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Abstract

Diabetic retinopathy is associated with early microvascular dysfunction that may alter
retinal capillary pressure and promote fluid accumulation in retinal tissue. This study
develops a computational model to quantify how the lack of vasomotion affects transcapil-
lary fluid transport and interstitial fluid pressure in the retina. A five-generation retinal
arteriole network is first constructed. By introducing vasoconstriction in selected arteri-
oles, the model first simulates the total flow resistance, flow rates, and resulting pressure
distribution in the network affected by vasomotion. Starling’s equation was then used to
calculate transcapillary fluid filtration, and Darcy’s law was applied to simulate interstitial
fluid transport in a cylindrical retinal tissue region. For a simplified two-phase vasomotion
cycle, loss of vasomotion increases the average capillary blood pressure by approximately
14%. Over an oscillation cycle, impaired vasomotion increases the required fluid-removal
rate at the tissue boundary by approximately 83% in the modeled condition. If the baseline
effective retinal fluid-clearance rate is treated as the maximum available clearance capacity,
the boundary interstitial pressure must increase by approximately 2.72 mmHg to maintain
steady state. Additional simulations examine the effect of increased capillary permeability,
which can further enhance fluid leakage into the surrounding tissue. To manage this, the
required retinal fluid-clearance rate must increase approximately three- to four-fold, or
interstitial fluid pressure must rise by up to 7.52 mmHg. These results suggest that impaired
vasomotion may contribute to increased retinal fluid accumulation or elevated interstitial
fluid pressure in the retina, and this process may be aggravated as diabetes advances.

Keywords: diabetic retinopathy; vasomotion; microvascular network; transcapillary fluid
transport; interstitial fluid pressure; simulation

1. Introduction

Diabetic retinopathy (DR) is a major microvascular complication of diabetes. It was
reported that it remains a leading cause of vision impairment and blindness among working-
age adults worldwide [1]. This progressive condition threatens the neuronal retinal tissue
with permanent damage and results in symptoms ranging from compromised visual
acuity to total blindness [2]. In its early non-proliferative stage, DR is often asymptomatic.
Patients face severe, disabling vision loss once the disease advances to proliferative diabetic
retinopathy (PDR). Because the resulting vision loss is irreversible, timely screening and
proactive risk management are critical to saving patients’ sight.

Early microvascular dysfunction in diabetic retinopathy alters the regulation of retinal
blood pressure and flow [3]. This rising capillary blood pressure shifts the hydrostatic and
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oncotic balance, driving fluid migration into the retinal tissue [4]. Proliferative diabetic
retinopathy is characterized by retinal neovascularization [5]. Because these fragile new
vessels leak easily, they frequently cause spontaneous hemorrhages into the vitreous
humor [3]. Eventually, the scar tissue associated with this neovascularization can contract,
pulling on the retina and causing tractional retinal detachment.

Vasomotion refers to the rhythmic oscillation of vascular tone driven by localized
constriction and dilation of arteriolar smooth muscle, occurring independently of cardiac,
respiratory, or neural mechanisms [6,7]. These cyclic variations operate across a broad
temporal spectrum, spanning from rapid cycles of 2-3 s to slower frequencies exceeding
30 s [8]. By dynamically modulating arteriolar diameter, vasomotion regulates downstream
capillary perfusion and consequently influences transcapillary fluid dynamics [7,9]. Clinical
interest has recently focused on the retinal vasculature, where impaired vasomotion is
proposed as an early physiological marker of diabetes. Under normal conditions, this
mechanism drives vasoconstriction to shield delicate capillaries from excessive blood
flow [4,9]. This protective function is further highlighted by strong experimental evidence
linking reduced sympathetic modulation to impaired low-frequency vasomotion in pre-
capillary arterioles. It correlates with an increased capillary fluid filtration burden in
diabetic patients suffering from neuropathy [10-12].

Several studies have explored the physiological consequences of vasomotion, yet their
scope is largely limited to individual arterioles [9,12,13]. Consequently, there is a lack of
comprehensive theoretical models that account for complex vascular networks and fluid
dynamics in the interstitial fluid space of the retina. Furthermore, the literature does not
clearly distinguish healthy retinal vasomotion from the impaired or attenuated vasomo-
tion associated with diabetic retinopathy, a condition characterized by reduced or absent
rhythmic vessel contractions. This deficiency is critical because absent vasoconstriction
leaves the retinal capillary bed in a sustained, high-pressure state, critically increasing the
hydrodynamic driving force for fluid filtration into the retina. Previous measurements
of the retina provide limited baseline capillary blood pressure values, but they do not
directly quantify how cyclic vasomotion alters capillary blood pressure over time [12].
Since transcapillary filtration depends strongly on capillary hydrostatic pressure according
to Starling’s law, an increase in time-averaged capillary blood pressure can increase fluid
transport into the retinal interstitial fluid space [4]. Therefore, a network-level model that
links vasomotion-induced blood pressure changes with Starling-driven fluid transport in
retinal tissue is needed to evaluate this mechanism.

