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Abstract

Microvascular circulation plays a vital role in regulating physiological functions, such
as vascular resistance, and maintaining organ health. Pathologies such as
hypertension, diabetes, or hematologic diseases affect the microcirculation posing a
significant risk to human health. The retinal vasculature provides a unique window
for non-invasive visualisation of the human circulation in the vivo and retinal vascular
image analysis has been established to predict the development of both clinical and
subclinical cardiovascular, metabolic, renal and retinal disease in epidemiologic
studies.

Blood viscosity which was otherwise thought to play a negligible role in determining
blood flow based on Poiseuille’s law till 1970s has now been shown to play equally if
not more important role in controlling microcirculation and quantifying blood flow.
Understanding the hemodynamics/rheology of the microcirculation and its changes
in diseased states remains a challenging task; this is due to the particulate nature of
blood, the mechanical properties of the cells (such as deformability and
aggregability) and the complex architecture of the microvasculature.

In our review, we have tried to postulate possible role of red blood cell (RBC)
biomechanical properties and laid down future framework for research related to
hemorrheological aspects of blood in patients with retinal vascular disorders.
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1. Introduction

There is still a significant knowledge gap in our understanding of the role of red blood
cells (RBCs) as pro-oxidants or antioxidants in the pathophysiology of vascular
disorders and particularly those of the retina. Due to the role of RBCs in disease
pathogenesis, characterisation of the properties of a patient's RBCs could provide
useful clinical information as a prognostic and biological marker to follow up vascular
and inflammatory disorders.[1; 2; 3] In the early 20" century, Robin Fahraeus
described the flow properties of the blood and reported, for the first time, altered
suspension stability characteristics and fluidity of blood in the process of disease. [4]
He explained humoral (RBC) pathology concepts on the basis of ‘modern’ scientific
approaches and introduced the Erythrocyte Sedimentation Rate (ESR), a test which
is widely used across all the sub-specialities of medicine. Unfortunately, it was not
until late 20" century, that the medical fraternity began to accept the importance of
the mechanics of blood flow and there was a significant increase in research effort
looking at altered haemodynamics in almost all vascular disorders.[5] A recent
review by Pretorius and Kell provided an overall view of biophysical properties of
RBCs, correlations with fibrin and ferritin profile and its implications in pathorheology
of vascular disorders.[6]. However, the focus on the flow of RBCs was limited. The
finite size of RBCs plays a significant role in modulating blood flow in microvessels
with diameter less than several hundred microns. The apparent viscosity of the blood
is defined by RBC dynamics and their behaviour in different vessel diameters and
velocities, and their local and bulk concentrations. The biomechanics of RBCs in
diverging bifurcations play a major role in distribution of blood flows and also RBC
flux within the complex microvascular network.[7] In their comprehesive review,
Popel et al. described the substantial heterogenity in the distribution of RBCs within
the microvascular network, affecting the velocity and concentration in vascular
segments of similar size. The heterogeneous distribution of blood cells is a hallmark
feature of the microcirculation, influencing its exchange function and oxygen
concentration in the tissues.[8]

The microcirculation refers to the smallest vessels in the vasculature, comprising
vessels of size less than ~100um: the arterioles, capillaries and venules.[8] Any
changes in the microcirculation as a result of altered architecture or flow properties
of the blood can impact the perfusion and oxygenation of the tissues, resulting in
ischaemia and necrosis. Flow resistance is also determined by numerous rheological
parameters including RBC aggregation, RBC adherence to endothelial cells, bulk
and local haematocrit and RBC deformability. [9; 10; 11; 12; 13; 14; 15] These
factors may vary in individual vessel segments of the network. The inability of a
microcirculatory network, including the retinal-choroidal microvasculature, to respond
to haemodynamic and neurogenic signals has important clinical implications, often
associated with endothelial dysfunction and pathogenesis of vascular disease.[16;
17]

The microvascular network embedded within the retinal and choroidal tissues is
physiologically essential in providing the principal transport mechanism for exchange
(oxygen, nutrients and metabolic waste) between the blood stream and surrounding
ocular tissues, in order to maintain homeostasis and retinal-choroidal function.
Retinal blood vessels are endowed with a continuous single layer of smooth muscle
cells, which enables their dynamic adaptation in diameter to changes in both local
blood flow properties and signals from the autonomous nervous system. However,
the adaptability of the choroidal vasculature is not well understood, and the structure
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of choroidal vessels is different from that of retinal microvasculature and is quite
fenestrated.

