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Abstract
Autoregulation of blood flow, the maintenance of relatively constant 
blood flow despite variations in pressure, is characteristic of many 
tissues, including the retina. Impaired retinal autoregulation has been 
shown to be a risk factor for glaucoma, suggesting that the relation 
between vascular regulatory mechanisms and glaucoma progression 
should be investigated. Here, a vascular wall mechanics model is 
used to predict the relative importance of regulatory mechanisms in 
achieving retinal autoregulation. Five segments, connected in series, 
represent the following classes of vessels downstream of the central 
retinal artery: large arterioles, small arterioles, capillaries, small 
venules, and large venules. The large and small arterioles respond 
actively to local changes in pressure, shear stress, and carbon dioxide 
and to the downstream metabolic state communicated via conducted 
responses. Model parameters governing wall tension are fit to pressure 
and diameter data from porcine retinal arterioles. The model is able 
to predict the range of pressures for which autoregulation is achie-
ved for both control and elevated levels of intraocular pressure. The 
model results indicate a shift in the autoregulation range when IOP 
is increased. A key role for metabolic responses in attaining retinal 
autoregulation is also predicted. 

Key words: autoregulation, glaucoma, retina, blood flow regulation, 
metabolic response, myogenic response.
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1. Introduction

Glaucoma is a severe eye disease characterized by the degeneration of 
the optic nerve and loss of retinal ganglion cells, resulting in progres-
sive, irreversible vision loss. Elevated intraocular pressure (IOP) is a 
major risk factor for the disease. However, glaucomatous damage can 
occur even in patients who have normal IOP or in patients whose IOP 
has been lowered with medication,1,2 suggesting that other significant 
risk factors must also contribute to the development and progression 
of glaucoma. In particular, impaired vascular function has been cor-
related to glaucomatous damage,3-9 and there is evidence indicating 
that dysfunctional blood flow autoregulation in the retina and optic 
nerve head renders the patient susceptible to decreases in ocular 
perfusion pressure, increases in IOP, and/or increased local metabolic 
demands. In the present study, a mechanistic model of blood flow 
regulation in the retina is used to assess how various vascular control 
mechanisms combine to generate autoregulation and to identify how 
autoregulation is affected by changes in ocular perfusion pressure. 

1.1. Autoregulation of blood flow 

The fundamental responsibility of the circulatory system is to provide 
adequate blood flow (and thus oxygen and nutrients) to all tissues of 
the body despite changes in the pressure or metabolic environment. 
Autoregulation of blood flow is defined as the intrinsic ability of vascular 
beds to maintain relatively constant blood flow over a large range of 
arterial pressure. Autoregulation was first reported in dog hind limb 
in 190210 and has been recognized in most vascular beds, including 
the eye,11,12 brain,13 heart,14 kidney,15 skeletal muscle,16 and gut.17 

Autoregulation is achieved by appropriate changes in arteriolar 
smooth muscle tone that cause vessels to dilate or constrict as intra-
luminal pressure is varied. Mechanisms contributing to autoregula-
tory control include responses to pressure (known as the myogenic 
response), shear stress on the endothelial lining of vessels, metabolite 
concentrations in vessels and/or tissue, tissue pCO2 or pH levels, and 
neural stimuli. According to the myogenic response hypothesis, as 
arterial pressure is increased, the degree of vascular smooth muscle 
tone increases, leading to vessel constriction.10 An increase in wall 
shear stress leads to vessel dilation.18-20 Changes in both the local and 
distal metabolic tissue status contribute to autoregulation. Downstream 
oxygen demand can be communicated to upstream arterioles via a red 
blood cell-dependent conducted response mechanism. Red blood cells 
release ATP at a rate that depends on their oxyhemoglobin saturation 
level, generating a signal that causes dilation upstream.21-23 Other 
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metabolites, such as nitric oxide and adenosine, transmit information 
to the vasculature about local metabolic status24,25 and may also alter 
vascular resistance. Local hypercapnic acidosis causes vasodilation 
while local hypocapnic alkalosis leads to vasoconstriction26 Several 
vessels also have innervations that can affect vessel tone; for example, 
sympathetic nervous system stimulation results in vascular smooth 
muscle constriction.27,28