The objective of this study is to quantify how vasomotion regulates retinal fluid bal-
ance by comparing fluid transport in healthy and diabetic retinopathy conditions. We
hypothesize that healthy vasomotion lowers the average capillary blood pressure by alter-
nating between vasodilation and vasoconstriction. To test the hypothesis, we developed a
coupled framework combining a five-generation retinal arteriole network with a transcapil-
lary flow model to quantify net fluid transport with or without vasomotion. By introducing
vasoconstrictions into select network arterioles, we first simulate total flow resistance using
the Hagen—Poiseuille equation, and then determine generation-specific flow rates and the
resulting vasomotion-induced pressure distribution. Conversely, diabetic retinopathy is
modeled as abolished vasomotion, leading to sustained vasodilation in those arterioles.
The calculated pre-capillary arteriole pressures are then coupled to a retinal capillary-tissue
model. This model utilizes Darcy’s law for porous retinal tissue and a Starling-type fluid
source term to govern fluid exchange between the capillaries and the interstitial space, to
further evaluate the role played by vasomotion on the interstitial fluid pressure distribution
in the retina.
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2. Materials and Methods
2.1. Model Overview

To evaluate how vasomotion affects transcapillary fluid transport in diabetic retinopa-
thy, we develop a coupled vascular-network and retinal tissue-fluid transport model. The
model integrates two interconnected components. First, a vascular network mapping the fi-
nal five arteriole generations determines blood pressure distribution across vessel branches;
this specifically highlights how arteriole radius influences pre-capillary blood pressure.
Second, this pre-capillary pressure is used to calculate the average capillary blood pressure.
This value is then applied to a porous retinal tissue model to simulate transcapillary fluid
flow and map interstitial fluid pressure distribution in the retina.

2.2. Construction of a Vascular Network

Capillary blood pressure is generally non-uniform because of high flow resistance.
Consequently, the mean capillary blood pressure py;y04 is typically calculated as the average
blood pressure value of the pre-capillary arteriole (p,) and the post-capillary venule (p,).
Both p,; and p, could be influenced by their upstream and downstream blood flow. This
study introduces a simplified vascular network comprising the capillaries and the final five
generations of pre-capillary arterioles. Based on microvascular measurements reported by
Lapi et al. [13], we construct a network in Figure 1 utilizing a binary bifurcation rule, i.e.,
each arteriole bifurcates into two identical daughter vessels. In this model, generation-5
acts as the upstream parent arteriole, leading to 16 terminal generation-1 arterioles that
connect directly to the capillary bed. Because the precise arrangement and quantity of
downstream capillaries are unavailable, the capillary bed is represented as a single lumped
hydraulic flow resistance. Based on clinical literature, the boundary conditions assume
an initial pressure of 65 mmHg at the start of the generation-5 arteriole and a terminal
pressure of p, = 15 mmHg at the post-capillary venules.
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Figure 1. A simplified five-generation terminal arteriolar network with the lumped capillary bundle
starts with 1 generation-5 arteriole and ends with 16 generation-1 arterioles and 16 capillary bundles.
The blood pressure at the inlet of the network is 65 mmHg, and its value at the post-capillary venous
side is 15 mmHg.
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The variation in blood vessel radius between successive branching generations is
described by Murray’s law [14]:

Rf;, =R, +R3,, (1)

where Ry, is the radius of the parent vessel and R; 1 and R, are the radii of the daughter
vessels. Originally derived from experimental observations, this relationship was subse-
quently proven to represent the optimal vascular network geometry required to minimize
the energy spent on maintaining blood flow and structural integrity. Furthermore, under
constant blood viscosity, adherence to Murray’s law ensures a uniform wall shear stress
acting on the endothelium throughout the branching network. As illustrated in Figure 1,
this study assumes symmetric branching where both daughter vessels share identical radii.
Consequently, Equation (1) is utilized to iteratively determine subsequent arteriole sizes,
initialized by a generation-5 arteriole radius of 19.8 um. Following the experimental data
from Lapi et al., [13], the lengths of the arterioles within each specific branching generation
are also assumed to be uniform.

In this study, the assumption that all arterioles in the network are rigid tubes al-
lows us to calculate the hydraulic resistance of each arteriole using the Hagen—Poiseuille
relation [15]:

AP 8ppioodL )
Q  mR* 7

where AP is the blood pressure drop across the vessel, Q is the blood volumetric flow rate,

Resistance of asingle vessel =

Uplood = 0.0035 Pa:s is the effective whole-blood dynamic viscosity used in the vascular
network [16], L is the vessel length, and R is the vessel radius. Table 1 summarizes the
length, radius, the effective whole-blood viscosity, and the flow resistance. The hydraulic
flow resistance of a single arteriole in a specific branching generation is given in the
last column of Table 1. Generation 0 represents the effective lumped resistance of the
capillary bundle downstream of each Generation-1 arteriole (Figure 1). Due to the absence
of specific morphological and rheological data, including capillary density, dimensions,
local hematocrit, and parallel network topology, this resistance is calibrated against a
baseline pre-capillary pressure target of 36.3 mmHg. This value lies within the range of
arteriolar and precapillary pressures in the retina used in previous studies, approximately
32-40 mmHg [17-19].

Table 1. Geometric and hydraulic parameters of individual arterioles and the lumped capillary bundle.

. Resistance of a Single Vessel
Generation L (um) R (m) ’:IELO(;(; or the Capillary (%a-s/m3)
5 2689 1.980 x 107> 0.0035 1.560 x 104
4 949 1.572 x 107> 0.0035 1.387 x 104
3 467 1.247 x 107> 0.0035 1.720 x 104
2 219 9.900 x 10~° 0.0035 2.033 x 1014
1 110 7.858 x 10 0.0035 2.573 x 1014
01l 3.681 x 101°

! Generation 0 represents the calibrated effective resistance of the capillary bundle downstream of
each terminal Generation-1 arteriole, and it is not the resistance of an individual capillary.

