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a b s t r a c t 

Glaucoma is a progressive and a degenerative eye disease that gradually deteriorates the vision. The ori- 

gin of glaucoma is still under debate. Recent studies report that 50% of the aqueous humor outflow resis- 

tance resides on collector channels and Schlemm’s canal (SC). This paper provides a descriptive analysis 

of the aqueous humor outflow through the anterior chamber, the trabecular meshwork (TM) and the SC. 

The aim of this work is to determine the influence of the collector channels position on the intraocular 

pressure (IOP) and its contribution to the development of glaucoma. Pressure and wall shear stress distri- 

butions are presented for four cases. The first case has an arrangement of collector channels according to 

micro CT (Gong and Francis, 2014). The remaining cases have an symmetrical distribution; case 2 has all 

open quadrants (AOQ), cases 3 have three quadrants completely open and just one quadrant semi closed 

(SCQ), and finally cases 4 consider that a quadrant is completely closed (CQ). Symmetrical and micro CT 

cases have 29 collector channels. The results show that the position and the opening of the collector 

channels have a strong influence on the IOP. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Glaucoma is the second leading cause of blindness in the world

[1] , and is commonly associated with an intraocular pressure (IOP)

increase. However, the causes of this neuropathy are still under

discussion. The pressure rise is related with an unbalance between

the inflow and the drainage of aqueous humor, that under normal

conditions are the same and is about 2 μl to 2.5 μl per minute

[2] . The drainage of this fluid is mainly through two pathways: the

TM, located in the angle between the cornea and the iris; and the

second is the uveoscleral, which is a structure located in the ciliary

body. The trabecular pathway drains from 75% to 90% of aqueous

humor flow; meanwhile, the uveoscleral pathway drains from 10%

to 25% of the total of the aqueous humor [3] . 

Even though is well known that elevated IOP is a risk factor

to develop glaucoma, is not necessarily the cause. As far as the

authors know, three hypotheses have gained acceptance in recent

years. The first hypothesis states that the IOP increment is linked

to an elevated aqueous drainage resistance caused by pathologi-

cal changes in the TM [4–6] . The second theory states that the

pressure increase occurs in the internal layer of the SC due to the
∗ Corresponding author. 
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ormation of giant vacuoles, these giant vacuoles modify the geom-

try of the SC, at the same time these vacuoles offer a resistance to

he flow of the AH, this is due to the fact that the vacuoles stored

H during a small period of time [7] . Finally, the third theory in-

icates that the resistance to the aqueous humor flow is increased

y the closure of the collector channels, the increase in resistance

o flow is attributed to the reduction of the area due to the num-

er of collecting channels that are interconnected with the venous

ystem [1,8] . Neither of them have been confirmed or denied. 

Mathematical models and numerical methods have been devel-

ped to describe the fluid dynamics of the aqueous humor. Ismail

nd Fitt [9] did a mathematical model explaining the flow of the

queous humor through Schlemms canal taking into account the

eformation of the TM related with IOP. The same authors used a

egular perturbation method to solve the model using a constant

ermeability of the TM. 

They obtained the relation between the deformation of the TM

nd the pressure within the anterior chamber; if the amount of

he aqueous humor flowing across TM is negligible the IOP rises

ramatically and blindness will inevitably result. Another math-

matical model was made by Fitt and Gonzalez [10] to analyse

ifferent mechanisms that produce aqueous humor flow in the

nterior chamber: (i) buoyancy effects due temperature differ-

nces between the anterior surface of the cornea and the iris, (ii)

he aqueous humor flow generated by the ciliary body, (iii) the

https://doi.org/10.1016/j.medengphy.2018.12.022
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
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Fig. 1. Domains of the anterior chamber model: Anterior chamber in blue (AC), 

trabecular meshwork in yellow (TM), Schlemm’s canal in green (SC) and collector 

channels in red (CCs). (A) Slice of the anterior chamber model; inlet in blue arrows 

and outlet in red arrows. (B) Close up of the slice. (For interpretation of the refer- 

ences to color in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 2. Cases studied. In red and black lines, the position of collector channels. In 

red line close collector channels and in black line the open collector channels. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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queous humor flow generated by interaction between buoyancy

nd gravity effects, (iv) the aqueous humor flow by phakodene-

is and (v) the aqueous humor flow due by Rapid Eye Movement

REM). Their results show a maximum velocity for the aqueous hu-

or flow at the anterior chamber of 7.5 ×10 −6 m · s −1 . 