Autoregulation in the retina has been attributed to the combination 
of some of these mechanisms. In isolated bovine and porcine retinal 
arterioles, myogenic tone was observed to increase as intravascular 
pressure was increased from 10 to 60 mmHg.19,29 Wall shear stress 
in the arterioles was found to be approximately twice as high as that 
in the venules.20 Conducted responses initiated in venules triggered 
vasodilation of upstream arterioles21,30 Increased PaCO2 in cats led to 
retinal arteriole vasodilation.12 Several other metabolites, including a 
retinal relaxing factor,31 may alter vascular resistance,28 but these are 
not specifically defined in this study since experimental evidence for 
such factors is limited. The inner retina is not innervated, and thus 
sympathetic nervous system effects do not play a role in the model.

1.2. Objective

Only a few theoretical models have been developed previously to de-
scribe blood flow dynamics in the retina. Takahashi et al.32 developed 
a mathematical model of the hemodynamic behavior in the human 
retina that assumes a dichotomous symmetric branching vascular 
network. A more realistic image-based network model of a murine 
retinal vasculature was developed and used to show an extremely non-
uniform blood hematocrit in the retina.33 However, neither of these 
models accounted for blood flow autoregulation or the effects of IOP 
on the system, even though IOP is unique to the ocular environment 
and is the most well-established risk factor for eye diseases such as 
glaucoma. In this study, a theoretical model is used to evaluate the 
contributions of pressure, shear stress, metabolic responses, and CO2 
to autoregulation in the retina based on experimental observations. 
Under reference conditions, the model is used to demonstrate the 
normal behavior of autoregulation. The model is also used to simulate 
the effect of impaired autoregulatory mechanisms on blood flow for 
normal and elevated levels of IOP.
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2. Methods

2.1. Geometry of the model

The retinal microcirculation is represented by a compartmental model 
(developed previously22), in which vessel compartments are connected 
in series and contain a set of identical, parallel-arranged segments 
that experience the same hemodynamic and metabolic conditions. 
The model is used to simulate flow downstream of the central retinal 
artery (CRA) through five compartments: large arterioles (LA; the four 
vessels that branch from the CRA), small arterioles (SA), capillaries 
(C), small venules (SV), and large venules (LV; the four vessels that 
drain into the central retinal vein). Figure 1 provides a schematic 
of the vessel network used in this study. The network is assumed to 
be symmetric, which means that vessels in corresponding arteriolar 
and venous compartments have the same length and number. Flow 
resistance (R) is calculated according to Poiseuille’s Law: 

 
(1)

where μ is the blood viscosity, D is the vessel diameter, L is the vessel 
length, and n is the number of vessels in the compartment. The large 
and small arterioles are assumed to be vasoactive and the remaining 
compartments are considered to be fixed resistances. Flow (Q) and 
the change in pressure (ΔP) are related by a hemodynamic analogy 
to Ohm’s Law: 

 
(2)

Fig. 1. Representative segment model. The retinal vasculature is represented by 
five compartments downstream of the central retinal artery (CRA) and upstream 
of the central retinal vein (CRV). The blue dotted line indicates the compartments 
considered in this model. The large arterioles (LA) and small arterioles (SA) are 
assumed to be vasoactive, and the remaining compartments are fixed resistances.
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2.2. Ocular perfusion pressure

The model is used to simulate the response of blood flow as the in-
coming arterial pressure to the vascular network, denoted by Pa, is 
varied. Ocular perfusion pressure (OPP) is defined as the difference 
between ocular arterial pressure and IOP 34 and is approximated by:

 (3)

where MAP is the mean arterial pressure in the brachial artery (ap-
proximately 90 mmHg under normal conditions). Since the first term 
of Eq. (1) approximates the average blood pressure entering the oph-
thalmic artery, a separate quantity denotes the ocular perfusion pres-
sure of the retina, OPPret, that corresponds to perfusion pressure of 
the retinal vascular network:

 (4)