2.3. Vasomotion Representation

Accurately modeling vasoconstriction during vasomotion requires characterizing how
vessel diameter dictates constriction magnitude. A major challenge arises from experimen-
tal limitations; conventional fundus photography and isolated vessel techniques restrict
retinal arteriole observation to radii exceeding 50 um [13,20,21]. Conversely, dynamics for
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smaller, pre-capillary arterioles (<20 um in radius) are documented exclusively in skeletal
muscle tissue [13].

Because direct vasomotion measurements in small retinal precapillary arterioles are
unavailable, the size-dependent relationship shown by the curve in Figure 2 is obtained
by fitting the available skeletal-muscle arteriole data. Figure 2 also provides the 95%
confidence interval of the fitted curve. As shown in Figure 2, the measurements from larger
retinal arterioles fall within the 95% confidence interval. This suggests that the measured
low-amplitude oscillation in a larger retinal arteriole is qualitatively consistent with the
small-vessel portion of the skeletal-muscle relationship. However, the fitted relationship is
used here as a skeletal-muscle-based modeling scenario rather than as an experimentally
established retinal physiological relationship. The available retinal measurements involve
substantially larger arterioles and therefore do not validate the fitted relationship for the
terminal retinal arterioles (<20 um radius) modeled here.
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Figure 2. Maximal reduction in arteriole radius from its peak value during vasomotion. Blue
triangles represent skeletal-muscle arteriole data [13], which are used exclusively for curve fitting,
with the 95% confidence interval of the fitted curve shown in gray. The red circles represent retinal
arteriole measurements from previous experiments [11,20]. The retinal arteriole data are not used for
curve fitting.

In the absence of direct measurements of vasomotion from small retinal arterioles,
the skeletal-muscle-derived relationship in Figure 2 is assumed to be applicable as one
modeling scenario to estimate the magnitude of vasoconstriction in the retinal network.
One or more arterioles are decreased in radius to mimic the vasoconstriction phase of
vasomotion. Rather than representing vasomotion with a continuous time-dependent
vessel-radius function, the present model simplifies each oscillation cycle into two discrete
phases: vasodilation and vasoconstriction. The two phases are assumed to occupy equal
durations of the cycle (50% each). Experimental studies have demonstrated oscillatory
changes in retinal arteriole diameter [11,20]. We assume the 50% and 50% weighting to com-
pare the two limiting phases rather than an experimentally measured retinal vasomotion
cycle. In the present model, absent vasomotion is represented by maintaining the vessel
radius at the vasodilated value during both phases. This is a simplifying upper-bound
assumption used to isolate the effect of removing the vasoconstriction phase and is not
intended to imply that diabetic retinal arterioles remain physiologically maximally dilated.

There have been limited experimental studies of vasomotion in the retina to cover
the entire range of arterioles. It is not clear how many arterioles exhibit vasomotion
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simultaneously in the retinal tissue. In theory, occurrences of vasomotion in multiple
arterioles would result in oscillations of the overall blood perfusion rate in the tissue region.
One previous in vivo experimental study using laser Doppler flowmetry has demonstrated
that during vasomotion in healthy human fingers, the minimal local blood perfusion rate
in the tissue dropped to approximately 43% of its peak value [8]. In that study, 20 healthy
and 20 diabetic patients were recruited for the laser-Doppler measurements. One figure
in that paper provided pronounced rhythmic perfusion oscillations that are consistent
with strong vasomotion at low frequency in healthy subjects. We manually calculated and
averaged the ratios of successive perfusion valleys from their corresponding peaks [8], to
obtain the average value of 43%. In this study, we assume that vasomotion in the human
retina exhibits similar dynamic behaviors to the human fingers. Using the arterial network,
we identify representative vasoconstriction configurations that produce the prescribed
reduction in local blood perfusion. A representative configuration allows calculation of
pre-capillary blood pressures after the 16 generation-1 branches and evaluation of how
vasoconstriction redistributes blood flow across the terminal arteriole network. Conversely,
impaired or absent vasomotion maintains the network in a vasodilated state, thereby
increasing the average capillary blood pressure and the driving force for transcapillary
fluid filtration.

2.4. Fluid Transport Model in the Retina

The human retina contains an extensive vascular network, but it lacks conventional
lymphatic drainage vessels. Retinal fluid homeostasis involves multiple transport and
clearance mechanisms, including transport across the retinal pigment epithelium, glial
and aquaporin-mediated water movement, transvascular exchange, choroidal clearance,
vitreoretinal fluid exchange, and proposed glymphatic pathways. In this study, a cylindrical
porous tissue unit is modeled to evaluate fluid transport in the retinal tissue. Because the
present model does not explicitly resolve these individual mechanisms, fluid leaving
a modeled tissue region is represented by an effective retinal fluid-clearance boundary
condition rather than being attributed to a specific drainage pathway.

The repeated units of the retinal tissue region are modeled as a representative cylin-
drical porous domain surrounding the capillary exchange region. The cylindrical tissue
domain is defined using a characteristic retinal microvascular spacing of approximately 68
um reported in previous imaging studies [21] and is intended as a representative computa-
tional tissue unit rather than a distinct anatomical glymphatic unit. Retinal thickness varies
with anatomical location; the value of 500 pm in height is selected as an approximate upper
retinal thickness reported in anatomical descriptions in a previous study [22]. Because the
present formulation models fluid transport only in the radial direction, the cylinder height
does not affect the calculated pressure and velocity distributions.

