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Abstract

One of the most reliable 7z vivo examination methods of human microvasculature is represented by
ophthalmoscopy. Due to ophthalmoscopy, retinal circulation can reveal multiple morphological
details that can serve as diagnosis biomarkers for retinal vessels diseases. Since retinal vessels are a
component of carotid circulation that is designed to brain tissue, there are similarities between retina
and brain circulation that can open the opportunity to an indirect assessment of the cerebral
microcirculation by fundus examination. Fractal analysis of retinal microcirculation is one of the most
exact methods that can offer mathematical details regarding the morphological characteristics of
retinal circulation and, in the same time, regarding cerebral microcirculation. The aim of this paper
was to describe the implication of fractal analysis of retinal circulation as diagnosis and prediction
tools for cerebral ischemic diseases. The fractal analysis could represent a performant non-invasive
method that can offer precise details regarding retinal circulation features that can be used as
biomarkers in cerebral ischemic diseases.
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Introduction

Retinal vasculature assessment constitutes one of the most reliable methods to quantify the
reflection of various general diseases on retinal vessels. Many important systemic diseases such as
cardiovascular diseases [1], cerebrovascular diseases [2], diabetes mellitus [3], Alzheimet’s disease [4],
chronic kidney disease [5], hemoglobinopathies and associated hypoxia [6] had associated retinal
vessels changes. Ophthalmologic diseases such as myopia, amblyopia, glaucoma or age related
macular degeneration have been characterized using fractal analysis of retinal vessels, emphasizing
the utility of this mathematical method in retinal microvasculature morphology assessment [7-10].

Despite the rapid assessment of retinal microvessels by fundus examination (either by direct or
indirect ophthalmoscopy or by biomicroscopic fundus evaluation), the quantitative methods are more
accurate, bringing more exact details about the quantification of vessels diameters and their
relationship with the diseases previously mentioned [11]. A screening method for various pathologies
reflected in the retinal vasculature is the examination of the fundus by an experimented
ophthalmologist. However, objective methods such optical coherence tomography (OCT) or retinal
photography with a fractal analysis of retinal vessels could bring more precise information of retinal
vessels morphology associated with specific diseases [12,13]. Due to the transparency of ocular
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tissues, retina observation is a convenient method for iz vivo evaluation of the retinal circulatory
system that presents a similar pattern with cerebral circulation. [13]

Analyzing the retinal microvasculature morphology by optical coherence tomography (OCT) or
fractal dimensions (FD) (based on retinal photography) the normal histological structure of the retina,
and the presence of pathological structures inside of retinal layers are visible and easy to be quantified
[14]. Structural changes reflected in the pattern of retinal microvasculature aspects on OCT
examination and FD can constitute valuable biomarkers useful for disease characterization,
classification, prognostic, and prophylaxis. [15]. The retina is a layered tissue that are able to convert
the light in action potentials that are transmitted to the cortex by neuronal synaptic transmissions,
and this continuity of biological processes and their pathways from the environment to the brain, are
conferring to the retina the quality of brain extension. Due to the transparency of ocular media, the
examination of retina is accessible and constitutes an in vivo examination of human vessels, their
aspects being possible to be extended to other vascular territories such as brain microvasculature. A
specific pattern of retinal microvasculature was reported to be associated with cerebral small vessels
diseases such as lacuna infarcts and leukoaraiosis [2].

The branching pattern of the retinal circulation in the living normal human retina is the subject
of this review. This paper covers the following topics: the concepts of fractal analysis of retinal
microvasculatutre, brain microcirculation features, the fractal dimensions of retinal vessels, and the
relationship with cerebral vascular diseases. The paper presents a discussion of the optimal analysis
of fractal dimension assessment for retinal microvasculature branching pattern and their importance
in cerebral microcirculation and cerebral vascular diseases.