There are numerous studies on the retinal microvascular geometrical calibre
assessment and its role in prediction of ischaemic events, but there are very limited
studies on ocular flow dynamics and its impact on peripheral tissue perfusion and
oxygenation. This article will review the possible role of haemodynamic alterations in
ocular vascular disorders (Figure 1) in the context of current understanding and
research in blood flow dynamics (Figure 1) and also set out a framework for future
research on haemodynamics in ocular microcirculation.

2. The vascular system and retinal microvasculature

Blood is a complex two phase fluid, made up of plasma and formed elements. The
formed elements consist of RBCs or erythrocytes, white blood cells (WBCs or
leukocytes) and platelets. RBCs are the predominant cell with a single pl of human
blood containing 5 million RBCs (~99% of cellular the component) compared to 150-
400 thousand platelets and 5-10 thousand WBCs. The primary role of RBCs is the
transportation and delivery of oxygen to the peripheral tissues, including the retina.
However, their mechanical and flow properties are responsible for the complex fluid
dynamics which occur in microvessels. As a corollary, altered biomechanical
properties of RBCs can result in impaired oxygen and nutrient supply to peripheral
tissues [18], as well as altered haemodynamics. However, the complexities of
microvascular blood flow are all too often simplified to analogies with Poiseuille flow.
WABCs, in addition to their primary role in inflammation and immune system, also play
a part in modulating blood flow, [19] while platelets are involved in thrombus
formation.[20]

In between the arteries and veins lies microvasculature where the delivery of oxygen
to the cells takes place and 80% of the pressure drop in the circulation occurs. [8]
The microvasculature is made up of arterioles, capillaries and venules. Arterioles can
be considered to be vessels smaller than ~100um [8] and are important in regulating
the pressure in the capillaries by modulating their diameter and 50-60% of the
pressure drop in the vasculature occurs in the arterioles.[21] Arterioles sequentially
bifurcate and eventually feed into capillaries. Capillary diameters are generally
similar to or less than the major diameter of the RBCs, i.e. ~8um. [8; 22]

Retinal circulation is one such end circulation system, wherein capillaries terminate
within the retinal and choroidal tissue before getting drained by the venular system.
Approximately 15% of the total vascular pressure drop occurs in the capillary
bed.[21] Retinal capillaries essentially consist of an endothelial monolayer covering
the basal lamina, allowing diffusion of water, small solutes and lipid soluble materials
in physiological states. However, the diffusion of RBCs and plasma proteins is
inhibited.[8] An interesting phenomenon, termed vasomotion, occurs in the retinal
capillary circulation, wherein the contraction and dilatation of the precapillary
sphincter takes place approximately every 5 seconds, resulting in oscillatory
distribution of flow in the capillary bed.[8] Venules collect the deoxygenated blood
from the capillary bed and converge to form larger venules which range from 8 to
100um.[23]
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Due to the large size of arteries and veins relative to the RBCs, it is often considered
reasonable to assume that the blood behaves as a Newtonian fluid. The validity of
this assumption requires further analysis, and is likely to be increasingly inaccurate
in a pathological flow environment. In the microvasculature, however, the finite size
and varying concentration of the RBCs has an increasingly large effect, and the
Newtonian assumption is not applicable.

3. Biomechanical properties of RBCs

RBCs are involved in the control of circulatory processes by numerous mechanisms.
Abnormal RBCs may play a role in retinal vascular disorders and stasis retinopathy
by their mechanical properties. Our proposed hypothesis is that a complex cascade
of cellular events involving RBC aggregation and increased blood viscosity, may lead
to stagnation of the blood flow in retinal vessels and occlusion of the retinal capillary
network. This will subsequently activate the endothelial cells and platelets by
modulating shear stresses and attenuating the flow rate in the microvasculature and
also promote WBC margination and adhesion to vessel wall endothelium. This
hypothesis has not however been investigated in great detail in the either animal
model or human eyes. With evolving concepts about microfluidics and also
significant advances in the field of ocular imaging, we should be able to investigate
this cellular mechanics in ocular pathology involving retinal vasculature.