The interstitial fluid is approximated as a water-like, Newtonian, and incompress-
ible fluid with a dynamic viscosity of 0.001 Pa-s, consistent with values used in previous
porous biological-tissue transport models [23,24]. The porous retinal tissue is assumed to
be homogeneous and isotropic with respect to interstitial fluid transport. This simplifica-
tion permits a one-dimensional radial formulation in the absence of layer-specific retinal
hydraulic properties. The transcapillary source term is distributed uniformly throughout
the modeled tissue domain; therefore, the present model does not separately resolve the
vascularized inner retina, avascular outer retina, or individual superficial, intermediate,
and deep capillary plexuses.

In this study, the Reynolds number is estimated using the characteristic interstitial
velocity, tissue length scale, interstitial fluid density, and dynamic viscosity, and it remains
below 1075 for all simulated conditions. This very small value confirms that inertial
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effects are negligible and that the interstitial fluid operates in the creeping-flow regime.
Accordingly, the present study treats the coupling between the vascular and tissue-fluid
models using a quasi-steady approximation, in which the vasodilation and vasoconstriction
phases are solved separately as steady-state conditions. Further, transcapillary fluid flow
is modeled as a distributed fluid source within the porous tissue, while fluid removal is
represented by the net outward flow rate across the outer surface of the tissue cylinder as
an effective retinal fluid-clearance condition.

Interstitial fluid transport through the retinal tissue is modeled using Darcy’s law. The
Darcy velocity u is related to the gradient of the interstitial fluid pressure p as

u=—"Vp, ®
M
where K is the intrinsic permeability of the porous tissue, which is related to the flow
resistance in the porous medium. In Darcy’s law, the Darcy velocity # may be written as
eVy, where V is the interstitial fluid velocity, and ¢ is the porosity of the porous tissue.
The continuity equation for fluid transport in the porous retinal tissue is written as

V- (u) =, 4)

where @ is the volumetric fluid source term due to transcapillary filtration. Substituting
Darcy’s law into the continuity equation gives

V- <—I;Vp> = 9. (5)

Transcapillary fluid filtration is represented using Starling’s law,

P = LP <‘S}> [(pblood - P) - U(nblood - 77)]/ (6)

where L, is the hydraulic conductivity of the capillary membrane, S/V is the capillary
surface area per unit tissue volume, py,4 is the average capillary blood pressure, ¢
is the reflection coefficient for proteins, and 7ty;,,; and 7t are the capillary and intersti-
tial oncotic pressures, respectively. Equation (6) provides a simplified phenomenological
representation of transcapillary filtration across the retinal capillaries. The capillary and
interstitial oncotic pressures are assumed to remain spatially uniform and constant, while
capillary-wall properties are represented by the hydraulic conductivity L, and reflection
coefficient o. The formulation does not resolve localized blood-retinal barrier disrup-
tion, protein accumulation, microaneurysm-associated leakage, or spatial variations in
capillary permeability.

The average capillary blood pressure pyy,4 is then estimated using the pre-capillary
arteriole blood pressure and the fixed post-capillary venule blood pressure,

+
Pblood = w (7)

In this study, p, is fixed at 15 mmHg, and p, is determined by the arteriole network
described in Section 2.2.

Two boundary conditions are needed to solve for the field of the interstitial fluid
pressure. At the centerline of the cylindrical tissue domain, a symmetry boundary condition
is applied as

_ ap _
r=0, g_o, (8)
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which indicates that there is no radial pressure gradient at the axis of symmetry. At the
outer tissue boundary, the interstitial pressure is prescribed as py,

r=ro, P = Po (9)

Once the interstitial fluid pressure and Darcy velocity fields are calculated, the total
volumetric flow rate of the fluid at the outer surface of the cylinder is determined from the
integration of the Darcy velocity on the cylinder surface.

0= /A wndA (10)

where u is the Darcy velocity and n is the outward normal unit vector.

The retinal interstitial fluid-transport simulations were performed in COMSOL
Multiphysics® (v. 6.2, COMSOL AB, Stockholm, Sweden) using the Darcy’s Law physics
interface with an axisymmetric porous-medium formulation. Separate stationary solutions
were obtained for the vasodilation and vasoconstriction conditions using a fully coupled
solver with a direct linear solver and a relative convergence tolerance of 10~3. The mesh
sensitivity analysis is conducted to ensure that the simulation results converge with the
refined mesh grid. As shown in Table 2, the maximal value of the simulated pressure
field changes slightly as the mesh is refined and becomes nearly constant at the finest
mesh level. The relative difference between the setting of Finer Meshes and the setting
of Extra Fine Meshes is 0.01%. indicating that additional refinement does not affect the
predicted pressure. Therefore, the Extra Fine mesh setting is used for the final simulations
in this study.

Table 2. Mesh independent analysis.

. Domain Boundary Maximal Interstitial Pressure p
Mesh Setting Elements Elements (mmHg)
Normal 60 32 3.4089
Fine 78 42 3.4142
Finer 164 58 3.4145
Extra Fine 412 108 3.4149
3. Results

3.1. Hemodynamic Effects of the Retinal Arteriole Network with or Without Vasomotion

We assume that blood pressure decreases from 65 mmHg at the beginning of genera-
tion 5 of the arterioles to 15 mmHg at the post-capillary venules (Figure 1).

