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Disturbances of retinal perfusion are involved in the onset and maintenance of
several ocular diseases, including diabetic retinopathy, glaucoma, and retinal vascular
occlusion. Hence, knowledge on ocular vascular anatomy and function is highly
relevant for basic research studies and for clinical judgment and treatment. The
retinal vasculature is composed of the superficial, intermediate, and deep vascular
layer. Detection of changes in blood flow and vascular diameter especially in smaller
vessels is essential to understand and to analyze vascular diseases. Several methods
to evaluate blood flow regulation in the retina have been described so far, but no
gold standard has been established. For highly reliable assessment of retinal blood
flow, exact determination of vessel diameter is necessary. Several measurement
methods have already been reported in humans. But for further analysis of retinal
vascular diseases, studies in laboratory animals, including genetically modified mice,
are important. As for mice, the small vessel size is challenging requiring devices with
high optic resolution. In this review, we recapitulate different methods for retinal
blood flow and vessel diameter measurement. Moreover, studies in humans and in
experimental animals are described.

blood flow, measurement, perfusion, retina, vasculature, vessel diameter

1. Introduction

1.1. Impaired blood flow in ocular diseases

Disturbances of retinal perfusion have been implicated in the pathophysiology of various
ocular diseases. Hence, assessment of perfusion abnormalities is important to monitor disease
progression and treatment success. Although measurement of retinal perfusion has been very
challenging for many years, recently new methods have been developed that will enhance our
understanding on the pathophysiology of retinal diseases. In this article, we present different
methods that are used to measure retinal vascular reactivity and blood flow. Moreover, we
discuss advantages and weaknesses of individual methods. The following retinal diseases have
been associated with abnormalities of retinal perfusion and are often investigated by using blood
flow and/or vascular reactivity measurement techniques.

1.1.1. Diabetic retinopathy

Diabetic retinopathy is a widespread complication of diabetes mellitus and one of the
primary causes of visual loss worldwide, which is characterized by morphological and functional
changes of small blood vessels (1). Chronic hyperglycemia induces oxidative stress reducing
function and viability of vascular and neuronal cells. A loss of pericytes pre-disposes to
microaneurysm formation. Moreover, endothelial cell loss, basement membrane thickening,
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capillary occlusion and consecutive ischemia may occur (1, 2).
Ischemic conditions trigger generation of proangiogenic substances
such as vascular endothelial growth factor (VEGEF), resulting in
neovascularization, which initiates the proliferative stage of diabetic
retinopathy. Moreover, damage of the blood-retina barrier (BRB)
is the main cause of diabetic macular edema (3). Because of
coexisting endothelial dysfunction, vascular regulatory actions such
as functional hyperemia and autoregulation of vascular tone are
impaired (4-6).

1.1.2. Retinal vein occlusion

Retinal vein occlusion (RVO) is a common cause of vision loss
and is associated with increasing age and cardiovascular risk factors
(7). There are two types of thrombotic vein occlusion: central retinal
vein occlusion (CRVO) or branch retinal vein occlusion (BRVO) (7).
For pathophysiologic mechanisms, systemic vascular diseases with
consequent atherosclerosis and damage of endothelial cells (8) and
a prothrombotic state (9) are discussed. The clinical presentation is
characterized by a dilatation and tortuosity of retinal veins, retinal
and subretinal hemorrhage and macular edema (10). Classification
in ischemic and non-ischemic disease stages is important. Due to
increasing vascular resistance during retinal vein occlusion, retinal
perfusion decreases, and occlusion of capillaries occurs. This may
also lead to vascular remodeling with acute endothelial cell apoptosis,
loss of pericytes and increased vascular permeability resulting in
edema or ischemia (11). By consequent angiogenic stimuli through
VEGE, complications such as formation of neovascularization can
occur (7).

1.1.3. Retinal artery occlusion

Acute retinal arterial ischemia includes transient monocular
vision loss (TMVL), branch retinal arterial occlusion (BRAO), and
central retinal arterial occlusion (CRAO) (12). Due to an association
with a higher risk of stroke and cardiac events, acute disease
management and assessment of risk factors is important in affected
patients (7, 12). A major cause of retinal artery occlusion are emboli
from the heart, aortic arch or carotid artery, but also systemic
vasculitis (7). Sudden interruption of retinal blood flow, often results
in permanent retinal ischemia with consequent irreversible cell
death (7).