Numerical effort s have been made to understand the aqueous

umor dynamics. Repetto et al. [11] studied the fluid dynamic ef-

ects of an iris-fixated lens in the anterior chamber, using open-

OAM ® software. Wall shear stresses, on the cornea and the

ris, are obtained as well as velocities and pressure distribution in

he anterior chamber. They showed that the intraocular lens has

ittle influence on aqueous humor dynamics. Karampatzakis and

amaras [12] described the aqueous humor flow inside the an-

erior chamber considering the heat transfer between the cornea

nd the interior of the eye employing Comsol Multiphysics 3.5a

COMSOL AB, Stockholm, Sweeden). They calculated a maximum

elocity for the aqueous humor flow within the anterior chamber

f 3.36 ×10 −4 m · s −1 . Moreover, Tiang and Ooi [13] did a further

tudy of the aqueous humor hydrodynamics under external heat

ources using Comsol Multiphysics 3.5a (COMSOL AB, Stockholm,

weeden). Two types of heat sources were examined. Namely, ex-

osure to ultra-high-frequency EM waves (750 MHz and 1.5 GHz)

nd surface heating due to IR irradiation. Their results demonstrate

 maximum velocity for the aqueous humor flow of 3 ×10 −4 m · s −1 

n normal thermophysiological conditions is obtained and a max-

mum velocity of 3.9 ×10 −4 m · s −1 subjected to the heat sources

bove named. 

Villamarin et al. [14] did a 3D simulation of the aqueous hu-

or using ANSYS CFX (ANSYS Inc., Canonsburg, PA, USA). They ob-

ained velocities, pressures and wall shear stresses under normal

nd pathological conditions, particularly glaucoma conditions, tak-

ng into account collector channels. The authors obtained an aver-

ge velocity of 7 ×10 −6 mm · s −1 within the anterior chamber, an

OP of 1799.85 Pa for a healthy eye and 3599.69 Pa for eye un-

er glaucoma conditions. According to Gong and Hann [1,8] , the

ollector channels play an important role in regulating the IOP. In

his regard, a recent numerical research shows that the position of

he collector channels could have an impact on the pressure inside

f the SC [15] . 

New evidence shows that the aqueous humor drainage has

referential quadrants, in particular nasal and inferior quadrants

16] . This result suggests that the collector channels position could

lay a major role in eye pathology. Therefore, the aims of this

tudy are to determine the influence of the collector channels dis-

ribution on the IOP, and to determine the pressure and wall shear

tress in the SC. A numerical simulation is developed, using a

odel based on a human eye as a reference case; and 3 different

istributions are proposed: symmetrical case, semi closed quadrant

nd closed quadrant. 

. Mathematical model 

.1. Anterior chamber model 

The anterior chamber model used in this paper was built based

n the human eye model geometry described by Villamarin et al.

14] . The anterior chamber has a diameter of 11 . 5 × 10 −3 m and

 × 10 −3 m height. The SC is considered with a rectangular cross

ection, base of 300 μm and thickness of 100 μm. Finally, each

ollector channel has a diameter of 25 μm and a length of 100

m. Geometrical details of the TM, the SC and the collector chan-

els are available at [3,17,18] . The model comprises the following

omains: the anterior chamber, the TM, the SC and the collector

hannels as is shown in Fig. 1 . 

An axial symmetric eye model is assumed, in order to study

he different flows patterns induced by the collector channels
osition instead of the patterns promotes by asymmetries of the

ye geometry. Moreover, the results obtained by [14] did not show

ignificant variations form the axial symmetric case. 

The model takes into account 4 different cases and each case

ave been broken down into quadrants. Case 1 has 29 collector

hannels and the distribution of these channels was obtained from

 micro computerized tomography (CT) [1] . The remaining cases

ave 29 collector channels and a symmetrical distribution. The

ase 2 has all open quadrants (AOQ), all collector channels are

pen. Cases 3 has three quadrants completely open and just one

uadrant semi closed (SCQ), that means that the SCQ has 4 collec-

or channels open and 4 channels closed. The last case considers

hat a quadrant is completely closed (CQ); meanwhile, the other

uadrants are open. Each case is shown in Fig. 2 , in which the red

hannels means that are closed ones. 