Table 3 illustrates geometric data, blood flow resistances, and blood flow rates in
successive vessel generations. With all the arterioles in the full vasodilation state, Table 3
shows how the blood pressure starts at 65 mmHg in the generation-5 arteriole, decreases
to 36.3 mmHg at the end of the pre-capillary arterioles, and finally reaches 15 mmHg at
the post-capillary venous side. One can see a decrease of 50% in the blood flow rate in
the daughter arterioles from their parent arteriole. The total blood flow rate in the entire
arteriole network, i.e., that in the generation-5 arteriole, is found to be 1.232 x 10~ m3/s.
With p, at 15 mmHg, the average blood pressure in the capillary can be calculated as
Pblood = 25.65 mmHg.
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Table 3. Hemodynamic parameters and blood pressure distribution across the retinal arteriolar
network when all the arterioles in the network are in the vasodilation state.

Equivalent Pressure
Generations Radius (m) Generation Qper WSSZI or bundle Before Generation
Resistance (Pa-s/m?3) (m*/s) (mmHg)
5(mn=1) 1.980 x 107° 1.560 x 10 1232 x 1011 65
4(n=2) 1572 x 1075 6.937 x 103 6.158 x 10712 50.55
3(n=4) 1.247 x 107° 4.301 x 10% 3.079 x 10712 44.13
2(n=28) 9.900 x 10~° 2.541 x 103 1.540 x 10~12 40.15
1(n=16) 7.858 x 107 1.608 x 1013 7.698 x 10~ 13 37.79
0 (capillary bundle) 2.300 x 10 7.698 x 10713 36.30
Venules 15
Total 5.399 x 10

Due to the scarcity of empirical data on retinal vasomotion, we model a representative
vasoconstriction scenario using a 43% low-perfusion target, adapted from reported human
finger microcirculation measurements [8]. Given the absence of direct retinal measure-
ments, this target serves as a baseline computational parameter rather than a retina-specific
physiological response. In this modeled state, only 11 of the 16 generation-1 arterioles are
constricted, with their radii decreasing from 7.9 um (vasodilation) to 0.87 um (vasoconstric-
tion), as illustrated in Figure 3. Driven by this elevated terminal arteriolar resistance, the
total blood flow rate in the network decreases to 5.382 x 1072 m3/s, approximately 43% of
the fully dilated baseline value. Consequently, this configuration serves as a representative
low-perfusion state to explore the hemodynamic impacts of vasomotion, rather than a
definitive profile of retinal vasoconstriction.

When all the arterioles in the network are in the vasodilation state (Figure 1), the blood
pressure drops across branches of the same generation remain uniform. As shown by the
solid black curve in Figure 4, the blood pressure distributes evenly from the generation-5
arteriole to the capillary bundle, yielding the pre-capillary arteriole pressure of 36.3 mmHg.
However, the introduction of vasoconstriction in 11 of the 16 generation-1 arterioles disrupts
this uniformity within the terminal branches. The red curves in Figure 4 highlight this
shift, revealing minimal pressure drops in upstream arterioles contrasted with severe blood
pressure drops along the constricted segments. Consequently, these constricted branches
experience a sharp decline in pre-capillary pressure down to 15.1 mmHg, only slightly
higher than the post-capillary venule pressure of 15 mmHg. Illustrated by the green
and orange lines in Figure 4, the non-constricted branches maintain higher pressures by
redirecting flow through lower-resistance pathways. The pre-capillary blood pressures in
the unconstricted arteriole branches rise, ranging between 43 mmHg and 47.7 mmHg. These
dynamics demonstrate how localized vasoconstriction tightly regulates both total tissue
perfusion and the pressure transmitted to downstream capillary beds. The branch pressures
were spatially averaged by assuming that each generation-1 arteriole supplies an equivalent
downstream tissue region; this weighting represents a tissue coverage rather than blood
flow. Under this assumption, the representative average pre-capillary blood pressure p,
is calculated as 24.11 mmHg. Under these conditions, and with p, set at 15 mmHg, the
average capillary pressure py,g drops to 19.56 mmHg. The network configuration in
Figure 3 represents an idealized low-perfusion scenario used to investigate the potential
hemodynamic effect of vasoconstriction in the retinal microvasculature.
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Figure 3. Representative low-perfusion state of the network configuration, in which 11 of the 16
Generation-1 arterioles are constricted. The numbers from 1 to 16 shown in the figure represent the
individual branches in generation-1 arterioles. The solid circles indicate the locations of pre-capillary
blood pressures. Representative pre-capillary blood pressures at the end of the generation-1 arterioles
are given in the figure. This vasoconstrictive configuration was selected to reproduce the prescribed
43% low-perfusion target.
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Figure 4. Pressure distributions across the arteriole network during vasodilation and the representa-
tive vasoconstriction condition. The black curve represents the fully vasodilated arteriole network,
while the remaining curves show pressure drops through constricted and non-constricted terminal
pathways in the network.

Under the assumed equal-duration two-phase representation, the cycle-averaged
capillary blood pressure is approximately [(25.65 4+ 19.56) /2] = 22.60 mmHg. In contrast,
the modeled non-vasomotion condition maintains an average capillary blood pressure
of 25.65 mmHg, approximately 14% higher than the cycle-averaged vasomotion value.
This increase suggests a larger hydrostatic driving force for transcapillary filtration in
diabetic retinopathy.
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3.2. COMSOL Simulation of Interstitial Fluid Pressure and Fluid Removal

Fluid transport simulation in the porous tissue region is carried out in COMSOL
Multiphysics. The material properties and transport parameters used in the simulation are
obtained from the literature and are summarized in Table 4. Note that some properties are
retina-related, while some others are obtained from other tissues due to a lack of available
experimental data. The reflection coefficient ¢ and hydraulic conductivity L, are assigned
variable ranges to account for structural capillary membrane degradation during diabetic
retinopathy progression.

