 For the compression tests, R2–statistics data were calculated to characterize the closeness 

of the linear fit. The close that R2 is to 1, the greater the correlation of the collected data in a linear 

fashion. This is crucial in determining an accurate compressive modulus.  
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For the flow tests, the recorded datasets were also converted to percent changes in order to 

best compare differences between each perfusion model. Paired t-tests were applied between 

datasets of the various stiffness models for significance set at p-value < 0.01. 

 

III. Results 

Compressive Modulus 

The three industrial TC-5005 phantom models tested were found to have compressive 

moduli of 415 ± 16 kPa, 161 ± 26 kPa, and 63 ± 4 kPa. The two agarose phantom models were 

measured to have compressive moduli of 56.9 ± 2 kPa and 32.2 ± 2.6 kPa. All data were fit with a 

linear regression and had R2-correlation that was greater than 0.95 (Fig. 5). 

 

Figure 5. Compression Stress and Strain Curves of A) TC-5005 w/ 20% Agent C, B) TC-5005 w/ 

30% Agent C, C) TC-5005 w/ 40% Agent C, D) 0.9% w/v Agarose, and E) 0.7% w/v Agarose 

 

Fluid Flow 

An increase in IOP in general was related to a decrease in fluid flow in our model system 

(Fig. 6). The fluid flow through the soft agarose phantom (E = 32 kPa) exhibited the strongest IOP 

related reduction with a maximum reduction of 87% in fluid flow rate (Fig. 6A, BP = 20 mmHg) 
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when IOP was increased from 10 to 40 mmHg. A similar trend of flow rate reduction from 

increased IOP was found at other tested BP levels in this phantom (Table 1). 

 

Table 1: Percent fluid flow reduction due to IOP – in the soft scleral model (E = 32 kPa) 

compared to flow at IOP = 10 mmHg 

 

As the phantom stiffness increased, the IOP-related flow reduction showed an interesting 

nonlinear trend, first decreasing as the gel stiffness increased from 32 kPa to 57 kPa, and then 63 

kPa. The maximum flow rate reduction in the 57 kPa model was only 39% (Fig. 6B, BP = 30 

mmHg) when IOP was increased from 10 to 40 mmHg. Similarly, the flow rate reduction 

percentage continued to decrease in the 63 kPa model, with maximum reduction of 14% (Fig. 6A, 

BP = 20 mmHg) when IOP was increased from 10 to 40 mmHg. Unexpectedly, further increases 

in stiffness to 161 kPa and 415 kPa resulted in a reversed trend in IOP effects: that is, the maximum 

flow rate reduction became higher than that of 63 kPa, reaching 45% and 38%, respectively (Fig 

6D and E).  
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Figure 6. Fluid flow rate vs IOP at different BP intervals; (top) comparison between soft models, 

(bottom) comparison between stiff models 

 

Paired t-tests were completed between different scleral models at each set BP to determine 

whether there was significance difference between the flow rates measured under a variable IOP. 

All collected datasets were found to have significant p-values less than 0.01 expect for the two 

models with stiffness of 57 kPa and 63 kPa with p-values of 0.25 or greater (Fig. 6). 

The flow reduction for a BP of 40 mmHg at IOP from 10 to 40 mmHg are summarized in 

Figure 7 and Table 2. 
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Figure 7. Fluid flow rate vs IOP at BP = 40 mmHg 

 

Table 2: Percent fluid flow reduction due to model stiffness – at BP = 40 mmHg compared to 

flow at IOP = 10 mmHg 

 

The general trend of fluid flow shows an initial increase of flow rate from the soft scleral 

model (E = 32 kPa) to the maximum flow rate output found in the model with stiffness of 63 

kPa. A dramatic decrease in flow rate can be seen in all cases of IOP and BP combination as 

fluid flow decreases following subsequent increase in model stiffness (Fig. 8). 
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Figure 8. Percentage change in flow in response to stiffness, IOP, and BP. Stiffness: (1) = 32 

kPa, (2) = 57 kPa, (3) = 63 kPa, (4) = 161 kPa, (5) = 415 kPa 

 

Examining the slope of the flow rate reduction between IOP intervals (Fig. 6), it was 

observed that flow rate reduction slope was higher when IOP was greater than 20 mmHg. This 

trend was most noticeable in the soft scleral model (Fig. 9, Table 3) but is also present in the other 

models as well. 
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Figure 9. Fluid flow rate vs IOP in soft scleral model (E = 32 kPa) 

 

Table 3. Flow rate reduction slope in soft scleral model (E = 32 kPa) 

 

 Change in fluid flow rate in response to changes in BP is observed more closely in Fig. 10. 

In all cases, increasing the BP resulted in an increase in flow rate. It is worth noting that in almost 

all cases, flow rate shows an almost linear increase with increasing BP. In the case of the soft 

scleral model (E = 32 kPa), the relationship is very clearly non-linear. Consulting Poiseuille’s Law, 

this may be an indication of a variable resistance of the wall-less vessel. 

Similar to Table 1, flow reduction due to decreasing BP are recorded in comparison to the 

maximum flow rate at the set IOP interval in Table 4. Using the softest phantom, for example, 

10 to 20 20 to 30 30 to 40

20 -0.2 -2.1 -2.9

30 -1.9 -3.2 -4.0

40 -1.3 -4.9 -2.8

BP (mmHg)
IOP (mmHg)

Reduction Slope (×10¯³)
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decreasing BP from 40 mmHg to 30 mmHg and 20 mmHg when IOP was set at 40 mmHg reduced 

fluid flow by as much as 70.5% and 83.9%, respectively.  