3.1 Mechanical properties of RBCs and their implications

The mechanical properties of RBCs are the most important determinants of blood
rheology. Healthy RBCs undergo deformation and align with the blood flow while
exhibiting tank-treading, tumbling, or swinging motions, depending on the flow
regime. Recently, Dupire and coworkers have shown that when RBCs flip during
flow, their orientation is determined by the shear rate. With normal shear rate, there
is rolling motion of RBCs and also under moderate stress, the biconcave shape of
RBC remains stable.[24] Altered morphology of RBC, altered RBC membrane
surface area to cell volume and cytoplasmic viscosity affect RBC deformability. In
addition to their deformability, RBCs undergo a reversible aggregation process,
forming multicellular stacked aggregates termed ‘rouleaux’, or clumped aggregates
and may also adhere to the endothelial cells, both of which affecting the blood
viscosity[25; 26; 27] Overall altered RBC mechanical properties can have significant
implications in pathorheology of ocular vascular disorders which remain to be
investigated.

RBC Aggregation

RBCs have a propensity to reversibly bond to one another in the presence of plasma
proteins or long chain polymers such as Dextran 500. RBC aggregation is often
considered to only have an influence in venules, due to the low mean shear rates in
these vessels. However, even for the ‘Poiseuille’ case of a parabolic velocity profile,
the shear rate in the channel centre is very small. The blunting and skewing of the
velocity profiles of blood flow will often enhance these regions of low shear. RBC
aggregation is the major determinant of blood viscosity under low local shear
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conditions due to the increased effective particle size of aggregates which results in
significant flow disturbances [28] and pronounced blood viscosity. Both RBC
aggregation and deformability can affect blood flow in smaller blood vessels and in
the microcirculation.[25; 26; 29; 30] Interestingly, RBC aggregation is present in
athletic, but not in sedentary species, implying a positive, beneficial role of
aggregation. However, to what extent aggregation has a positive beneficial role and
what is the limit beyond which aggregation can result in pathological changes is not
yet understood.[31]

RBC aggregation in human is traditionally assessed by the Erythrocyte
Sedimentation Rate (ESR) which is a widely used clinical laboratory test in retinal
vascular pathologies and ocular inflammatory diseases. However, being only a
measurement of the rate of RBC sedimentation, it is only indirectly a measurement
of RBC aggregation in the patient. Thus, even though the test is widely followed, it
does not provide information about RBC factors that might play a role in the
pathophysiology. As a result, treatment strategies are not generally directed to treat
some of these intrinsic factors of RBCs, which can play a major role in the
pathophysiology of disease. Based on principles of photometry,[32]; or image
processing applied on sheared RBC suspensions [33] new automated methods have
been developed to quantify and investigate RBC aggregation but such methods are
not yet in clinical use, as it is still not clear what the role of RBC aggregation is.

RBC Deformability

RBCs are highly specialised cells shaped as biconcave disks of about 8um in
diameter and 2um thick. Their unique shape and structure allow RBCs with particular
mechanical characteristics. RBC membranes and the absence of many standard
cellular structures (e.g. the have no nucleus) enable them to readily and drastically
deform under mechanical forces. RBC deformability is dependent on the properties
of the spectrin molecule in the membrane and has significant implications in different
diseases related to RBCs.[34; 35] Deformability is an essential property of the RBCs
passing through the capillary bed in which vessel dimension are smaller than the
diameter of the cells. Deformability also enables transport of new RBCs from bone
marrow and the alignment and tank-treading, which reduce bulk viscosity in larger
vessels. RBC deformability is largely dependent on the cytoskeleton which in turn is
affected by the plasma and other factors.[34] Deformability is also related to the
antioxidant function of RBCs. [3] If there is any alteration in oxidation and reduction
properties of the RBC, it can result in structural (anatomical) and functional
(physiological) changes. It is well proven that ionic imbalance inside RBCs can result
from increased intracellular potassium, magnesium and calcium, which can lead to a
decrease in intracellular pH ultimately altering the redox function of RBCs. This
structural and functional alteration in RBCs can result in increased aggregability and
adherence to the endothelium of the blood vessel. RBC size and deformability are
important factors facilitating platelet adherence. [36; 37] With altered RBC
deformability, there are significant changes in platelet adherence which further lead
to thrombus formation. RBC deformability can be assessed using different
techniques such as micropipette aspiration, atomic force microscopy, optical