.2. Governing equations 

The aqueous humor is a clear fluid that, carries on nutrients

o the anterior chamber and keep clear the medium for letting

hrough the light. In this paper, the aqueous humor is assumed

ike a Newtonian fluid with constant properties, since there are

o changes in temperature. The equations that describe aqueous

umor dynamics are the Navier–Stokes and mass conservation
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Table 1 

Properties of the aqueous humor and trabecular meshwork used in the 

fluid’s simulation. 

Property Value Reference 

Trabecular meshwork permeability 3 × 10 −16 m 

2 [15] 

Aqueous humor density 998.7 kg · m 

−3 [17] 

Aqueous humor viscosity 7.5 ×10 −4 Pa · s [17] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Discretized of the anterior chamber model. (A) Sagittal views and (B) iso- 

metric view. 
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equations. A steady state analysis is done, assuming that the aque-

ous humor is an incompressible liquid and neglecting the effects

associated with gravity effects. The equations of motion of the

aqueous humor in 3 dimensions are reduced to 

∇ · v = 0 (1)

ρ( v · ∇ v ) = −∇ p + μ∇ 

2 v (2)

where ρ [ kg · m 

−3 ] is density of the aqueous humor; v [ m · s −1 ] is

the velocity; p [ Pa ] is the pressure and μ [ Pa · s ] is the dynamic

viscosity of the aqueous humor. 

The TM is assumed as a rigid and homogeneous porous

medium with constant permeability. Darcy’s law set out in

Eq. (3) is used to define the permeability of the TM [19] . 

q = − K 

μ
· ∇p (3)

where q [ m 

3 · s −1 ] is the volumetric flow rate, K [ m 

2 ] is the per-

meability of the TM, μ [ Pa · s ] the viscosity of the aqueous humor

and ∇p [ Pa · m 

−1 ] is the pressure gradient. The properties of the

aqueous humor and the TM used in the simulation are shown in

Table 1 . 

2.3. Boundary conditions 

An inlet volumetric flow rate of q = 4 . 16 × 10 −11 m 

3 · s −1 was

imposed, according to Siggers and Ethier [2,20] , at the entrance

area, blue arrows in Fig 1 . The cornea and the iris surfaces are rigid

and fixed; no slip condition was considered between the aqueous

humor and rigid walls. Finally a venous pressure, of 933.254 Pa

[17] is proposed as outlet condition at the collector channels out-

let, shown with red arrows in Fig. 1 . In the porous medium a no

slip condition was taken into account at the walls of the TM. 
Fig. 3. Convergence plot for the (A) velocity and (B) pressu
.4. Numerical implementation 

The anterior chamber model and the volumetric mesh were

reated with ICEM CFD software (ANSYS Inc., Canonsburg, PA, USA).

he simulations were performed using the software OpenFOAM—

.0 ®, a partial differential equation calculator that utilizes the fi-

ite element method. In order to employ a minimum number of

lements and reduce the compute time a mesh convergence test

as necessary to identify the mesh independent solutions. The re-

ults are presented in Fig. 3 A., that shows the convergence of the

aximum velocity and Fig. 3 B shown the convergence of the max-

mum pressure. The results are considered to be mesh independent

hen the percentage difference between two successive meshes is

ess than 0.5%. According to Fig. 3 , the model requires 3,042,946

etrahedral elements. 

Fig. 4 shows the discretized model. Fig. 4 A represents a slice of

he model, a sagittal view. Fig. 4 B shows an isometric view of the

nterior chamber model part. 

. Results 

In the present study, only the flow induced by aqueous produc-

ion and drainage is considered. The obtained results are the ante-

ior chamber pressure, the wall shear stresses on the iris and the

ornea, and the wall shear stress on the wall of the SC. Wall shear

tress is a relevant variable linked with endothelial cells function

nd cornea and iris cells detachment [1] ; therefore, WSS could be

sed as a damage indicator or as a reference for normal conditions.

ig. 5 indicates the pressure contour in a slice plane located at the

enter of the volume for the symmetrical model and the channel

ollectors distribution of micro CT [1] . Any mean differences be-

ween the two cases in the IOP can be appreciated. 
re. Dotted line is the convergence threshold of 0.5%. 
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Fig. 5. Contour of pressure in the anterior chamber (AC), trabecular meshwork (TM), Schlemm’s canal (SC) and collector channel (CC). (A) Symmetrical model, (B) Micro CT 

model. 