1.1.4. Glaucoma

Glaucoma is another frequent cause of blindness associated
regulatory dysfunction. Elevated
pressure (IOP) is the main risk factor for retinal ganglion cell

with  vascular intraocular
ganglion cell and consecutive visual field loss. Strikingly, our
group recently demonstrated that even moderately increased IOP
induced endothelial dysfunction and abnormal autoregulation
in retinal arterioles, suggesting that IOP and retinal perfusion
are in strong interaction (13). Intriguingly, even one month
initially IOP endothelial
dysfunction and abnormal autoregulation persisted in retinal

after normalization of elevated
blood vessels, indicative of long-lasting functional impairment
(14). Furthermore, macular and peripapillary vessel density
was shown to be reduced in advanced stages of glaucoma (15).
Also, hemodynamic changes, such as increased blood flow in
the optic nerve head, have been reported in early stages of
the disease. Remarkably, a linear decline of retinal blood flow
occurs during disease progression in experimental glaucoma
(16).
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1.1.5. Age-related macular degeneration

Age-related macular degeneration (AMD) is an irreversible and
progressive neurodegenerative disease that is also a leading cause
of blindness in the world with a prevalence of 170 million patients
worldwide (17, 18). Degenerative changes in retinal photoreceptors,
retinal pigment epithelium (RPE), and Bruch’s membrane (BM)
occur especially in the macula leading to central vision loss (18).
It is a multifactorial disease and the main risk factor is age. But
also impaired retinal and choroidal perfusion is discussed to be
part of the pathophysiology (18). The macular part of the retina
is characterized by high oxygen consumption (19), and tissues
with high oxygen metabolism show elevated generation of reactive
oxygen species (ROS). Therefore, the central retinal and choroidal
vasculature is more exposed to oxidative stress (18). In eyes with
advanced disease stages of AMD a reduced vessel density in the
choriocapillaris and hypoperfusion in degenerative areas was found
(20). Approximately 10-15% of patients with AMD develop a
neovascular disease stage where new fragile choroidal blood vessels
grow through the BM to the subneurosensory retina or the sub-RPE
with consequent exsudation and further vision loss (21). Choroidal
vascular dysfunction is supposed to play a central role in this process.
Endothelial dysfunction of the choriocapillaris could be the first step
leading to wet AMD. By loss of the vascular support of the RPE
angiogenetic signals occur (22). Hence, a higher expression of VEGF
was found in eyes with choroidal neovascularization (23). But also
retinal vascular changes seem to be part of AMD. A lower arteriole-
to-venule ratio, with narrower arterioles was found in eyes with
geographic atrophy (24). Furthermore, reduced retinal vessel density
was observed in exsudative AMD compared to non-exsudative
disease stages (25), indicating that not only the choriocapillaris, but
also retinal vessels are affected by disease progression.

1.1.6. Retinopathy of prematurity

Retinopathy of prematurity (ROP) is a disease of premature
infants with impaired vascular development and represents a leading
cause of childhood blindness worldwide (26). In humans, retinal
blood vessels start to develop during gestation, and vascularization of
the retinal periphery finishes just before birth (26). In preterm births,
the incomplete vascularized retina shows impaired development of
the retinal vasculature. By postnatal exposure to a high-oxygen
milieu with fluctuations of oxygen levels and consequent generation
of ROS endothelial cells of newly formed vessels get injured
with consequtive capillary constriction. Delayed physiologic retinal
vascular development causes hypoxia with consequent ischemia
that leads to angiogenic signaling with increased expression of
VEGF. Hence, vasoproliferation with disordered proliferation into
the vitreous occurs (26-28).

Altogether, these findings highlight the relevance of vascular
anatomy and function for scientific pathophysiological investigations
as well as for clinical judgment and treatment of vascular
ocular diseases.

1.2. Retinal circulation

The retina is supplied by two different vascular beds, namely
the retinal circulation for the inner retinal part and choroidal
vessels supplying the outer retinal part via diffusion. Unlike the
choroid (29), retinal vascular tone and blood flow are adjusted by
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autoregulation by non-nervous mechanisms like humorally released
local vasoconstrictors and vasodilators (30, 31). The retinal vascular
bed can be divided into a superficial, an intermediate and a deep
layer. In the superficial layer, larger vessels such as arteries, arteriolar
and venular branches and veins are located. The intermediate and
deep layer contain the capillary network with the highest linear vessel
density in the deep layer. Collecting veins are rising from the deep
layer to the superficial layer to drain to the larger veins (32, 33).
A sketch of the different layers of retinal circulation is presented in
Figure 1. Knowledge on the individual characteristics is important
for performing vascular studies. Functional hyperemia induced by
flicker light stimulation occurs more pronounced in arterioles of the
superficial layer. This phenomenon could be explained by decreasing
alpha-smooth muscle actin (a-SMA) levels with increasing vessel size
(33). The lowest blood flow and pO; level has been measured in the
intermediate layer. Flicker light was reported to produce the highest
increase of blood flow in the intermediate layer, which supplies
neuronal cell bodies and synapses of the inner retina (33). Light
stimuli evoked an increase of pO2 in the outer retina but had no effect
on inner retinal layers. During light stimulation, the inner retina has
a higher oxygen consumption due to activated ganglion cells that is
compensated by increased blood flow (34, 35). The crosstalk between
tissue and blood takes place in the capillary bed. However, capillaries
are affected first by vascular pathologies or disease progression. These
changes are sensed by pre-capillary arterioles (32). To understand
vascular diseases, detection of changes in blood flow and vessel
diameter especially in smaller vessels is essential.