Red blood cells in retinal vascular disorders

tweezers, magnetic twisting cytometry, quantitative phase imaging, ektacytometry, or
using microfluidics.[34; 38; 39; 40; 41; 42; 43]

Optical tweezers to asess RBC deformability

We have used a dual-beam optical tweezers technique [44] to assess deformability
of RBCs in patients with DR in comparison to those without DR in patients with type
2 diabetes mellitus (unpublished data). The optical tweezers is constructed on a
commercial inverted microscope equipped with a high numerical aperture (NA = 1.3,
oil immersion) x100 objective lens which both focuses the laser beams to diffraction-
limited spots required for optical trapping, and is used for imaging the trapped cells.
The trapping beams are derived from a single Nd:YAG laser by splitting and
recombining the output using polarisation optics (Figure 2). The position of one trap
is fixed, whereas the other can be steered in the transverse plane using computer-
controlled galvanometer mirrors in the beam path.

Previous work using optical tweezers to stretch RBCs has used dielectric
microbeads attached to the cell as ‘handles’ for the optical trap to act on. [45; 46] In
our work, however, and similar to Rancourt-Grenier et al [47]), we trap the RBC
directly. RBCs captured in the optical traps rotate such that they adopt a “side-on”
orientation as shown in the inset of Figure 2. All tested RBCs were subject to the
same protocol for stretching, achieved by slowly increasing the separation between
the beam foci before releasing and allowing the cell to relax back to its natural
length. This procedure was repeated up to 30 times on each cell. The cell length
during stretching was extracted from digital video recording using custom-written
image analysis and edge detection software. A simple deformability index was
calculated by measuring the fractional extension of the cell, that is, the change in the
cell length normalised by its initial length in each cycle. RBCs from patients with DR
were found to have a lower deformability (i.e. when subject to the same stretching
protocol the elongation was reduced) compared to control cells from patients without
DR and without diabetes. Deformability of the RBCs was found to be inversely
correlated with the initial size of RBCs.

RBC Adherence

Adherence of RBCs to endothelial cells plays a significant role in impediment of
blood supply to the tissues through blockages in the microcirculation.[12] [48] The
adherence bond between RBC and endothelial cells is reported to be stronger than
intercellular bond between RBCs. [12] It hence forms a very potent catalyst for
retinal blood vessel occlusion. lllustrative examples can be considered from patients
with sickle cell anaemia[48; 49; 50; 51] and falciparum malaria[12] where strong
adhesions between abnormal RBCs and endothelial cells result in vaso-occlusive
disease. [12] There is increased expression of VCAM-1, E-selectin and ICAM-1 on
endothelial cells when they are exposed to sickle RBCs. [49] Increased
adhesiveness of RBCs to endothelium is also demonstrated in patients with diabetes
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mellitus; this initiates a cascade of cellular events culminating in protein kinase C
activation and also transendothelial migration of monocytes.[52] This diapedesis of
activated monocytes hence results in accelerated atherosclerosis, cardiovascular
disease and retinopathy in patients with diabetes. [52] There is increased production
of cell adhesion molecules (CAM) both in sickle cell disease and diabetes, and
hence future treatment could target reduction of CAM expression. [52; 53]

RBC Morphology

All the circulating blood cells (RBCs, WBCs and platelets) are not only counted but
also measured in size and distribution width by automated machines. In the case of
RBCs, besides haematocrit, other RBC indices typically measured are the mean
corpuscular volume (MCV), mean corpuscular haemoglobin concentration (MCHC),
and the RBC distribution width (RDW). [54]