Under normal conditions, Pa = 40 mmHg, which is the approximate 
pressure of blood exiting the CRA calculated previously.32,35 Since 
the intraocular veins experience a significant compression force due 
to IOP, the pressure in the veins just before they exit the eye must 
equal or exceed the IOP, otherwise they will collapse.36 Therefore, 
the venous pressure at the downstream end of the vascular network 
is assumed to be equal to IOP. As evident from Eq. (2), OPPret can 
be altered by variations in Pa or IOP. Such variations correspond to 
changes in ocular perfusion pressure that are induced by elevations 
in MAP, nocturnal reductions in arterial pressure, or diurnal varia-
tions in IOP.37 Here, Pa is increased from 16 to 64 mmHg while IOP 
is held constant at a control (15 mmHg) or elevated (25 mmHg) level.

2.3. Vessel mechanics

According to the Law of Laplace, tension (T) is generated in a vessel 
wall to balance the pressure drop across the vessel wall. The Law of 
Laplace states that this tension is proportional to the diameter of the 
vessel and is given by T = (P-IOP)D/2, where P is the average blood 
pressure in the vessel. A previously developed model22,38 of vessel 
wall mechanics is adapted to assess changes in vessel diameter and 
vascular smooth muscle tone as Pa and/or IOP is varied. Specifically, 
total circumferential wall tension, Ttotal, generated in the resistance 
vessels (large and small arterioles) is defined as the sum of the pas-
sive and active tension in the wall:

 (5)

where A is vascular smooth muscle tone (activation):
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(6)

In Eq. (5), passive tension, Tpassive, represents the wall tension gener-
ated by the structural components of the vessel wall and is described 
by an exponential function of D. Tactive

max is the maximum degree of 
active wall tension that can be generated in response to maximal 
constriction of the vascular smooth muscle cells and is given by a 
Gaussian function of D.

 

(7)

Parameters for the passive and maximally active tension functions 
are fit in a least squares sense to data from autoregulation studies in 
retina29 and brain39 and are listed in Table 1. The product of activa-
tion, which is assumed to be a value between 0 and 1, and Tactive

max 
defines the active tension generated by the smooth muscle in the ves-
sel wall. The smooth muscle activation defined in Eq. (4) depends on 
a stimulus function, Stone, which dictates changes in smooth muscle 
tone according to a linear combination of regulatory mechanisms:

 (8)

This function is adapted from22,38 and includes the action by myo-
genic, shear-dependent, conducted metabolic, and local carbon diox-
ide responses. Tissue levels of PCO2 and pH have been shown to be 
significant factors in retinal and brain autoregulation.25,26,40,41

In Eq. (6), T, τ, SCR, and SCO2 are calculated using the model, and 
the coefficients are fit to experimental data 39,42 when possible. Vessel 
wall tension, T, is calculated using the law of Laplace:

 
(9)

where ΔP is the transmural pressure across the vessel wall. Wall shear 

stress, τ, is proportional to flow and is given by  . SCR is a 
red blood cell-derived conducted response signal that is initiated by 
the release of ATP at the downstream end of the small venule accord-
ing to the saturation of the red blood cell; the signal is transmitted 
upstream to alter the arteriolar smooth muscle tone. Oxygen is deliv-
ered to the surrounding tissue by the LA, SA, and C compartments 
according to a Krogh-type cylinder model assuming constant oxygen 
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demand.22,43 ATP concentration in plasma, C(x), is generated by the 
release of ATP by red blood cells at a rate that depends on oxygen 
saturation. The conducted response signal is calculated by integrating 
ATP concentration against an exponentially decaying weight function 
from the end of the SV to the midpoint of the SA and LA (for complete 
details, see Arciero et al.22). Other mechanisms not dependent on red 
blood cells must also contribute to conducted metabolic responses,44,45 
but as an initial simplification these mechanisms are not included in 
the present version of the model. Finally, the carbon dioxide signal, 
SCO2, is calculated based on the PCO2 in the tissue according to a non-
linear function of PCO2 and flow based on relationships determined 
by Ye et al.46

Table 1. Parameter values defining arteriolar activation and diameter. 