Table 4. Parameters and properties used in the retinal fluid transport simulations.

Quantity Symbol Values Units
Radius of cylindrical retinal tissue unit [21] 0 34 um
Height of cylindrical retinal tissue unit [22] H 500 pm
Capillary oncotic pressure [25] 2 TChlood 25 mmHg
Interstitial Oncotic Pressure [26] 2 T 5 mmHg
Post-capillary venule pressure Po 15 mmHg
Retinal tissue permeability [2] K 2 x 10717 m?
Dynamic viscosity of interstitial fluid [23] U 0.001 Pa-s
Capillary surface area per unit tissue volume ! [27] SV 6.15 x 10° 1/m
Osmotic reflection coefficient [2,28] o 0.78-0.95 -
Capillary hydraulic conductivity [29] L, 1.97 x 101279 x 10~ m/Pa-s

! This value was adopted from a reconstructed human cerebral capillary network because a di-
rectly comparable three-dimensional retinal capillary surface-density measurement was unavailable.
2 Capillary and interstitial oncotic pressures are treated as fixed baseline values in the present
model because retinal-specific data describing their spatial and temporal variation during diabetic
retinopathy are limited.

3.2.1. Baseline Model

Our first task is to evaluate how the capillary blood pressure alone affects the interstitial
fluid pressure distribution in the retina. The capillary blood pressure obtained from the
arteriolar network model is applied here, based on Starling transcapillary filtration. In
the vasodilated state, the average capillary blood pressure (pyjp04) is 25.65 mmHg. For the
healthy retina, the interstitial pressure at the outer tissue boundary is assumed to be close
to 0 mmHg [2]. Therefore, the initial simulations are performed with py = 0 mmHg to
represent normal fluid drainage at the tissue boundary. In this baseline model, we also
assumed the intact capillary membrane (L, = 1.97 x 107! m/Pa-s and o = 0.95).

Under this condition, the simulated interstitial pressure decreases radially from ap-
proximately 1.26 mmHg at the center of the cylindrical tissue domain to 0 mmHg at the
outer boundary, as shown in Figures 5 and 6. This corresponding fluid removal rate through
the outer tissue boundary is 2.225 x 10714 m3/s. This value represents the filtered volume
that the retinal fluid-clearance pathway must remove during vasodilation.

When specific terminal arterioles undergo vasoconstriction, the average capillary
blood pressure falls to ppj,q = 19.56 mmHg. As a result, the hydrostatic driving force for
transcapillary filtration is reduced. The interstitial pressure distribution becomes nearly
uniform (Figures 5 and 6), peaking at just 0.12 mmHg at the center before reaching 0 mmHg
at the tissue boundary. The calculated boundary fluid flow rate drops significantly to
2.058 x 10712 m3/s, which is less than 10% of the value obtained in the vasodilated state.
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Figure 5. Contours of the interstitial pressure distribution in the retinal tissue when all the blood ves-
sels in the network are in the vasodilation state (A) or some of the arterioles are in the vasoconstriction

state (B). The prescribed interstitial pressure at the cylinder surface is 0 mmHg.
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Figure 6. Interstitial fluid pressure distribution in the radial direction of the tissue cylinder.

Under the assumed equal-duration vasomotion cycle, the cycle-averaged fluid-
removal rate is calculated by assigning equal weight to the vasodilation and vasocon-
striction phases. As shown in Table 5, this gives an average fluid-removal rate of
1.215 x 10~ 14 m3/s. Conversely, a lack of arteriole vasomotion, characterized by two static
vasodilation phases, demands a removal rate of 2.225 x 10~ m3/s. Consequently, in dia-
betic retinopathy patients who lack retinal vasomotion, the effective retinal fluid-clearance
pathway must accommodate an approximately 83% greater fluid burden to maintain a
steady state and keep interstitial pressure at its baseline of 0 mmHg.

Table 5. Fluid removal rate at the tissue cylinder surface under various conditions.

Average over a

Retinal Condition Phase po (mmHg) Flow Rate (Q) (m3/s) Cyele (e
Healthy vasomotion Va\siecl)sc(())iisl;tiici?on 0 géég z 18:2 1.215 x 10~ 4
ihos vasomoton Vasolaton : S 2250
without vesomnion Vasodiation 272 o 1215 x 101

https:/ /doi.org/10.3390/fluids11090228


https://doi.org/10.3390/fluids11090228

Fluids 2026, 11, 228

13 of 18

This baseline study also evaluates how a potential limitation in fluid removal capability
impacts the fluid fields. As an exploratory zero-reserve condition, the healthy cycle-

0714 m3/s is treated as the maximum effective

averaged fluid-removal rate of 1.215 x 1
clearance rate available to the modeled tissue region. Thus, the prescribed interstitial
fluid pressure at the cylinder surface must increase to restrict transcapillary flow. As
demonstrated in Table 5, pg must rise from 0 mmHg to 2.72 mmHg to mathematically
match the fluid removal rate of patients lacking vasomotion, to maintain a steady-state fluid
balance. Consequently, the fluid pressure in the entire tissue region is higher, producing
a calculated center pressure of 3.41 mmHg. These findings suggest that limited retinal

fluid-clearance capacity could contribute to elevated interstitial fluid pressure.