RDW is an automatically measured index of the heterogeneity of RBCs. It is the
coefficient of variation of the RBC volume, calculated as the ratio of the standard
deviation of the RBC volume and the MCV.[55] Anything more than 14% is
considered as high RDW, which corresponds to 95" percentile of RDW for the
reference population in the National Health and Nutrition Examination Survey Il
study.[55] Recently there have been numerous reports speculating about the role of
RDW in predicting morbidity and mortality in heart failure patients.[56; 57] According
to Tonelli et al.[57] elevated RDW indicates the presence of underlying chronic
inflammation which is associated with increased risk of cardiovascular failure. In a
separate large cohort study of unselected patients, the authors established the
significant correlation of increased RDW and other inflammatory markers in the
prognosis of cardiovascular and inflammatory disease.[58] Chronic inflammation has
been established as the root cause for atherosclerosis and has also been implicated
with ocular diseases like DR, age related macular degeneration (AMD) and vascular
occlusion and it will be interesting to investigate RDW in these patients with chronic
inflammation affecting the eye.

RDW is so widely and easily available to the clinicians that it can give us insight into
some of the diseases at no extra cost to the healthcare.[55] In the large cohort study
by Lippi et al. [58] the authors established a significant association between RDW
and other inflammatory markers as predictors of CVD or heart failure. A recent study
by Vaya et al. [59] documented significant association of increased RDW in active
Behcet's disease and as compared to controls.

3D reconstruction of RBC using defocussing microscopy

Our optical tweezers experiments have demonstrated differences in the mechanical
properties of RBCs in the cases of healthy and diabetic patients. We further
speculate that differences will also be manifested in other physical properties of
RBCs, namely the dimensions such as radius, volume and sphericity index. To
measure these quantities we have applied 3D-defocussing microscopy to RBCs,
using the algorithm of Roma et al [60] to obtain a 3D reconstruction of the surface of
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a cell from two images at different axial heights. This techniques works by
measuring the an additional phase that accrues difference between scattered and
non-scattered light from a phase object (such as an RBC) when the microscope is
defocussed. For three-dimensional imaging of the cell, contrast intensity
measurements of images in two focal positions are made from which information
about the phase of the optical electric field can be extracted, and therefore the height
profile of the object reconstructed.

In the experiments a selection of five different RBCs is made from every blood
sample on which to perform 3D-defocussing microscopy. This selection is made at
random from cells that have a healthy appearance, i.e. excluding any that are
obviously misshapen or damaged in some way on visual inspection. Once a
candidate RBC is selected, three images of the cell at heights h = =2 pm, 0 pm and
2 um relative to the cell center are acquired, see Figures 3(a) and (b). Images are
first cropped to a square centered on the cell, then subjected to a shading correction
routine in ImageJ that compensates for any fluctuations in the background intensity
of the image. The images are binned into a 64x64 array (performed due to
limitations in processing power and memory available, and the exponential scaling of
time taken to perform the next processing step as the image size increases) and
converted to black and white.

The algorithm for surface reconstruction then determines the height of the refracting
surface of the object from contrast measurements in the defocused planes. An
example of the reconstructed cell surface obtained by this procedure is shown in
Figure 3(c), which has the familiar biconcave disc shape. From the reconstructed
cell surface properties such as cell surface area, volume and sphericity can be
determined which in future we aim to correlate with deformability measurements.

3.2 Biochemical properties of RBC and their role in haemodynamics

RBCs contain no nucleus or subcellular structure. They are well equipped with non-
enzymatic and enzymatic antioxidants to assist RBCs in their scavenging and
antioxidant function. RBC membrane is made up of a lipid bilayer and the
cytoskeleton. As the RBC membrane needs to be flexible, it is also essential that the
lipid domain remains fluidic. Membrane proteins extend from inside the RBC
membrane to the outside with the internal and external parts being hydrophilic,
whereas the membrane spanning portion between the lipid bilayer is hydrophobic.
The membrane spanning portion is classified as integral protein and membrane
protein 3 is an important integral protein. The biochemical components of the RBC
membrane and also cytoplasm are responsible for the altered mechanical properties
of the RBC during disease. The role of RBC biochemical properties in the ocular
vascular disorders remains to be elucidated and further research is warranted in
understanding the role of RBC biochemical properties in retinal vascular disorders.