Parameter v alue Large arteriole Small arteriole
Cmyo, cm/dyn 0.0092 0.025
Cshear, cm2/dyn 0.0258 0.0258
Cmeta, μM/cm 200 200
CCO2,mmHg 8e-4 1.31e-4
C’’tone 143.45 52.12
Cpass, dyn/cm 361.48 197.01
C’pass 53.69 17.60
Cact, dyn/cm 2114.2 3089.6
C’act 0.93 1.02
C’’act 0.11 0.20
D0, μm 135.59 73.9

Cmyo, vascular smooth muscle (VSM) activation tension sensitivity; Cshear, VSM activa-
tion shear stress sensitivity; Cmeta, VSM activation conducted response sensitivity; 
CCO2, VSM activation carbon dioxide sensitivity; C’’tone, VSM constant; Cpass and C’pass, 
passive tension strength and sensitivity, respectively; Cact, C’act, C’’act, maximally 
active VSM peak tension, length dependence, and tension range, respectively; D0, 
passive reference vessel diameter.

2.4. Model parameters

The weights Cmyo, Cshear, Cmeta, and CCO2 in Eq. (6) define the relative 
contributions of each mechanism to vascular tone; the positive or nega-
tive sign preceding each term corresponds to the increase or decrease 
in tone generated by each mechanism, respectively. C’’

tone represents 
a combination of other factors, such as the retinal relaxation factor, 
that influences vascular tone.31 Cmyo is fit to data from Jeppesen et 
al.,29 Cshear is taken directly from an autoregulation model for skeletal 
muscle,38 CCO2 is fit to data from Wei et al.,39 and a range of values for 
Cmeta was considered since there is currently not enough experimental 
data to quantify this parameter. For the simulations presented in this 
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study, a single value Cmeta (Cmeta = 200 μM/cm) is chosen for model 
simulations. Figure 2 shows the fit of the model to passive and active 
diameter data for small and large arterioles in porcine retinal tissue 
and cat brain pial arterioles.29,39

2.5. Determination of diameter and activation

As incoming arterial pressure is varied, arterioles show a rapid passive 
change in diameter followed by an active smooth muscle contraction 
or dilation to a new equilibrium diameter. As in a previous study,22 
this behavior is represented by a system of ordinary differential equa-
tions for Di and Ai (i = LA, SA):

Fig. 2. Parameter estimation for passive and active wall tension functions. (a) Di-
ameter of small arterioles (DSA) and (b) large arterioles DLA as a function of arterial 
pressure. Model predicted values for passive diameters (thin curve) are compared with 
data from passive diameter responses (closed circles) in porcine retinal arterioles.29 
(c) Diameter of small arterioles and (d) large arterioles as a function of arterial pres-
sure. Model predicted values for the active response (thin curve) include myogenic 
and carbon dioxide mechanisms and are compared with data from active diameter 
responses (closed circles) in cat brain pial arterioles.39
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(10)

where τd = 1 s and τa = 1 min are time constants governing the rates 
of passive diameter and activation changes and Dc and Tc are control 
state values (see below) of diameter and tension,22,38 the values of 
which do not affect the steady state solutions of the system. Steady-
state values of D and A in LA and SA are determined by integrating 
Eq. (7) until equilibrium is reached.

2.6. Control state

A control (or reference) state is defined to represent conditions in 
the retina that correspond to a typical level of oxygen consumption 
and IOP. Constant levels of shear stress, τ, are defined in each com-
partment according to data from retinal studies 20,33: τ = 30 dyn/cm2 
in the large and small arterioles, τ = 15 dyn/cm2 in the capillaries, 
and τ = 10 dyn/cm2 in the small and large venules. Constant values 
of viscosity are also chosen for each compartment, as in a previous 
model.22 An incoming pressure of 40 mmHg and outgoing pressure 
of 15 mmHg are prescribed, thereby defining the total pressure drop 
across the entire network in the control state. Approximately 50-70% 
of the pressure drop along the vasculature occurs within the small 
arteries and arterioles.47 In this model, 25% and 40% of the total pres-
sure drop is assumed to occur in the LA and SA, respectively. The 
remaining pressure drops are found using the symmetry condition on 
vessel length in the system (i.e., LLA = LLV and LSA=LSV).