3.2.2. Sensitivity to Increased Capillary Permeability

To examine the effect of progressive barrier impairment, capillary hydraulic conduc-
tivity and/or reflection coefficient are varied over the ranges listed in Table 4. Retinal en-
dothelial studies support increased hydraulic permeability under diabetic or high-glucose
conditions [29,30]. In contrast, retinal-specific measurements describing changes in the
albumin reflection coefficient are limited; therefore, the lower value is adopted from a
non-retinal glomerular study [28] as an exploratory permeability condition. These param-
eter variations are used to evaluate the sensitivity of fluid transport to increasing barrier
dysfunction and are not intended to define a specific stage of diabetic retinopathy.

The parameter variations in Table 6 provide a local sensitivity assessment of the fluid-
transport model. Increasing Ly, decreasing o, or combining both changes progressively
increases the required fluid-clearance rate. This sensitivity analysis illustrates the con-
sequences of altering these two transport properties. When the baseline pressure pg is
maintained at 0 mmHg, independent or concurrent variations in hydraulic conductivity L,
and the reflection coefficient o cause the fluid removal rate to rise significantly, spanning
a range from 3.1772 x 10714 to 5.189 x 10~'* m?/s. This increase requires the effective
retinal fluid-clearance rate to reach approximately three to four times its baseline value.
Conversely, when the effective fluid-clearance rate is constrained to the baseline value
of 1.215 x 10~'* m?3/s, the boundary pressure required to maintain a steady-state fluid
balance increases from 0 mmHg, varying approximately from 3.71 to 7.52 mmHg as the pre-
scribed capillary permeability increases. These values are theoretical simulation predictions
intended to illustrate the potential consequences of absent vasomotion.

Table 6. Fluid removal rate at the tissue cylinder surface under different conditions.

Condition po (mmHg) Cycle-Averaged Fluid-Removal Rate (m3/s)

Healthy vasomotion 0 1.215 x 10714

Diabetic retinopathy without additional 0 2.225 x 1014
permeability change 2.72 1.215 x 10~ 14
: 0 31772 x 1071

Increased L, scenario =

3.71 1.215 x 10

_ 0 3.63 x 1071

Reduced ¢ scenario 6.54 1215 x 1014

~14

Combined permeability-change scenario 7‘%2 ?gg i }871 4

4. Discussion

The study bridges two scales of diabetic retinopathy: arteriolar hemodynamics and
tissue-level fluid transport. Previous studies have often isolated vasomotion (blood-flow
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regulation) from retinal edema (vascular leakage). The present model mechanistically links
these phenomena by showing how functional changes in pre-capillary terminal arterioles
can alter capillary blood pressure and subsequently affect interstitial fluid transport. This
framework may be useful for future studies that investigate how early microvascular
dysfunction manifests as advanced structural and clinical pathology.

Within the assumptions of the present model, the vasomotion condition produces
a lower cycle-averaged capillary pressure and transcapillary fluid filtration than the
sustained-vasodilation condition. The vascular-network model showed that vasocon-
striction in selected terminal arterioles increases the overall flow resistance and shields
downstream capillary beds from high pressure. When this blood pressure in the retinal
capillary was coupled with the retinal tissue-fluid model, vasoconstriction produces a
much lower interstitial pressure or a smaller fluid removal rate than that in the vasodilated
condition. These results suggest that attenuation of terminal arteriolar diameter oscilla-
tions may increase the averaged capillary hydrostatic pressure and the associated retinal
fluid-clearance requirement. In contrast, the modeled non-vasomotion condition produces
a sustained higher capillary-pressure state, illustrating the potential hemodynamic con-
sequence of removing the vasoconstriction phase. If retinal fluid-clearance capacity is
insufficient to accommodate the additional filtration, interstitial pressure may rise. This
burden could become greater when impaired vasomotion is accompanied by increased
capillary permeability. This relationship is conditional on the simplified two-phase rep-
resentation and should not be interpreted as evidence that impaired vasomotion directly
causes retinal edema.

Reductions in terminal arteriole radius can markedly increase vascular resistance
and alter downstream blood pressure, because of the strong fourth-power dependence of
Hagen-Poiseuille resistance on vessel radius. In the representative near-occlusion scenario
considered in this study, severe constriction of selected terminal arterioles produces very
high hydraulic resistance and substantially reduces flow and pressure transmitted to their
downstream capillary beds. When averaged over the full cycle, a lack of vasomotion results
in an increase of approximately 83% in the fluid-clearance requirement of the modeled
retinal tissue region. For the combined permeability-change condition, an approximately
327% reserve above the healthy operating rate would be required to accommodate the
calculated fluid load. If the available fluid-clearance capacity is constrained, the model
requires an increase in the prescribed boundary pressure to maintain a steady-state fluid
balance. Depending on the capillary transport parameters, the required boundary pressure
ranges from approximately 2.72 to 7.52 mmHg. However, we caution that these predicted
values should be interpreted as mathematical requirements of the imposed clearance
constraint rather than direct estimates of retinal interstitial pressure in patients. The
predicted pressure requirements may be mathematically plausible within the assumptions
of the model; however, independent validation will require retinal pressure, flow, or fluid-
transport measurements not used in model parameterization. The lack of geometry and
transport properties would require future studies to validate the predictions in this study.