Table 2 

Pressure in the anterior chamber. 

Study case Volume average pressure [ Pa ] 

Micro CT 1773.6 

Symmetrical 1732.2 

Semi closed quadrant 1777.2 

Closed quadrant 1787.3 
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Table 3 

Average wall shear stress. 

Study case Cornea [ Pa ] Iris [ Pa ] Schlemm’s canal [ Pa ] 

Micro CT 2.66 ×10 −6 3.61 ×10 −6 4.44 ×10 −3 

Symmetrical 2.56 ×10 −6 3.55 ×10 −6 1.08 ×10 −4 

Semi closed quadrant 4.54 ×10 −6 3.68 ×10 −6 6.28 ×10 −3 

Closed quadrant 4.42 ×10 −6 3.7 ×10 −6 2.52 ×10 −2 
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Pressure distributions are illustrated in Fig. 5 , as can be seen

here is no difference between case A and case B in the pres-

ure drop in the SC, neither in the collector channels. Furthermore,

able 2 shows the volume average pressure in the anterior cham-

er. Taking the Micro CT as the reference case, a pressure reduction

f 2.3 % is observed for the symmetrical case; on the other hand, a

ressure increment of 0.2 % and 0.8 % is obtained for semi closed

nd closed quadrant, respectively. 

In Table 2 Micro CT and symmetrical case correspond to case

OQ, semi close quadrant represents case SCQ, and finally close

uadrant corresponds CQ case of Fig. 2 . Symmetrical case has the

owest average pressure, on the other hand close quadrant case has

he highest average pressure. The difference between symmetrical

ase and Micro CT case is 41.4 Pa , the difference between sym-

etrical and semi close quadrant case is 45 Pa , and the difference

etween symmetrical case and close quadrant is 55.1 Pa . In close

uadrant cases as well as semi close quadrant cases do not matter

n which quadrant are the closed collector channels. 

Figs. 6 to 8 show the wall shear stresses on the cornea, iris and

C, respectively. The results of all cases of close collector channels

re similar between each other. Therefore, Figs. 6 to 8 show the

haracteristic case. The same behaviour is shown for semi close

ollector channels. 

Figs. 6 and 7 do not have mean changes in the wall shear stress.

ig. 6 shows that the smallest wall shear stress is at the center

f the cornea, and the maximum wall shear stress is at the edge

f the cornea. The same behaviour is presented for all cases. The

all shear stress grows as it goes from the center to the edge of

he cornea. Fig. 7 shows that the wall shear stresses decrease from

he center to the peripheral border in radial direction, reaching the

aximum value at the edge of the center. The same behaviour is

resented for all cases. Apart from that, it is clear that the higher

all shear stresses are found near to the opening of the collec-

or channels, as can be observed in Fig. 8 . Area average wall shear

tresses results of the 4 cases are presented in Table 3 . 
The symmetric case has the smallest average wall shear value of

ll cases in the cornea, the iris and the SC. On the other hand, the

reatest average wall shear stress value in the cornea was calcu-

ated in the semi closed quadrant case, meanwhile for the cornea

nd the SC the greatest value was obtained in the closed quadrant

ase. As is shown in Table 3 . 

Pressure results at the center of SC are represented in Fig. 9 .

he micro tomography case, Micro CT case in Fig. 9 , has the low-

st average pressure, 950.12 Pa. Meanwhile, the CQ case has the

reater average pressure, 965.19 Pa . It is clear that a closed quad-

ant results in increase average pressure of 1.6 % in contrast with

he Micro CT case and a maximum pressure of 991.43 Pa , an 4.3 %

ncrement from the average value. Fig. 9 also shows that the Micro

T has zones without collector channels, that are very similar to

he SCQ case. 