The Concepts of Fractal Analysis of Retinal Microvasculature

The histology of the retina consists in ten layers represented by: internal limiting membrane, nerve
fibres layer (ganglion’s cells axons that are specialized in visual signal transmission to geniculate cortex
and further to visual cortex), ganglion cells layer (the body of ganglion cells), inner plexiform layer
(bipolar cell’s axons), inner nuclear layer (bipolar cell’s bodies and horizontal cells), outer plexiform
layer (horizontal cell’s dendrites and inner segment of photoreceptor cells represented by cones and
rods), outer nuclear layer (photoreceptor cell’s bodies), external limiting membrane, pigment
epithelium and Bruch’s membrane [16]. The importance of retina structure examination is based on
the location of different pathological processes inside of retinal layers. The location of the edema,
layer disruptions, pathological accumulation of metabolic products, or vascular permeabilization is
essential for the diagnosis and treatment of specific disorders, either reflecting systemic diseases or
local retinal pathologies. Moreover, the assessment of structural changes of retina architecture could
bring essential details for the prognosis of visual function [17].

In human retina, the circulation is supplied by the central retinal artery, and the main venous
circulation is represented by the central retinal vein. Both systems of blood supply are visible to
emerge from the optic disc (representing the optic head detectable by ophthalmoscopy), and their
drawing on the retinal surface is assembling branching in superior and inferior field of the retina,
dividing themselves into superior-temporal, superior-nasal, inferior-temporal and inferior-nasal
branches [18]. They supply the inner layer (nerve fibres layer) and glial cells, which represent two-
thirds of retinal thickness [19]. The exterior part of the retina is supplied by choroidal circulation.
The retinal artery and retinal veins that are visible by fundus examination are not crossing themselves
and at the periphery of the retinal are dividing into arterioles, venules, and capillaries, which are
forming a very efficient network. There is an important area of the retina called macula, which
contains an avascular structure specialized in central, high-resolution color vision. The macula has
the following areas: foveola, foveal avascular zone, parafovea and perifovea [19]. Due to the absence
of retinal vessels at this level of the retina, fractal analysis of this area is not possible; therefore, a
different examination of the macula is useful. Taking in consideration that pathological processess of
the macula can represent important elements in a precise diagnosis in various ocular pathologies (e.g.,
diabetic retinopathy, age related macular degeneration) by liquid accumulation or layers disruptions,
the fractal analysis of retinal circulation has an important limitation in offering information related to
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this retinal structure. Optical coherence tomography must complete fractal analysis of retinal vessels
to obtain the best appreciations of retinal morphology, that are important for diagnosis [12].

The application of fractal geometry in retinal vessels structural analyses started from clinical
concepts according with the fundus examination can bring details in retinal microvascular changes in
systemic and ophthalmologic diseases. Severe alteration of retinal microvasculature is easy to be
obsetved, but global assessment of topographic areas of the retina and their vasculature require more
precise techniques. Fractal analysis can discriminate the pathological shapes from normal structures
showing sensitivity and specificity as a diagnostic test by specifically retinal microvascular patterns
associated with various disorders [20]. Fractal analysis is mostly referred to as a branching pattern
building composing, a theoretical model of blood vessel structural features, offering information
about blood flow according with vessel diameters, bifurcation angles, numbers, and branching
lengths. Besides global assessments of these features of retinal circulation, the punctual pathological
changes can also be characterized.

Fractals are structures that show similarities at different magnification. They can be assimilated as
a form of symmetry at different dimensions regarding the changes of scale. There are several types
of fractals. Regular fractals can be generated on a computer according to a precise algorithm [21].
The random fractals are the fractals found in nature and that have a similarity only over a finite
magnification. Their density decreases with the distance from any fixed point on them [21]. Added
to these, there are other fractals type called anisotropic fractals (mostly refer to surface fractals), where
the changes of vertical or horizontal scales are leading to different images of the same surface
according to the direction where the fractal analysis is applied (e.g. mountains silhouettes or other
geographical shapes in nature) [20]. Laplacian fractals are another class of fractals defined based on
Laplacian equation and are used to describe growing objects such as snowflakes, aggregating particles,
or crystal growth [22].

Several computer models can mimic fractal growth. One of them is simulating the branching
pattern of the retinal circulation of human retina more accurately than others. This example is
referring to the diffusion-limited aggregation (DLA) method that simulates the branching patterns
like arteries and veins branching in the human retina [20].