The Starling formulation used in this study simplifies fluid exchange across the inner
blood-retinal barrier. The capillary and interstitial oncotic pressures are held constant in the
model without capturing changes in local oncotic forces caused by albumin extravasation
or protein accumulation. Some transport properties used in the baseline case and later
progressive cases are largely extrapolated from other organs, due to limited data in the
human retina. Thus, the parameters used to represent increased capillary permeability
carry uncertainty. For example, the transcapillary hydraulic conductivity value was from a
previous study [29] that investigated the conductivity of bovine retinal endothelial cells
in normal and elevated glucose. The reduced reflection coefficient is extrapolated from
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non-retinal glomerular data [2,28]. Although it is not ideal, we believe that the transport
properties used in the model agree with the general trend of progressive damage to cap-
illary membranes in the retina by diabetes. However, these property values should be
interpreted as exploratory ranges rather than established parameters of progressive diabetic
retinopathy. Location-specific property probability distributions are also unavailable in the
retina, preventing a physiologically grounded probabilistic or global sensitivity analysis.
Accordingly, the present results describe the mechanistic behavior of a simplified vascular-
ized retinal tissue domain. They should not be interpreted as a spatially resolved model of
fluid transport in diabetic retinopathy.

Several limitations in the theoretical simulations should be acknowledged. Firstly,
equal durations are assigned to the vasodilation and vasoconstriction phases, although
retinal vasomotion is a continuous oscillatory process rather than a two-phase process.
Experimental studies have demonstrated that retinal vasomotion is oscillatory in nature.
Hessellund et al. [11] recorded periodic diameter oscillations in isolated porcine retinal
arterioles, with representative oscillatory traces shown in their study. More recently,
Petersen et al. [20] quantified spontaneous diameter oscillations in human retinal arte-
rioles using Fourier analysis and demonstrated distinct oscillatory frequency components
in retinal vasomotion. Due to the irregular oscillations of the observed retinal arterioles
during vasomotion, equal weighting of the two phases represents a simplifying approxi-
mation rather than a measured retinal duty cycle. However, the objective of the present
theoretical study is to investigate the potential influence of the presence versus absence of
vasomotion on retinal capillary blood pressure and fluid transport, rather than to reproduce
the exact temporal waveform of retinal vasomotion. Accordingly, the vasodilation and
vasoconstriction phases are used to represent the two limiting conditions of the simplified
vasomotion cycle. In our model, the tissue-fluid response is also treated as a quasi-steady
state. Although the very small Reynolds number supports neglecting inertia, it may not
establish an instantaneous equilibrium between the interstitial fluid pressure and Darcy ve-
locity within each vasomotion cycle. The present model also does not include transient fluid
storage, tissue compliance, or clearance timescales; therefore, the hydraulic equilibration
remains unresolved.

Second, because detailed retinal vasomotion data for small terminal arterioles are
limited, some vessel-diameter changes were estimated using available microvascular data
from skeletal muscle. Direct measurements of vasomotion amplitude in retinal terminal
arterioles used in the present network are not currently available, as current methods
used to quantify vasomotion in the retinal tissue are limited to either using a fundus
camera or isolating and cannulating a large retinal arteriole. Both methods only work
for large arterioles with a radius larger than 50 um. Although the retinal vasomotion
data fall within the 95% confidence interval of the fitted curve based on the skeletal
data, this extrapolation represents a key modeling assumption. It introduces inherent
uncertainty, as retinal and skeletal muscle microvasculature may exhibit distinct structural
and regulatory characteristics. As a result, the predicted vascular resistance, pressure
redistribution, and downstream fluid transport remain strictly conditional on the assumed
vasoconstriction mechanics.

Third, a vascular network was constructed, assuming symmetric binary branching
and rigid vessel walls, with blood viscosity treated as constant. Realistic retinal arterioles
exhibit viscoelastic behavior, and blood viscosity varies with vessel diameter due to the
Fahraeus-Lindquist effect. More specifically, treating blood as a Newtonian fluid with
a constant viscosity of 0.0035 Pa-s neglects the non-Newtonian rheological behavior and
the non-uniform distribution of red blood cells in small-diameter vessels. In addition,
phase separation and plasma skimming at vascular bifurcations may produce unequal
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hematocrit distributions among daughter vessels and consequently alter their effective
viscosities [31]. These effects are not explicitly incorporated in the present network model.
The extreme vasoconstriction condition of R = 0.87 pm corresponds to a lumen diameter
of approximately 1.74 um, which is substantially smaller than the typical erythrocyte
diameter of approximately 7.5 um reported by Agrawal et al. [32]. Therefore, the continuum
Hagen-Poiseuille approximation becomes questionable at this scale, and this condition
is interpreted as an idealized near-occlusion, high-resistance state rather than a literal
representation of erythrocyte flow. Additionally, the capillary bed was represented by an
equivalent lumped hydraulic resistance because the exact number and arrangement of
downstream capillary bundles were not available. This simplification allowed the model
to estimate capillary pressure, but it does not capture local heterogeneity in capillary
perfusion, capillary dropout, or preferential shunting.

Finally, other limitations include the absence of autoregulatory mechanisms—such
as myogenic responses and metabolic feedback—that could modulate arteriolar diameter
in response to pressure or flow changes. Incorporating these regulatory pathways would
allow the model to simulate dynamic adaptations to chronic hypertension or ischemia,
which are common in diabetic retinopathy.

While these limitations may influence the direct quantitative interpretation of our
findings, they do not compromise the model’s core mechanistic objective: to evaluate
the interplay between vasomotion, capillary pressure, and transcapillary fluid filtration.
Accordingly, the predicted values serve as scenario-dependent theoretical estimates rather
than definitive physiological bounds. The present work should therefore be regarded as a
hypothesis-generating theoretical study rather than a validated predictive model. Incor-
porating future retinal-specific empirical data regarding vasomotion amplitude, spatial
distribution, and temporal dynamics will be essential to refine the model’s physiological
fidelity and predictive capability.
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