The level of activation of LA and SA in the control state is as-
sumed to be 50% (ALA = ASA = 0.5). Given this assumption, Stone = 0 
in both resistance vessel segments. Control diameter values for the 
large and small arterioles are determined by solving the system in 
Eq. (7) when A = 0.5. Capillary diameters are assumed to be 6 μm.48 
Control diameters for the small and large venules are found accord-
ing to the symmetry condition for vessel length and number. Flows 
in each compartment i for the control state are calculated using the 
following relationship derived from Poiseuille’s Law

i
 

(11)

Since there are four large arteries that branch from the CRA, the 
number of vessels (n) in the first compartment (LA) is nLA = 4; the 

book_HumanEye_proof-06.indb   49book_HumanEye_proof-06.indb   49 11/14/2014   2:55:56 PM11/14/2014   2:55:56 PM



J. Arciero50

remaining number of vessels are calculated using the conservation 
of flow, i.e., niQi=Qtotal. Vessel lengths in each compartment are found 
using Poiseuille’s Law:

 
(12)

All control state values for the system are listed in Table 2.

Table 2. Control state values for representative segments.

Description LA SA C SV LV

Diameter, D (m) 105.0 47.2 6.0 68.5 154.9
Wall shear stress, τ (dyn/cm2) 30 30 15 10 10
Pressure drop, ΔP (mmHg) 6.25 10 5.04 2.30 1.41
Number of segments, n 4 40 187890 40 4
Segment length, L (cm) 0.73 0.52 0.067 0.52 0.73
Velocity, v (cm/s) 1.72 0.86 0.011 0.41 0.79
Viscosity, μ (cP) 2.28 2.06 10.01 2.09 2.44

2.7. Effect of IOP on vacular network calculations

The number and length of vessel segments in the model with elevated 
IOP remain the same as in the control network for IOP = 15 mmHg. 
The Law of Laplace is used to calculate vessel diameter (D) in the 
following way:

 (13)
where r is the radius of the vessels in the control state for IOP = 15 
mmHg and η is the deformation of the vessel wall induced by IOP 
elevation and is given by:

 (14)

where ν is the Poisson ratio, E is Young’s modulus, and h is vessel wall 
thickness. Typical arteriole and venule values for these parameters 
are taken directly from retinal studies:49,50 Evein = 6×106 Pa, Eartery = 
3×106 Pa, hLA = 23.9 m, hSA = 5.7 m; hSV = 3.4 m, hLV= 7.8 m; ν = 0.5. 
In the case of elevated IOP, the downstream network pressure is set 
to the same (elevated) value of 25 mmHg, and calculations for pres-
sure drop, shear stress, flow, and diameters are updated (see Arciero 
et al.51 for full details). 
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3. Results

3.1. Model validation

The model-predicted values of blood velocity and blood flow along 
the vascular network at control state are compared with measured 
data52-55 in Figure 3. Measures of the retinal arteriole-to-venous ratio 
(AVR), which is the ratio of the caliber of arterioles to venules, have 
reported in population-based studies.50 The model-predicted average 
value of AVR = 0.72 ± 0.05 is consistent with the measured value of 
AVR = 0.78 ± 0.10 in the human retina,50 providing additional evidence 
of the consistency of the model with measured data.