There are various methods to determine retinal blood flow, but
there is still no gold standard. However, for exact measurement of
retinal blood flow, reliable determination of vessel diameter and
retinal blood flow velocity is necessary. Several studies in humans
have already described different methods of measurement. To gain
further knowledge on the retinal vascular system and on vascular
diseases, studies in animal models are necessary, including genetically
modified animals. Particularly challenging is the very small retinal
vessel size in rodents, especially in mice, requiring high optic
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FIGURE 1

Sketch of the different layers of retinal circulation. In the superficial
layer, larger vessels, such as arteries, arterioles, and big veins are
located. The capillary network is located in the intermediate and deep
plexus with a higher vessel density in the deep plexus. Collecting
venules are rising from the deeper plexus to the superficial plexus to
drain to the larger veins.

resolution. In this review, we recapitulate different methods for
measurement of retinal blood flow and vascular reactivity. Moreover,
we describe clinical studies in humans, but also in laboratory animals.
An overview of the described methods to measure blood flow and
vascular reactivity in the retina is shown in Table 1.

2. Methods of measurement

2.1. Analysis of ocular fundus images

For exact determination of retinal blood flow and evaluation
of vascular reactivity, precise vessel diameter values are required.
There are different fundus camera-based imaging technologies
commercially available using photography and concomitant image
analysis. One system for real time measurement of vessel diameters

TABLE 1 Overview of the described methods to measure blood flow and vascular reactivity in the retina.

Main content Principle of measurement In vivo/Ex vivo

Commercially
available
Yes

RVA Vessel diameter Fundus camera-based imaging technology In vivo
LDV Blood flow velocity Optical Doppler shift In vivo Yes
LDF Retinal blood flow Scattering theory for light In vivo Yes
Dye-based Visualization of anatomic structures | Passage of a fluorescent dye In vivo Yes
Angiography
OCTA Depth resolved angiograms Detection of intravascular moving particles as an intrinsic Invivo Yes
contrast
Doppler OCTA Retinal blood flow Generation of a reflective profile and detection of phase shifts In vivo Yes
of the back-scattered lights
Retinal oximetry Oxygen saturation of hemoglobin in | Difference in absorption of light between oxyhemoglobin and In vivo Yes
RBCs deoxyhemoglobin
LSFG Mean Blur Rate (MBR) as relative Detection of changes in the speckle pattern by reflection of In vivo Yes
index of retinal blood flow velocity coherent laser light
RBC labeling Vessel diameter and passage of fRBCs | Detection of fluorescently labeled RBCs by ultrafast confocal In vivo No
in vivo per second line scans
Transmitted light Vessel diameter Retinal preparation and measurement of retinal blood vessel Ex vivo No
Microscopy ex vivo reactivity by transmitted light microscopy
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is the retinal vessel analyzer (RVA, Imedos Systems; Jena, Germany),
which is equipped with a fundus camera connected to a computer
system that allows for highly reproducible real-time recordings of
retinal arterial and venous diameters (36). It has a measurement
range of >90 wm, a temporal resolution of 40 ms and a spatial
resolution of less than 1 pwm (37). This system is confined to the
examination of larger vessels with a diameter >90 pm and requires
clear ocular media (38, 39). Via the video function, functional
analysis of retinal vascular reactivity is possible. Using RVA, flicker-
induced vasodilatory vessel responses can be measured (40). RVA is
a fast and non-invasive method aimed to detect impaired vascular
functions in retinal vascular pathologies. For example, a decrease of
flicker-induced vasodilatation during hyperglycemia and in patients
with insulin dependent diabetes could be shown (41-43). Other
cardiovascular risk factors such as obesity also affect endothelial
function and retinal arteriolar reactivity to flicker stimulation (44). In
patients with increased cardiovascular risk, improvement of retinal
endothelial function after exercise interventions could be detected
using RVA (45). Recently, retinal vascular function measured by
RVA, was determined for the first time as surrogate for cerebral
microvascular function (46). Furthermore, retinal microvascular
reactivity to flicker stimulation as marker of endothelial function
may be a predictor for cardiovascular events (47). Likewise, in
patients with glaucoma, impaired flicker-induced dilatation of retinal
veins was observed (48, 49). Furthermore, potentially involved
mechanisms in retinal vascular reactivity can be analyzed by RVA.
Dorner et al. reported that nitric oxide (NO) is important for
regulation of basal vascular tone, but also for flicker-induced
vasodilatation (50). Inhibition of NO synthase during isometric
exercise in healthy humans reduced retinal venous diameter and
responsiveness (51). Recently, the application of a prototype of
an adapted RVA in laboratory animals was introduced to evaluate
neurovascular coupling in the murine retina (52, 53).