10
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4. Ocular implications of altered microhaemodynamics — An ophthalmologist
perspective

4.1 Altered microhaemodynamics in diabetic retinopathy (DR): DR is characterised
by vascular and haemodynamic changes which includes retinal blood flow changes,
endothelial cell dysfunction, breakdown of the blood retinal barrier, ischaemia and
neovascularisation. All the changes in DR are proposed to be induced secondary to
oxidative stress and inflammatory process. Hyperglycaemia alters blood components
leading to increased production of inflammatory markers, which in turn induce
haemodynamic changes in the retinal microvasculature. These changes include
increased vascular permeability, vasodilatation and adhesion of inflammatory cells to
the blood vessel wall.[61]

Haemorheologic factors have long been implicated in the pathogenesis of
complications of diabetes. [62]. Compelling evidence suggests that oxidative stress
induced by hyperglycemia plays an important role in the development of vascular
alterations in the retina. Oxidative stress can be produced by multiple cell types
within the retina and retinal vasculature. We have already established the role of
leukocytes and leukostasis in DR (unpublished) and there is extensive literature on
leukocyte induced changes in DR.

Role of RBC deformability in DR: RBC deformability is necessary for physiological
blood flow. It facilitates the blood flow in small vessels, especially capillaries, and
hence the oxygenation of tissues and removal of metabolic products. Deformability is
primarily affected by cell geometry, cell shape and internal viscosity (determined by
hemoglobin concentration and erythrocyte membrane).[63] Changes in membrane
lipid-protein interactions along with increased internal viscosity due to glycosylation
leads to decreased deformabiity in RBCs in Diabetes.[64] In our experimental set
up, we have elucidated the role of RBC deformability in diabetes and DR (
unpublished data).

4.2 Altered blood properties in hypertensive retinopathy: Hypertensive patients,
including borderline cases, have been shown to exhibit increased blood viscosity.
Letcher et al[65] reported higher plasma viscosity as well as increased haematocrits
in hypertensives. In subjects with matched haematocrit values, viscosity remained
higher in the hypertensive patients, and the relationship between blood pressure and
viscosity was still significant even in borderline cases.[66] The authors suggested
that higher fibrinogen levels caused increased plasma viscosity. They also
demonstrated a direct correlation between blood pressure and blood viscosity
among normotensive and hypertensive subjects. Overall, they suggested that the
increased blood viscosity is a consequence of increased haematocrit, plasma
viscosity, and RBC aggregation.

4.3 Altered haemodynamics in venous stasis retinopathy and venous occlusion:
Glacet-Bernad et al. found elevated RBC aggregation to be an independent and
isolated association in patients with central retinal vein occlusion without any
conventional risk factors. [62] Wautier et al. demonstrated increased adhesiveness
of RBCs from patients with central retinal vein occlusion, as compared to RBCs from

11
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normal control groups or patients with retinal artery occlusion.[67; 68] The authors
concluded that increased adhesion was due to upregulation of phosphatidylserine (
2.4 fold increase) on the surface of RBCs in patients with vein occlusion.[67]

4.4 Altered haemodynamics in central retinal artery occlusion (CRAO): There is
limited clinical data on the haemodynamic changes in CRAO. Kieswetter et al. [69]
reported rheologic parameters in patients with acute occlusion of the central retinal
artery. They reported increased haematocrit values as well as plasma viscosity.
Increased RBC aggregation with reduced RBC deformability and the higher plasma
fibrinogen levels has been postulated to be the possible hemodynamic pathway in
pathophysiology of CRAO or vascular occlusion.

4.5 Altered microhaemodynamics in Behcet's disease: Behcet’s disease is a chronic
recurrent systemic vasculitis of unknown cause. Owing to the systemic nature of the
disease, it affects all organs of the body either clinically or subclinically. There is
vasculitis of either vasa vasorum or haemorheological abnormalities in Behcet's
disease. The role of RBC deformability in the disease has been investigated, with
some studies reporting altered RBC deformability in patients with active Behcet's
disease [70] and others no role of RBC deformability in patients with stable or
inactive Behcet's disease. [71] Another study has documented that the mean
platelet volume does not seem to relate to thrombosis or posterior uveitis in Behcet’s
disease. [72] However, altered cholesterol metabolism has been shown to be
implicated or associated in patients with thrombotic events in Behcet's disease.[73]