3.2. Investigation of autoregulation mechanisms 

Figure 4(a) shows the model predictions of normalized blood flow 
(normalized with respect to flow at Pa = 40 mmHg) as a function of 
incoming arterial pressure, Pa, with various autoregulation mecha-
nisms assumed to be active or inactive. Pa is varied between 16 and 64 
mmHg and IOP is held constant at a control level of IOP 15 mmHg. 
The dashed black line gives the predicted passive increase in flow with 
pressure when no mechanisms are active. To investigate the effects 
of impaired autoregulation, combinations of mechanisms are added or 
removed from the model. The degree of impairment is quantified in 
Arciero et al.51 In optimal cases, the autoregulation curve will have a 
flat plateau over a large pressure range. The model predicts that a local 
carbon dioxide response combined with the metabolic, myogenic, and 
shear responses (blue curve) yields the best degree of autoregulation. 
Figures 4(b) and 4(c) show the diameter constriction necessary in the 
LA and SA compartments to achieve autoregulation. In Figure 5(a), 
clinical measures from normal subjects or from glaucoma patients 
whose autoregulation was indicated to be normal are plotted with 
the model-predicted autoregulation curve for a control level of IOP. 
Most of the data points fall at or around the model predicted curve. 
One of the included data sets58 (diamonds) however, is from glaucoma 
patients who have not been treated with Brimonidine and therefore 
exhibit a limited ability to autoregulate while reclining. This data set 
was included to provide some preliminary evidence that the model 
correctly reflects the boundary of the autoregulation range.
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Fig. 3. (a) Comparison of model predicted velocity values (black squares) with ex-
perimental measures (black dots,52 open triangles,56 dashed line57) for different sized 
vessels. The solid line corresponds to the best fit line to the experimental data, as 
determined in a study by Riva et al.52 (b) Rate of blood flow (Q) as a function of 
vessel diameter for arterioles and venules. Solid curve is the power curve fit to the 
data points from arteries and veins52 (black dots). Riva et al.52 found that QA = 2e - 
5D2.76 and QV = 8.25e - 6D2.84 where diameter is in μm. Additional measures of blood 
flow for different vessel sizes are included from Feke et al.53 (plusses), Dumskyj et 
al.54 (open circles), Rassam et al.55 (asterisks), Garcia et al 56 (open triangles), and 
Grunwald et al 57 (dashed line). Black squares correspond to model predicted flow 
values in the control state.

Fig. 4. (a) Change in blood flow as pressure, Pa, is increased, providing a measure of 
the degree of blood flow autoregulation. Pa is defined as the pressure at the down-
stream end of the CRA. The dashed line represents a passive vessel response when 
no regulatory mechanisms are active. Individual and combined roles of myogenic, 
shear, conducted metabolic, and carbon dioxide mechanisms on autoregulation are 
evaluated at a control level of IOP = 15 mmHg. (b) Corresponding changes in LA 
diameter with pressure. (c) Corresponding changes in SA diameter with pressure.

3.3. Effect of intraocular pressure on autoregulation

Assuming that all four regulatory mechanisms are functioning, the 
model is used to evaluate the effect of increased IOP on blood flow 
autoregulation (Fig. 5b). The autoregulation curve for a control level 
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of IOP = 15 mmHg (blue curve) is predicted to shift rightward if IOP 
is elevated to 25 mmHg (red curve). The length of the autoregulation 
range (i.e., pressures for which the autoregulation curve remains 
nearly flat) is conserved despite increases in IOP (Fig. 5c); however, 
autoregulation fails to operate over its expected pressure range when 
IOP is elevated.

Fig. 5. Model predicted autoregulation curves for IOP = 15 mmHg (control) and IOP 
= 25 mmHg (elevated). (a) For IOP = 15 mmHg, the model predicted autoregulation 
curve (solid curve) is plotted with clinical data obtained from Feke et al.59 (squares 
and triangles), Dumskyj et al.54 (circles), Feke et al.58 (diamonds), and Grunwald60 
(stars). (b) Normalized flow plotted as a function of Pa for IOP = 15 mmHg (blue) 
and IOP = 25 mmHg (red). (c) Normalized flow plotted as a function of OPPret. Colors 
as in panel (b).

4. Discussion

Elevated IOP has been established as a major risk factor for the 
development and progression of glaucoma and is currently the only 
treatable risk factor for the disease. However, the contribution of 
impaired blood flow autoregulation to blood flow insufficiency has 
been proposed as an additional risk factor for glaucoma.37 The goal 
of the current study was to assess the regulatory mechanisms that 
contribute to autoregulation in the retina and to simulate the effect of 
increased IOP on autoregulation. This model provides an initial step 
in the ultimate goal of elucidating how impaired autoregulation may 
be related to retinal ganglion cell death characteristic of glaucoma.