2.2. Laser doppler velocimetry

Laser Doppler Velocimetry (LDV) is based on measuring blood
flow velocities in retinal arterioles and venules. The optical Doppler
shift, i.e., the differential reflection of light according to blood flow
velocity, is directly proportional to blood flow velocity when the
vessel of interest is illuminated with a high coherent laser beam.
The flow velocities within the vessel of interest correspond to the
range of frequency shifts of the reflected laser light. However, the
maximum frequency shift corresponds to the maximum center
velocity within the vessel (38, 54). To receive absolute values of
red blood cell (RBC) velocities in individual retinal blood vessels,
bidirectional LDV is applied by assessing Doppler-shift frequency
spectra for two directions of the scattered light. The differences
in cutoff frequencies, which are directly related to the top speed
of RBCs [V(max)], are utilized to obtain absolute V(max) values
(55). Combination of bidirectional LDV with retinal vessel diameter
measurement from monochromatic fundus photographs or from
RVA allows for calculation of retinal blood flow in a single vessel
(56, 57). Previous studies in humans assessed total retinal blood flow
by summing up data from all vessels with a diameter of >60 pwm
entering the optic nerve head (57). The Canon Laser Doppler blood
flowmeter (CLDE, Canon; Tokyo, Japan) combines the technique
of LDV for blood speed measurement with a retinal diameter
assessment system (58). Based on the Poiseuille principle, it is possible
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to calculate retinal blood flow in pl/min in a selected vessel with high
reproducibility (59).

Vascular reactivity can also be evaluated by performing LDV. By
using bi-directional LDV in combination with the RVA, increased
retinal blood flow due to diffuse luminance flicker has been
shown (60). Impaired flicker-induced retinal vasodilatation during
exposure to cardiovascular risk factors, such as smoking, was also
demonstrated using this method (61).

2.3. Laser doppler flowmetry

An advanced technology utilizing laser light to determine retinal
blood flow is Laser Doppler Flowmetry (LDF). The coherent laser
light is directed on vascularized tissue where no larger vessels are
visible. This technique is based on the scattering theory for light
in tissue formulated by Bonner and Nossal (38, 62). Scattering
on moving red blood cells (RBCs) causes a frequency shift in the
scattered light. Relative measurements of the mean velocity of RBCs
and blood volume is obtained by complete randomization of light
directions impinging on the RBCs. The product of velocity and
volume gives relative values of blood flow (38, 63). Vascular reactivity
during different stimuli can be analyzed by combination of RVA
and LDF. It has been shown that short-term increase of intraocular
pressure does not influence the response of retinal vessel diameters
and optic nerve head blood flow during flicker-stimulation (64). This
method was also employed to determine optic nerve head blood
flow. Isometric exercise is associated with increasing ocular perfusion
pressure by autoregulation of optic nerve head blood flow (65, 66).
Limitations are the varying scattering properties between individuals
due to varying vessel densities and vessel orientation within the small
volume of tissue sampled by LDF. Thus, interindividual comparison
of LDF data is difficult and not recommended (38). Due to high
intraindividual reproducibility (67), LDF can be used for studies on
responses to physiological and pharmacological stimuli (38). During
measurement of retinal blood flow contribution from the underlying
choriocapillaries to the signal cannot be excluded (68). Determining
very high or low velocities can be hampered by the limited frequency
range used. As capillary retinal blood flow is pulsatile and, thus,
deviations due to different phases in the cardiac cycle are common,
recording should be triggered by electrocardiography (68). Another
source of interference is caused by a displacement of the analysis
window with the consecutive measurement of different geographic
areas (68).

Scanning laser Doppler flowmetry includes the principle of
scanning laser tomography. The commercially available Heidelberg
Retina Flowmeter provides a two-dimensional flow map of the
retina and the optic nerve head and allows for reproducible
evaluation of capillary blood flow (69). A previous study showed
good correspondence of scanning LDF in rats with angiograms
and resolution to third order arterioles and venules. But neither
superficial nor deep capillary circulations could be sufficiently
visualized. Hence, the technique of scanning LDF is limited to larger
retinal vessels (70).

