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1. Introduction

The retina offers the most accessible imaging of micro-
vascular networks. Actually current developed techniques
at the Hôpital des Quinze-Vingts using adaptive optic
ophthalmoscopy and the holographic Doppler laser
(Koch et al 2014; Magnain et al. 2014) allow revisiting
the pathophysiological conceptions of retinal circulation.
They currently provide hemodynamic and morphomet-
ric quantitative parameters of human retinal vessels
with high spatial and temporal precision. It made pos-
sible, for example, to better understand local vasomotor
phenomena, a potential source of locoregional redistri-
bution of blood flow. We can obtain the global visual-
ization as shown in Figure 1 where network topology
and hemodynamic measurement are available. Such a
large vision of a microcirculatory system can give con-
siderable advances in terms of modelling and medical
applications. Data naturally provide assets for validation
and/or development of new models and theories.

We propose to build a theoretical-numerical model
of a 1D retinal network. It will account for phenom-
ena of redistribution of retinal blood flow and vascu-
lar diameters. In particular, when they results from
local mechanical or constraint modifications, a cur-
rent effect of some retinal pathologies. The numerical
modelling resulting from the theoretical model will
make it possible to propose relations between the
mechanical stresses and the local modification of the
diameters of the vessels. This work is composed of
several steps, including the addition to the 1D model
of optimality as defined by Murray (Fung 1997) and
the validation of this model and its predict-
ive potential.

2. Methods

The retinal network is constructed by connecting seg-
ments following the topology presented in Figure 1.
Pathological reactions such as occlusions are modelled
by the constrained narrowing of a specific arteriolar ves-
sel. The choice of segment is determined by experimen-
tal data collected from pathological patients.

The hemodynamic variables of each segment follow
the governing 1D equations of the integrated axisym-
metric Navier-Stokes equations. They are coupled
with a viscoelastic wall model and expressed in terms
of the cross-sectional area A and the flow rate Q of
each micro-vessel:

@tAþ @xQ ¼ 0

@tQþ @x
Q2

A
þ b
3 q

A
3
2

� �
¼ �Cf

Q
A

þ Cv@xxQ
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contain the physical parameters of the problem. We
used the Young’s modulus E, the Poisson ratio � the
viscoelastic coefficient /, the neutral cross-sectional
area A0, and the arterial thickness h. Furthermore we
propose to study the development of specific rheo-
logical law to take into account the viscosity variation
in the micro-circulation. More details about the 1D
model, the volume fluid scheme chosen to integrate
the discrete system of equation, and the coefficient
values can be found in references (Wang et al. 2015;
Ghigo et al. 2018).

Experimental data from the holographic Doppler
laser are used for boundary conditions, to impose the
flow rate Q on the terminal vessels and at the inlet of
the network. These data are also required as a compari-
son with the other segments to validate the model.

We can perform measurements in hemodynamic
in micro-vessels from 120 to 20mm in diameter. This
allows studying the reciprocal interactions of flow dis-
tribution anomalies. An experimental work is done in
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parallel with anatomical work on large samples of
human retina to model the retinal microcirculation in
and between the different physiological layers.

3. Results and discussion

For blood vessels, an optimisation procedure, the
Murray law, (Fung 1997) proposes a cost function
that is the sum of the rate at work is done to carry
the flow blood and the rate at which energy is used
up by metabolism for maintain blood circulation. It
follows in any junction involving three micro-vessels
optimal relationships between radius (subscript 0 for
incoming vessel and 1/2 for out coming vessels) and
angles as sketched in the inset of Figure 1:

cos U ¼ a40 � a41 þ a42
2 a20 a22

To investigate the optimality of the retinal network
of Figure 1 we measured radius and angles in each
bifurcation and we compared them to the Murray
theory. Figure 2 presents the correlation between one
of the measured angles with error bars (horizontal
lines) and the optimal angles as defined by Murray

law. We observe a significant correlation between
measures and predictions. The other measurements of
diameter and second angle are comparable.

The work in progress involves a complete valid-
ation of the 1D model including the optimality con-
straint. It also contains the study of the period during
which the dynamic system deviates from optimality
under pathological conditions.

4. Conclusions and perspectives

We have presented a 1D model of retinal network
together with experimental data of morphology and
hemodynamic. We analyse and validate the optimality
relations given by the Murray law.

Recent results suggest that 1D numerical predic-
tions given by the proposed model could also be used
to the understanding of mechanical relations between
the mechanical stresses and the local modification of
the diameters of the vessels.

In retinal pathology, this work will allow us to bet-
ter estimate the phenomena of secondary capillary
occlusion that follow reductions in blood pressure, to
map the intraluminal pressure distribution and
mainly to study the effect of variations in blood vis-
cosity on retinal circulation.
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Figure 1. Microcirculatory network of the eye by adaptive optic
ophthalmoscopy and morphometric analysis. Arterioles diameters
run from 120 to 20mm. Image size: 15.2mm � 5.2mm.

Figure 2. Angles correlation between measured and optimal
following the Murray theory.
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