Brain Microcirculation Features

The vascular architecture of cerebral microcirculation plays an important role in several vascular
diseases such as cerebral small vessels diseases such as lacuna infarcts and leukoaraiosis [2]. Added to
vascular pathology, small cerebral vessels branching was also related to cognitive decline associated
with Alzheimer’s disease, suggesting that monitoring changes in the peripheral retina microcirculation
can be useful in monitorization of the cognitive decline [4]. Moreover, the authors suggested that
cerebral atrophy associated with Alzheimer’s disease is correlated with arborization of cerebral
microcirculation, which evolves to paucity of branching, proportional with cognitive decline
progression.

Changes of cerebral circulation in the penetrating area arteries are important pathogenetic
mechanisms associated with small cerebral vessels ischemic or haemorrhagic stroke. The best
visualization of cerebral microcirculation can be achieved by cranial computed tomography
angiography. By flow-diameter scaling law and mass conservative principle, there is a relationship
between parent vessel diameter (D0) and small vessels diameter (D1 and D2), resulting by branching
that related to the formula: DOk = D1k + D2k, where the k represents the branching exponent [23].

Arterial branching system is a candelabra-like drawing, less tortuous appearance than venous
retinal circulation, and with different bifurcation, patterns compared with the venous system. The
subsequent branches are positioned along with their paternal system, on a longer distance than in the
venous system. Retinal veins are less numerous, and their entrances in the central vein are at the
right entrance angle. Similarly, the cerebral circulation is characterized by the same pattern, adding
the coiling phenomenon (the branches are coupled with parental arteries for a long distance, and after
this trajectory, they are coiling around them). At the transition between white and gray matter, arteries
are sinuous [24].
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The Fractal Dimensions of Retinal Vessels and their Relationship with Cerebral Small
Vessels Diseases

Cerebral small vessel disease (CSVD) represents about 25% of total cerebral ischemic disorders
and is characterized by specific clinical symptoms and neuroimaging features [25]. Specific
histopathologic changes characterize the CSVD (loos of smooth muscle cell in tunica media,
degeneration of elastic lamina, proliferation of fibroblasts)[26]. Motreover, CSVD represents the first
cause of neurologic disability and cognitive decline in the elderly [26]. Taking into account the
importance of CSVD’s, the understanding of pathophysiological mechanisms, and the development
of diagnosis methods, together with the improvement of prophylaxis method and beneficial
therapies, could reduce their impact on life quality and could increase the life expectancy [20].

One of the most important diseases that contribute to structural changes of retinal and cerebral
microvasculature is represented by arteriosclerosis, which is mostly age-related, affecting the brain
and other various organs circulation. The severity of arteriosclerotic processes is also related to other
cardiovascular and cerebrovascular risk factors, one of the most important ones being represented
by hypertension and diabetes [27]. CSVD is diagnosed based on brain imaging features that rely on
recent small subcortical infarcts, white matter hyperintensities, lacunas, cerebral microbleeds,
enlarged perivascular spaces, and cerebral atrophy, all of them related to specific clinical neurological
syndromes, according to their topography [27]. According to Thomson et al., CSVD is a systemic
disorder, and the exact mechanism behind these small vessels lesions is still under research [28].
Existing imaging methods cannot yet assess the cerebral microvasculature pattern. Due to their
similar patter, retinal vessel appearance and analysis can constitute a surrogate biomarker for cerebral
microcirculation characteristics [29].

Blood vessels map obtained by fundus photography serve for retinal vessels segmentation that
can further divided into thick or thin according to their diameter. After this classification,
ophthalmologic characteristics are evaluated by the same software, regarding the blood vessels
tortuosity (curvature arch length), and junctional pattern (number of terminal points, number of
bifurcation points and number of crossing points). Each image of fundus photography is processed,
and the traits were divided into several classes. By Compound Hierarchy of Algorithms Representing
Morphology (CHARM) method, Otlov at al. reported significant changes of retinal vasculature
related to the aging process [30]. CHARM method also revealed a strong correlation between retinal
vascular pattern and blood pressure, the diameters and junctional pattern being negatively correlated
with blood vessels, since tortuosity was positively correlated with blood pressure values (p<<0.05) [30].