4.1. Model validation

Since theoretical models involve several simplifying assumptions, 
model predictions are compared with clinical or experimental data 
to provide confidence that the model predictions are consistent with 
observed experimental and clinical measures. Figure 3 provides evi-
dence that the model predicted velocities and flows lie in the same 
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range as clinically-measured quantities. Given the simplified geometry 
of the model presented here (i.e., the representative segment model), 
the general consistency of flow and velocity predicted by the model 
(depicted in Fig. 3) with flow and velocity measures from52-55 provide 
evidence that the model assumptions and mechanisms are accurate 
and appropriate.

4.2. Investigation of autoregulation mechanisms

Retinal blood flow autoregulation is achieved by altering the tone of 
arteriolar smooth muscle cells according to myogenic, shear-dependent, 
metabolic, and carbon dioxide mechanisms. It has been hypothesized 
that tissue ischemia occurs either because the capacity for autoregu-
lation is exceeded or the mechanisms of autoregulation are defec-
tive.61 The model developed in this study can be used to test such 
hypotheses. In particular, this model showed that autoregulation is 
severely compromised if the metabolic or carbon dioxide mechanisms 
are not functioning properly (Fig. 4). The model also predicts that the 
myogenic response does not contribute significantly to autoregulation 
in the retina. Understanding under what conditions the myogenic 
mechanism may become more or less responsive could help in continu-
ing to elucidate the most important mechanisms for autoregulation.

4.3. Effect of intraocular pressure on autoregulation

The model predicts that autoregulation fails to operate over its expected 
pressure range if IOP is increased, indicating that autoregulation is 
impaired at low perfusion pressure. This result provides a potential 
explanation for why impaired autoregulation is hypothesized to be 
a contributing factor to glaucoma progression.37 An important goal 
of these simulations is to determine the maximum value of IOP and 
minimum value of ocular perfusion pressure at which autoregula-
tion is efficient.62 To complicate matters, the exact level of IOP that 
can be tolerated may differ among patients.61 Moreover, glaucoma is 
known to occur despite IOP being at control values. In fact, studies in 
multiple populations indicate that certain healthy individuals possess 
a very narrow pressure autoregulatory plateau, potentially making 
these patients more susceptible to retinal ischemia and disease.37 As 
demonstrated by the model, even if IOP is at a control level, defective 
mechanisms can significantly impair autoregulation.

4.5. Limitations of the present model

The present model involves some simplifications. The four mechanisms 
included in this model do not represent all known mechanisms of au-
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toregulation in the retina. The model is also limited by the amount of 
available experimental and clinical data on the role of shear responses 
and conducted metabolic responses in the retina and on the responses 
of vessels to different mechanisms in different sized vessels. Thus, some 
model parameters cannot be determined and instead are estimated 
or varied. Currently, the model is simulated using a compartmental 
approach in which vessels are assumed to be identical in each com-
partment; model extensions will allow for a heterogeneous network 
to account for the actual spatial distribution of vessels. Finally, the 
model predictions are found at steady state; expanding the model to 
investigate time-dependent mechanisms and time-dependent changes 
in pressure will provide insight into the effects of systolic and diastolic 
pressures on flow autoregulation in the retina.

5. Concluding remarks

The theoretical model presented in this study provides a framework 
that can be extended or altered to incorporate additional mechanisms 
of autoregulation. For example, capillaries, which are normally as-
sumed to be passive resistors, may contribute to the regulation of 
flow in the retina due to the contraction or dilation of pericytes, 
which are cells surrounding the capillary that function similarly to 
vascular smooth muscle cells.63 Pericytes are more abundant in the 
retina than most tissues in the body and have been shown to respond 
to increased levels of lactate production in the retina.24 The model 
could be used to assess the effects of this mechanism by allowing the 
capillary compartment to be vasoactive.

The current model shows that the metabolic and carbon dioxide 
responses are critical for autoregulation. The model also predicts that 
autoregulation is impaired at decreased perfusion pressures due to 
elevated IOP. Ultimately, isolating and quantifying the relevance of 
regulatory mechanisms and IOP on blood flow autoregulation using 
theoretical modeling can provide important insight that may not be 
obtained from clinical studies in which isolating mechanisms and 
behaviors is nearly impossible.
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