 

 

Figure 10. Fluid flow rate vs BP at IOP = 40 mmHg 

 

Table 4. Percent fluid flow reduction due to BP – in the soft scleral model (E = 32 kPa) 

compared to flow at BP = 40 mmHg 

 

 

IV. Discussion/Conclusion 

The pressure intervals used for IOP were selected to mimic normal IOP (10 – 20 mmHg) 

and ocular hypertension (> 20 mmHg). We found that elevated IOP (30 mmHg and 40 mmHg) 

resulted in as high as 87.0% reduction in fluid flow through the vessel when BP is at 40 mmHg. 

10 20 30 40

20 56.6 53.9 51.7 83.9

30 24.0 31.7 29.8 70.5

BP (mmHg)
IOP (mmHg)
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Normal levels of IOP were found to have up to 13% reduction in flow. The exact repercussions of 

the flow reduction are unknown, but we hypothesize that elevated IOP may contribute to retinal 

ganglion cell damage through a greater lack of perfusion in comparison with normal IOP levels. 

Our results in the phantom models indicated that IOP may have a significant impact on the 

blood flow in the arteries traversing the peripapillary sclera. For phantoms with a compressive 

modulus lower than 63 kPa, the flow rate reduced as IOP increased from 10 to 40 mmHg, with a 

higher slope of reduction when IOP was above 20 mmHg, the typical threshold of ocular 

hypertension.  As previously reported by Ethier & Sigal, soft sclera cannot protect the ONH 

structures from mechanical strains during IOP elevation, which may lead to mechanical damage 

to the retinal ganglion cell axons passing through the scleral canal. Here, we provide evidence that 

soft scleral tissue may also be related to reduced blood flow to the optic nerve head during IOP 

elevation. This may also result in ischemic damages to the ONH and eventual axonal loss. We also 

observed that as scleral stiffens up to 63 KPa, there was a significantly decreased IOP-effect, 

providing some evidence that scleral stiffening may be protective. However, further stiffening of 

the sclera past 63 kPa resulted in increased IOP-effect, and thus suggesting the existence of an 

“optimal” scleral compressive stiffness. It is unclear what is underlying such trends.  

Since BP was measured from the outflow nozzle, the pressure intervals used for BP were 

selected to be closer to the pressure fitting the range of a capillary network. As seen in Figure 1, 

the region of interest consists of the portion of the sPCA adjacent to the point of capillary branching. 

Appropriately, the BP range covered normal arteriole pressures (40 mmHg) down to near capillary 

pressures (20 mmHg). The basic model was able to show that within that range of BP, there is still 

a wide variation in fluid flow. Simply decreasing BP from 40 mmHg to 20 mmHg resulted in as 

much as 56.6% reduction in flow under normal IOP conditions. Under ocular hypertension, as 
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much as 83.9% reduction in fluid flow was observed in the soft scleral model. This compounded 

reduction in fluid flow may relate to the drastic reduction in OPP in the case that both elevated 

IOP and decreased BP are present. Again, the severity of the resultant reduction of fluid flow due 

to decreasing BP or OPP cannot be characterized through this experiment. 

As described by Poiseuille’s Law (see Introduction), pressure is directed related to flow 

rate, Q, by a resistance coefficient. In this experiment, fluid viscosity remains constant, as water 

is a Newtonian fluid, and the length of the vessel does not vary between experiments. This leaves 

the radius of the wall-less tube a potential cause for changes in resistance. Possibly, the reduction 

in flow occurring at higher stiffness may be a result of the resistance of the vessel against expansion 

that would have been caused by BP forces. At low stiffness, the vessel diameter would be variably 

affected by both BP and IOP in which IOP provides a compressive force while BP provides a 

counteracting expansive force. Increasing the stiffness of the sclera would first reduce IOP-effects, 

allowing BP to dominate, but then eventually also removing BP-effects when stiffening progresses 

beyond a certain point. The trend observed here may be an indication of how progressive stiffness 

may in fact provide both a protective as well as a detrimental effect to the health of the ONH from 

a blood flow perspective. 

There are several limitations in this study. The compression tests demonstrated that agarose 

and, to a limited degree, industrial TC-5005 silicon are good candidates to model the mechanical 

stiffness of scleral tissue. The range of the compressive modulus may not have reached the reported 

minimum of scleral stiffness, but further experiments may be able to further reduce the stiffness 

of these polymers. Compression of the polymers were limited by the load cell’s force capacity, 

and therefore may not be an accurate representation of the compressive modulus of the models at 

higher strain. Without measuring the exact strain resulted from IOP-simulations in the flow tests, 
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an exact comparison cannot be made. It can be expected that at least agarose exhibits viscoelastic 

properties due to its high water content. Due to this, increasing strain past a certain point will likely 

result in a much greater increase in stress response, resulting in an exponentially higher 

compressive modulus. 

The perfusion model had many limitations to its design. Most importantly, sclera thickness 

has been experimentally determined to be approximately 1 mm to as thin as 0.8 mm due to aging 

(Coudrillier et al. 2012). Furthermore, the ciliary arteries are even smaller, diameter measuring to 

be less than 0.5 mm (Erdogmus & Govsa, 2006). The thickness of the scleral phantom in the model 

was measured to be approximately 20 mm with vessel diameter being at least 0.8 mm. Not only 

were the dimensions not biologically appropriate, mechanical limitations also prevented correct 

scaling of the dimensions. Moreover, the fluid flow experiments were done with water, which is 

not a strong substitute for blood due to its Newtonian properties. Most notably, blood is much 

more viscous than water, a property that contributes to fluid flow resistance that is characteristic 

in biology. Further work can explore models with more biologically relevant vessel and scleral 

dimensions as well as fluid viscosity using the same protocol.  
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