There are strong suggestions regarding the association of cerebral vessels branching pattern and
retinal vascular features. Branching retinal pattern was also suggested to be associated with small
vessels diseases subtype [31].

The Cerebral Autosomal Dominant Arteriopathy represents one of the cerebral vascular disease
affecting small vessels (small penetrating cerebral and leptomeningeal arteries) with Subcortical
Infarcts and Leucoencephalopathy (CADASIL). The pathophysiological mechanism of this ischemic
disorder is represented by arterial wall lesions (mostly determined by lipohyalinosis). This process
has, as a consequence, thickening of the arterial wall and subsequent stenosis. By structural changes
of the arterial wall, there is an increased risk of microthrombosis, and obstruction of the vessels
lumen with cerebral ischemia [32]. CADASIL is the most common cause of cerebral ischemia and
vascular dementia in old adults. Patients with CADASIL have specific characteristic imagistic features
and a higher frequency of migraine with aura [32,33]. Characteristic imagistic features consist in
cerebral microbleeds and dilated Virchow—Robin spaces which represent early tissue changes and can
be detected by magnetic resonance imaging (MRI) [33]. This hereditary disease consists of lesions of
small cerebral vessels due to a genetic mutation that leads to the accumulation of cysteine residues in
vessels wall that produces a dysfunction of transmembranal receptor and subsequent
leukoencephalopathy and cerebral ischemia. In CADASIL, by fractal analysis of retinal vessels is
possible to assess the brain vessels alteration, the branching pattern of retinal vessels being associated
with cerebral vessels alteration (assessed by cranial MRI examination). No correlation was found
between the duration and extension of brain microcirculation disease and the branching pattern of
retinal vessels assessed by fractal analysis [33].
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Fractal analysis of retinal vessels suggests that distinct features of vasculopathy can be associated
with lacunar stroke, this type of stroke representing about 25% of total ischemic strokes [31]. Loos
of branching complexity, assessed by fractal analysis of retinal vessels, was found to be related to
aging and cerebral small vessels disease incidence [31,34]. Orlov et al. reported a correlation between
the age of the patients and their blood pressure, observing a paucity of branching according to older
age and high blood pressure [30]. Loss of complexity of retinal vasculature branching, junctional
features, tortuosity, and length of collateral vessels is related to older age. The most sensitive
parameter of retinal vessels morphological features is represented by tortuosity, which was reported
to decrease with age. These results suggest that the aging process is associated with loss of
microvasculature in retinal circulation and cerebral circulation either [30]. Besides hypertension,
retinal vascular network in the elderly was either correlated with other cardiovascular risk factors such
as diabetes mellitus [35,36]. Decreased vascular density and apoptosis of pericytes from
microvasculature structure can be related to activation of renin-angiotensin-aldosteron system one of
the most important pathophysiological mechanism implied in vascular lesion associated with
hypertension and diabetes mellitus [37-39)].

Geometrical details of retinal microvasculature, assessed by fractal analysis, were reported to be
related to stroke incidence. This relationship is believed to be based on similarities of embryology,
anatomy, and histology between retinal circulation and cerebral circulation. The retinal vasculature
rarefaction can constitute a prognosis factor for stroke onset [35].

Lemmens at al. showed that the fractal dimensions (FD) of retinal vessels can be calculated as a
monofractal or multifractal FD [40]. The complexity of retinal microvasculature make its more
suitable for multifractal analysis that comprises FDo, FD; and FD, which represents capacity
dimensions, entropy dimensions and correlation dimensions [40]. According to Doubal et al.,
FDo would be the most appropriate measure for the complexity of the retinal microvasculature,
because it appeared most sensitive to small vascular changes [31].

Conclusions

Fundus assessment by ophthalmoscopic examination and fractal analysis of retinal vasculature
could constitute and very accessible method for prediction and evaluation of the relationship between
retinal and cerebral circulation. Therefore, i vivo study of the retina by fundus examination may offer
the opportunity for real-time evaluation of carotid system circulation, retinal, and cerebral perfusion.
Therefore, fractal analysis of retinal vessels could be considered a valuable biomarker in
cerebrovascular disease prognosion and diagnosis.
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