2.4. Dye-based angiography

Dye-based angiographic techniques are commercially available
and allow for visualization of anatomic structures by the passage of
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a fluorescent dye. There have been different approaches to evaluate
blood flow velocity. By measuring the time required for the dye
to pass through retinal circulation, the mean retinal circulation
time defined as the difference between venous and arterial times
is determined (38). Alternatively, the determination of the arterio-
venous passage time defined as the time between the first appearance
of the dye in a retinal artery and in the corresponding vein (71),
is applied. This concept assumes that the absolute blood flow in
one defined area supplied by one specific artery is drained into
one corresponding vein. Obviously, this approach cannot work in
patients with vascular diseases (38). As dye-based angiography does
not provide sufficient depth resolution to fully evaluate the retinal
vasculature, only the superficial vascular plexus can be explored.
The visibility of capillaries decreases rapidly with increasing distance
from the foveal center, especially for deeper capillary circulation
(72). Furthermore, capillary visualization rapidly decreases with
capillary size. Only 40% of capillaries <4,5 pm were visible on
fluorescent angiography (73). To visualize capillaries with higher
sensitivity, adaptive optics such as adaptive optics scanning light
ophthalmoscopic fluorescein angiography have been developed
(74). Of note, dye-based angiography is invasive since it requires
intravenous dye administration, which may cause side effects up
to rare but serious anaphylactic reactions (75, 76). An argument
in favor of fluorescein angiography is the dynamic information
obtained, such as identifying dye leakage in case of disruption of the
BRB (1, 73). Further, it captures large areas of the fundus in one
single image providing an overview of retinal vascular pathologies
such as leakage, microaneursyms, areas of non-perfusion or retinal
neovascularization (1).

2.5. Optical coherence tomography
angiography

Optical coherence tomography angiography (OCTA) is a
commercially available method, that detects intravascular moving
particles as intrinsic contrast and produces angiograms by comparing
motion-related differences between repeated OCT-B-scans taken
exactly at the same location. Sedentary structures generate similar
signals (correlated signals), while moving intravascular blood cells
produce different OCT signals from one scan to the other
(decorrelated signals). These different signals are translated to blood
vessels in the angiograms delivering depth-resolved images of the
retinal microvasculature, which come close to histological pictures
(1, 73). Some exemplary OCTA images of the retinal vascular plexus
in a healthy right eye and in eyes with vascular diseases such as
ROP and RVO are shown in Figure 2. OCTA provides the possibility
to analyze different features of retinal vascular pathologies such
as diabetic retinopathy including microaneurysms (1), impaired
vascular perfusion, neovascularization in various retinal layers (77),
non-perfusion areas or cotton wool spots (78). Hence, for some
diseases, OCTA represents a feasible non-invasive alternative for the
frequently used fluorescein angiography. In addition, quantitative
measurements such as perfusion density (vessel area = percentage of
the area occupied by a vessel) or vessel density (vessel length = total
length of skeletonized vessels in a certain area, mm/mm?) can be
acquired (79-82). In addition, parameters for specific questions
such as the vessel diameter index, the fractal dimension (branching
complexity of the capillary network), the intercapillary area, the
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vessel length fraction or the vascular architecture, e.g., branching
angles, can also be determined (1). The development of OCTA-
based automatic segmentation algorithms provides the possibility to
quantify and to evaluate capillaries and large vessels separately (83).
Analysis of macular parafoveal vessel density in different capillary
layers, vascular reactivity to different stimuli as hypoxia or isometric
exercise causing vasodilatory or vasoconstriction responses could
be performed (84). By performing OCTA it was possible to access
microvascular reactivity in different retinal vascular layers. During
the transition from light to dark an increase of vessel density in the
superficial capillary plexus and a decrease in the intermediate and
deep capillary plexus was found. Furthermore, a significant increase
of vessel density in the superficial capillary plexus and a decrease of
skeletonized density was found during flicker stimulation, indicating
an active dilatation of the larger vessels with following redistribution
of blood flow from the smaller capillaries to the larger vessels of
the superficial capillary plexus (85). Other groups reported that
vessel densities in superficial macular regions determined by OCTA
were reduced in eyes of glaucoma patients (86-88). The degree of
vessel rarefication also correlated with the loss of visual field and
disease severity (89). Experimental acute elevation of intraocular
pressure over 10 mmHg showed a decrease of choriocapillary blood
flow, and elevation of intraocular pressure over 20 mmHg reduced
retinal vessel density in OCTA indicating that autoregulation of
retinal microcirculation becomes impaired by elevation of intraocular
pressure (90). Studies in small laboratory animals have rarely been
described so far. One experimental study could clearly visualize the
normal vascular plexus in different retinal layers using OCTA in
mice. Additionally, an in vivo evaluation of laser-induced choroidal
neovascularization has been shown (91). The measurement of retinal
vessel density is valid and reproducible indicating that OCTA is
qualified for longitudinal assessment of vascular changes in various
mouse models (92). A diminished vessel density in mice with type
1 diabetes has also been observed by the use of OCTA technology.
Because of precise depth information, it was possible to separate
each vessel layer (93). Finally, OCTA imaging in mice is superior
to confocal microscopy for detecting structural details in the deeper
vascular network (94).