4.6 RBC volume and vision loss: Polycythemia vera is a chronic myeloproliferative
disorder characterised by increased haematocrit, and hence hyperviscosity, which
can potentially lead to vascular occlusion or sagittal sinus thrombosis leading to
vision loss.[74] Polycythemia vera should be suspected in patients with elevated
haemoglobin or haematocrit levels, splenomegaly, or portal venous thrombosis.
There are other secondary causes of increased RBC mass (e.g., heavy smoking,
chronic pulmonary disease, renal disease) which must be excluded.[74] There are
reported cases of vision loss due to cilioretinal artery occlusion or papilledema as a
result of increased RBC mass. Ahn et al. reported a case with monocular vision loss
due to polycythemia vera presented with cotton wool spots in the retina and delayed
arterial, venous and recirculation time on fluorescein angiogram.[75] After the patient
underwent phlebotomy, vision improved dramatically with normalisation of the
arterial and venous filling time. This anecdotal case highlights the ischaemic damage
of the retina due to elevated blood viscosity.[75]

4.7 Altered microhaemodynamics in other ocular vascular disorders: Systemic lupus
erythematosus (SLE) is characterised by activation of complement system and
deposition of C3 and C4 complement fragments on plasma cells including RBCs.
Ghiran et al studied RBCs from patients with SLE by means of flow cytometry to
asses complement fragment deposition on RBC. They concluded that complement
activation leads to cytoskeleton changes in RBCs that decreases their deformability
and hence their oxygen delivery capacity. [76]

12
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5. Fundamental concepts in haemodynamics: A biofluid dynamicists
perspective

5.1 Defining viscosity

In the study of haemodynamics, researchers often default to the assumption of
Poiseuille flow. The pressure drop, Ap, required to generate a given flow rate Q, for

a vessel of diameter D and length L is given by
R— Ap _ 1281

Q m*
where yis the dynamic viscosity of the fluid. This equation for the resistance R of a

vessel is defined based on assumptions of steady flow of a Newtonian fluid through
a cylindrical rigid tube of infinite length. Clearly, in the context of the vasculature,
none of these assumptions are valid. Nonetheless, the equation does yield some
useful conclusions, such as the fourth power dependence of resistance on diameter
and the proportional increase in resistance with the viscosity . The subject of blood

viscosity, termed haemorheology, seeks to characterise x, which has historically,
and over-simplistically [77; 78; 79] been associated with pathology.

(1)

In simple terms, the viscosity defines the ‘thickness’ of a fluid. However, the way in
which the term is used in regards to blood flow is very inconsistent. As a result of the
cellular components of blood, the viscosity varies as a function of local RBC
concentration (haematocrit) and shear rate, which are in turn influenced by RBC
deformability and aggregation, the present and upstream vessel dimensions, flow
rates and bulk haematocrit. Throughout the vasculature, haematocrit varies on a
vessel scale due to plasma skimming [80; 81] and the Fahraeus effect.[4] Average
shear rates in vessels vary by orders of magnitude. Stating that a given blood
sample has a ‘viscosity’ of a specific value is thus insufficient. Furthermore, local
distributions of RBCs, viewed in terms of a cell-free layer (CFL)[82; 83], cell-depleted
layer (CDL)[84; 85] or a continuous distribution[15; 86; 87; 88] vary significantly.
Local distributions of shear rate also vary greatly and depend on geometry and RBC
aggregation.

However, it is often not feasible to analyse blood flow at the local level, so bulk
values are required. A useful concept in generalising discussions of blood viscosity is
to use the ‘apparent viscosity’, which is the value of x which a continuous

Newtonian fluid would need in order to give the same value ofRobserved
experimentally for a blood sample. The influence of altered plasma viscosity (or the
viscosity of alternative suspending media in in vitro studies), x,, can be removed

by using it to normalise the apparent viscosity to yield the relative apparent viscosity.
This term indicates the relative increase in viscosity (or analogously flow resistance)
in a given geometry due to the presence of RBCs (predominantly). However, it
should be noted that increased plasma viscosity often occurs due to increased
plasma protein content, which may play an additional role in RBC aggregation.