. Discussion and conclusions 

The permeability of the TM is critical in order to solve the

rainage flow problem. For carrying out the numerical simulation

f the TM permeability was determined through several simula-

ions in order to obtain a volumetric flow rate reported normal

hysiologically. It is necessary, therefore, to define a proper value

o carry out the numerical simulation. The TM permeability was

etermined through the model in ring shape [15] . The model took

nto account the SC and the TM, and a permeability was obtained

f 3 × 10 −16 m 

2 . 

In order to validate the numerical simulation, the results for

he symmetrical case were compared with those obtained by Vil-

amarin et al. [14] is done. The cited work determined velocity

rofiles, pressure contours and wall shear stress in the SC from a

econstructed eye structure with a symmetrical collector channels

istribution, taking into account 26 collector channels, a perme-

bility value of 1.5 ×10 −15 m 

2 , a volumetric flow rate of 3 μl per

inute as inlet condition, and an outlet pressure of 7 mmHg . The
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Fig. 6. Wall shear stress on the cornea. 

Fig. 7. Wall shear stress on the iris. 
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Fig. 8. Wall shear stress on the Schlemm’s canal. 

Fig. 9. Pressure in the center of the Schelmm’s canal. It shows case 1, case 2 and 

CQ cases. 
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ressure difference in the anterior chamber between the cited pa-

er and the presented results is of 1.6%; which validates our simu-

ation process. 

The anterior chamber model asserts that the IOP increases as

he number of closed collector channels increases, no matter the

uadrant. Semi close quadrant cases have leaped in pressure distri-

ution, while closed quadrant cases have a uniform pressure distri-

ution; although these last ones increase the pressure values. The

esults show that the position of the collector channels has an in-

uence on the IOP, whereas the pressure increment does not rep-

esent a dangerous condition. 

The pressure difference within the SC between the all open

uadrant (AOQ) case with minimum pressure and closed quad-

ant (CQ) cases with a maximum pressure of the 3D geometry,

s 1.47%. The pressure difference within the anterior chamber be-

ween of AOQ case and CQ cases is 0.81% while the shear stress

ifference on the iris of the same cases is 4.24%. The shear stress

ifference of cornea between the case with minimum effort (mi-

ro CT) and maximum effort (AOQ) is 69.72% and for the SC, the

hear stress difference between the AOQ case and the semi-closed
uadrant (SCQ) cases is 4 4 47.33%. The obtained shear stresses on

ris and cornea are the normal physiological range [21] . The differ-

nces in shear stresses in SC are due to the reduction of drainage

rea, and this changes could trigger aqueous humor flow regula-

ion processes that are not taken into account in the present work

hat could lead to IOP variations and tissue damages. 

The results showed an average pressure reduction of 2.3% be-

ween the Micro CT and symmetrical cases; also an increment of

.18% between symmetrical and closed quadrant cases. According

o [22,23] an IOP variation of 3% is not significant; however, is not

ossible to evaluate if this small IOP changes could promote dam-

ges in a long period of time and it is important to take into ac-

ount that patients with glaucoma are sensitive to IOP variations

24] . 

To the authors’ knowledge, no critical pressure values have been

eported in SC. On account of no reference is known it is not pos-

ible to establish whether pressure or pressure variations are the

ause of probable damages. Therefore, it is important in order to

eport slight variations in pressure. On the other hand, significant

hanges are observed in wall shear stresses in the cornea and in

he Schelmm’s canal; however, it is not possible to identify cell

etachment or any other damaged caused by shear stresses. More

xperimental values need to be obtained to compare and to deter-

ine if the conditions presented in this paper promote pathology

onditions. 

According to with the descriptive results, collector channels

lay a major role in the shear stresses in SC, and its position mod-

fies the IOP; however with the obtained results is not possible

o determine its relevance. New studies of numerical simulations,

aking into account a transitory state, are required in order to de-

ermine if the pressure variations induced by the distribution of

he collector channels causes damages on eye structures, like iris,

ornea, and the TM tissue. In addition, the present research shows

he need for more studies in vivo to determine the normal distribu-

ion of the collector channels in humans in physiological and glau-

oma conditions. Finally, more work needs to be done considering

ravitational as well as buoyancy effects; which could increase the

elevance of the position of the collector channels, due to the grav-

tational acceleration direction as well as a temperature gradient in

 radial direction, considering the eye as a sphere. 
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