These studies indicate that OCTA is a valuable non-invasive
method to visualize the retinal vasculature with depth resolution
in vivo providing the information of depth localization of vascular
pathologies (73). By software based image processing, it is possible to
generate quantitative markers for vascular pathologies and additional
volumetric data can be segmented (73). Furthermore, the images
are well defined, highly contrasted and not obscured by hyper
fluorescence from dye leakage (1). In contrast, OCTA cannot access
alterations in vascular permeability or leakage. Coexisting macular
edema, for example in diabetic retinopathy, can hamper proper
segmentation of retinal vascular layers. Quantification of blood
flow in OCTA is difficult because it only detects flow between a
minimum and maximum threshold (1). Furthermore, OCTA images
are highly dependent on the OCT instrument, scan protocols and
signal processing, making comparisons between different devices
difficult (73). Several types of artifacts such as localized loss of
signal strength by vitreous floaters, eye movement or movements
within the eye due to pulsatile expansion of the choroid can be
sources leading to misinterpretations (95, 96). In studies on small
laboratory animals, mouse motion and heart beats may also affect
image acquisition (93). As OCTA detects vessels by particle motion,
it does not visualize vessels without flow (93) and the detection
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FIGURE 2

Optical coherence tomography angiography (OCTA) images of a
healthy right eye (upper row), ROP (middle row), and RVO (lower row).
OCTA detects moving particles within vessels as intrinsic contrast and
generates angiograms with depth resolved images of the retinal
vasculature. With this method, the microvasculature of the superficial
(A), the intermediate (B), the deep vascular plexus (C) and the
avascular plexus (D) can be shown. Projection artifact removal (PAR)
uses information of the superficial vascular plexus to remove artifacts
from OCTA images. In the middle row the typical reduction in size of
the foveal avascular zone in ROP patients can be seen. The lower row
shows OCTA in RVO. Due to macular edema segmentation of retinal
layers is aggravated with consequent displacement of retinal vascular
layers.

rate of vessels with slow blood flow such as certain subtypes of
microaneurysms decreases (97-99). The determination of the vessel
diameter is an important feature to analyze retinal blood flow.
It has been shown that the diameters of retinal vessels measured
from OCTA scans were generally wider than with measurements
obtained from adaptive optics ophthalmoscope (AOO) (100) or
fundus photographs (101) regardless of scan protocols and vessel
types. Reasons could be the oversampling rate of the OCTA system,
the poorer lateral resolution compared with the AOO system or the
effect of binarization (100). The measurement could also be affected
by the intraluminal presence of a cell free plasma layer whose width is
strongly correlated with the vessel diameter (102). Others compared
OCTA and high resolution confocal microscopy perfusing porcine
eyes with red blood cells. In these studies, a good representation
of retinal vessels with larger caliber, but an under representation of
microvessels smaller than 10 pum and branch points in all four retinal
plexuses, particularly the intermediate capillary plexus, was observed.
Also, the sensitivity to detect vessels was reduced with increasing
retinal depth (103). A reason for weaker OCTA signals in vessels with
a diameter under 100 pm could be a hemodynamic feature, called
Fahraeus-Lindquist effect. It leads to a diameter-dependent decrease
of hematocrit and effective blood viscosity, which means that there
are less blood cells and larger plasma gaps in the smaller retinal
capillaries (103). Moreover, the fact that the OCTA image signal is
produced by red blood cell movement within the vascular lumen may
also explain that the vessel diameter measured by OCTA does not
exactly correspond to the actual size. The pixel resolution of OCTA
images is approximately 3.85 to 4.14 pm per pixel suggesting that
slight changes in vascular diameter may remain undetected by OCTA
(103). Especially in small laboratory animals such as mice with retinal
arteriole diameters from 10 to 40 um, only diameter changes of >10%
can be detected with this spatial resolution.
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Due to the large amount of data that has to be evaluated in the
context of OCTA recordings, various algorithms have been developed
for automated evaluation. One of the most studied parameters
of OCTA is the foveal avascular zone (FAZ). Numerous methods
for quantifying FAZ changes with OCTA have been investigated,
including horizontal and vertical diameter, two-dimensional total
area, remodeling, acircularity index (AI), and axial ratio (104-107).
Because there is not yet a consensus on how best to quantify FAZ
with OCTA, comparing the clinical utility of FAZ metrics with other
measures of DMI remains difficult. In addition, there is considerable
variability in the size and shape of FAZ in patients (108), which
may complicate FAZ measurements. Furthermore, many studies
have considered FAZ in segmented vascular layers, even when the
individual vascular plexuses fuse at the fovea, leading to conclusions
about FAZ size that are related to segmentation technique rather than
pathologic vascular changes.