In vessels of a certain size, a spatial distribution of viscosity can be described [15], at
least in a time-averaged sense. This definition of viscosity refers to the local viscosity
of the fluid, if considered as a continuum, but including the spatial distribution of
haematocrit and shear rate. As the size of vessels becomes closer to that of the
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RBCs, the continuum definition of ‘viscosity’ in a time-averaged sense breaks down
and individual cells must be considered. This shift in the haemodynamics occurs in
vessels around 20um[89]. This discussion is not exhaustive, but serves to introduce
the complexity in describing blood ‘viscosity’.

5.2 Velocity, shear rate and shear stress
The velocity profile corresponding to Poiseuille flow is given by

U(r) = Upre [1—(%}(] (2)

Where r is the radial location, Ris the vessel radius and k=2. In most blood vessels,
the velocity profile is blunted, which can be empirically represented by increasing the
exponent k. The shear rate, which plays a key role in aggregation is given by

=20y 3)

- ™ Rk
It can be seen from Equation 3 that in the vessel centre (r =0) the shear rate is equal
to zero. This has significant implications for RBC aggregation and will be discussed
further later. The blunting of the velocity profile observed in blood flow increases the
region of low shear rate in the vessel centre. Note that Equation 2 and 3 only apply
to very long straight vessel segments, which are rare, and generally haematocrit and
velocity profiles tend to be asymmetric.

Wall shear stress (WSS), is an extremely important mechanical force in the context
of haemodynamics. Based on Equation 3, the wall shear stress (r=R) can be
approximated by

Upex K

e (4)

In light of the previous discussion on viscosity, the influence of the term uxis highly
complex and difficult to predict. However, it is commonly oversimplified by either
assuming a value based on bulk flow properties of blood at the haematocrit in the
large arteries, or by assuming that there are no cells near the vessel wall, and the
viscosity is equal to that of the plasma.[90] Additionally, the term 7 can vary greatly
due to blunting and asymmetry in velocity profiles. When considering the influence of
various parameters on WSS, it is important to keep these matters in consideration.

6. Highlights

e There is limited literature on rheological characteristics of the blood in retinal
vascular disorders

* Red blood cells deformability and agreegation can play an important role in
pathophysiology of retinal vascular disorders

¢ Experiments to assess red blood cell deformability using Optical tweezers can
help us in understanding biomechanical properties of the blood.

o Role of blood viscosity in retinal vascular disorders need to be elucidated.
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7. Conclusion and Future scope

There is compelling evidence that detailed analysis of morphological and functional
parameters of RBCs can provide insight into the pathophysiology of numerous
vascular, degenerative and inflammatory diseases where oxidative stress is one of
the associated trigger mechanisms. It can hence be very useful in the long run to
apply this basic morphometric and physiologic change in RBC in clinical practice and
also in research settings for further mechanistic studies and drug development. As
retinal circulation provides us with the unique opportunity to observe blood flow,
investigation of RBC flow dynamics in retinal circulation will provide us with important
insight into pathophysiology of vascular disorders. The current established tools
alongside advance imaging techniques to measure vascular calibres using either
static or dynamic vessel analyser should be combined with RBC indices to provide a
composite marker of microcirculation in systemic and ocular vascular diseases.
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Figures and Legends

Figure 1:Proposed model of Role of RBC in modulation of haemorheolgoical vicious
cycle in retinal circulation demonstrating potential role of RBC deformability, RBC
adherence and RBC aggregation in retinal vascular disorders. In eyes with
circulatory insufficiency, there is possible local hypoxia, acidosis, metabolic debt with
or without retinal exudates which can lead to further changes in the retinal tissue.
The inflammation in the retinal tissues can lead to production of acute phase
reactants and leukocyte activation which further triggers RBC aggregation and
reduced deformability. There is also increase adherence of the RBC to the vascular
wall and all the changes along with increase in cell depleted layer, can affect blood
flow by affecting blood viscosity in the retinal circulation leading to circulatory
insufficiency.

Figure 2: Schematic diagram showing set up of dual-beam optical tweezer with side-
on image of RBC under dual beam optical tweezer set.

Figure 3: 3-D reconstruction of RBC using defocussing microscopy. (a) Image of the
RBC at height h = 0 um; (b) Image of the RBC after defocussing the microscope to a
height h = 2 ym; (c) 3D reconstruction of the cell obtained from these images. The
colour scale indicates the height of the surface.
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Figure

Figure 1: Flow chart of haemorheological factors and retinal vascular disorders
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