One of the most important factors affecting FAZ measurements is
the segmentation of the FAZ boundary. While several reports (109-
111), have demonstrated high repeatability of semiautomated FAZ
detection with commercial OCTA systems, some studies (112, 113)
have found substantial differences between FAZ detection algorithms
and manual delineation. Accurate FAZ segmentation becomes even
more challenging with DR because irregular delineation can lead
to algorithm failure and inappropriate inclusion or exclusion of
abnormal FAZ sections. Figure 3 shows a not yet published algorithm
of the University Eye Hospital Mainz to automatically segment and
measure the FAZ in OCTA images. To achieve this, the noise in
the images is first reduced and then the signal from the vessels is
amplified using Gabor edge filters. The image is then segmented
with the Li’s Minimum Cross Entropy thresholding method (114) to
isolate the FAZ. Afterward the size of the isolated FAZ is measured.

2.6. Doppler optical coherence
tomography

Optical coherence tomography can be expanded to Doppler OCT
by generating a reflective profile and by detecting phase shifts of
the back-scattered lights, which are caused by mobile red blood
cells within the analyzed volume (115, 116). It can provide fully
quantitative volumetric information on blood flow and vascular
and structural anatomy (115). The velocities in a Doppler OCT
require a certain range of Doppler angles between blood flow
and the scanning laser beam, called angle bandwidth, which is
dependent on the absolute blood velocity within the vessel. To obtain
absolute blood flow velocity, it is necessary to know the angle (115).
Different techniques have been used to determine the angle from
consecutive images, however, all of them were strongly interfered
by eye movements (117). Single beam approaches showed high
angle error, especially when the angle of incidence changed because
of eye movements (118, 119). Others resolved the problem of the
a priori unknown Doppler angle by multiple beam illumination. For
absolute flow measurements, a bi-directional technique has been used
in vitro by illuminating the sample from two angles with orthogonally
polarized beams (120). Unfortunately, this approach was not feasible
to measure human retinal blood flow. By illumination of the sample
with two linearly and orthogonally polarized beams separated by
their polarization properties and incident at a known angle on the
sample, determination of retinal blood flow independent of the angle
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FIGURE 3

image (D).

Segmentation of the foveal avascular zone (FAZ). Image of the intermediate vascular plexus image (A), same image after noise reduction, zoom and
vessel-amplification using Gabor edge filters (B), isolated FAZ after thresholding segmentation (C), segmented FAZ in yellow outline in unedited

of incidence was possible (116, 121). By the use of a simple geometric
arrangement, absolute blood velocity can be measured when the
angle between both beams is known (122). These measurements of
total retinal blood flow have shown excellent reproducibility and can
be used for longitudinal studies (122). Studies in glass capillaries
in vitro have shown good agreement between dual-beam bidirectional
Doppler OCT measurements and perfusion rates (116). Some authors
conducted Doppler OCT measurements in diabetic patients with
or without diabetic retinopathy and in patients with other ocular
pathologies such as glaucoma or branch retinal vein occlusion
and observed reduced total retinal blood flow (123, 124). Flicker
light-induced hyperemia was shown by dual-beam bidirectional
Doppler OCT (125, 126). During 100% oxygen breathing a significant
decrease in retinal blood flow has been shown by using a dual-
beam bidirectional Doppler FD-OCT, resulting in a decrease in
retinal oxygen extraction (127). Studies in laboratory animals have
not been described so far. Doppler OCT is a non-contact and
label-free method to determine retinal blood flow. Moreover, it
delivers quantitative volumetric information on blood flow with
vascular anatomy and angiographic information in the same data set
(115). There are also several limitations to be considered. First, the
minimum detectable velocity in Doppler OCT depends on the scan
rate. Hence, faster image acquisition could reduce velocity sensitivity
(115). Another critical issue are eye movements changing the Doppler
angle. Notably, changes of only some degrees will produce incorrect
results (115).

To determine total retinal blood flow, all retinal blood vessels that
enter the optic nerve head need to be analyzed by adding all flow
values in arteries or veins to calculate total blood flow (115). Because
blood flow fluctuates during the cardiac cycle, the measurements
need to be averaged over several heart beats (115). The values can
be obtained from arteries or veins only or from both as internal
control (115). However, for volumetric blood flow calculations, the
vessel diameter needs to be known. Variations in vessel diameter are
challenging as they enter the blood flow calculation quadratic (115,
128). Vessel diameter extraction from OCT images is problematic
because the transversal OCT resolution is insufficient unless not
combined with adaptive optics systems. Moreover, blood is highly
scattering and absorptive, which produces shadowing effects behind
the vessel and obscures the rear vessel boundary (115). There is an
erythrocyte-free region consisting of plasma only close to the vascular
wall from which no Doppler signal is obtained. Low velocities at the
border of the vascular wall could lead to underestimation of vessel
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diameters (115). To address these problems some authors obtained
vessel diameters from fundus photographs (116) or retinal vessel
analyzer (129) separately.

2.7. Retinal oximetry

Retinal oximetry requires metabolic imaging for diseases of the
retina by measuring oxygen saturation of hemoglobin in RBCs (130).
It has been shown that oxygen metabolism is disturbed in several eye
diseases. This is especially true for ischemic retinal pathologies, such
as diabetic retinopathy and retinal vein occlusion, where abnormal
oxygen metabolism is a main part of the pathophysiology. In
atrophic retinal diseases, such as glaucoma or retinitis pigmentosa
with reduced oxygen consumption this information is also clinically
relevant (130). Non-invasive retinal oximetry is based on the
difference in absorption of light between oxyhemoglobin and
deoxyhemoglobin. The reference wavelength, so called isobestic
wavelength, is defined as the wavelength where absorption qualities
are equal for hemoglobin bound and unbound to oxygen. In
contrast, the non-isobestic wavelength is sensitive to changes in the
oxygen saturation (130). The optical density (OD) specifies the light
absorbance of a solution, for example blood. The ratio of this optical
density between both wavelengths, the so called optical density ratio
(ODR), is approximately linearly related to the oxygen saturation
(131, 132). Two different systems are commercially available at
present. The Oxymap oximeter (Oxymap ehf, Reykjavik, Iceland)
employs two cameras and a beam splitter. It captures simultaneously
two images at an isobestic and non-isobestic wavelength (570 and
600 nm) to estimate retinal vessel oxygen saturation (133). The
Imedos oximeter (Imedos, Jena, Germany) is composed of a fundus
camera with a special dual wavelength transmission filter and a
color-charge coupled device camera that records two monochromatic
fundus images at 548 and 610 nm. The oxygen saturation is obtained
by calibration of ODR measurements of healthy control subjects
(134). Both systems are commercially available and display excellent
repeatability. However, because of an insufficient concordance of
arterial oxygen saturation data between both devices, patients should
be followed intra-individually by one device only. These differences
are due to different absorbance wavelengths and by different image
post-processing algorithms used (135). In a large cohort covering low
and high ages, a retinal arterial oxygen saturation of 92.2 £ 3.7% and
retinal venous oxygen saturation of 55.5 & 6.3% was reported (133).
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Due to sparse vascularization and high retinal oxygen consumption
the arteriovenous decrease of about 35% is high compared to other
tissues (130). Different retinal vessel oxygen saturations were detected
in the retinal quadrants with the lowest oxygen saturation in the
inferotemporal quadrant (133, 136, 137). This shows that retinal
oximetry can examine regional features, but it remains to be clarified
whether they are real or artificial. Regional differences in measured
saturations could be due to technical artifacts. Saturation can vary,
when the angle of gaze is changed due to the fact, that the light
bundle entering the eye is now oblique impacting on the distribution
how the retinal area observed is illuminated (138). Regardless to
the reasons, quadrant differences should be kept in mind when
analyzing retinal oximetry. There are further limitations inherent to
retinal oximetry. The available systems are limited to arterioles and
venules above a certain diameter and are not capable to measure
capillaries. The Oxymap T1 can generate highly reproducible data
in vessels wider than 56 pm. The variability of measurements
increased with narrower vessels (130). But capillary levels can also
be studied by analyzing venous oxygen saturation because the
oxygen delivery from the capillary to the tissue is reflected by the
arterio-venous difference in oxygen saturation (130). Age can also
complicate retinal oximetry as retinal oxygen saturation is affected
by reduced retinal blood flow and consecutive decrease of oxygen
extraction. Geirsdottir et al. showed a slightly decrease of retinal
venous oxygen saturation with increasing age while retinal arterial
oxygen saturation remained unchanged (133). Others demonstrated
a decreasing retinal arterial and venous oxygen saturation (139). Due
to decelerated blood flow, oxygen can be underestimated by diffusion
through the vessel wall into the interstitial compartment. The
determination of retinal oxygen saturation can also be complicated
by poor image quality due to unclear optical media (130). Other
individual factors such as ocular perfusion pressure (133), personal
finger oximetry values (140), hypertension (139) or myopia (141)
affecting oximetry measurements may influence precision. Systemic
hyperoxia or hypoxia also affect retinal oxygen saturation (130).
In hyperoxia, oxygen saturation increases in retinal arterioles and
even more in venules and induces vasoconstriction thereby affecting
retinal oxygen saturation. Due to oxygen flow from the choroid, less
oxygen is extracted from the retinal circulation and oxygen saturation
especially in venules increases (142). In hypoxia, a smaller decrease
of oxygen saturation in venules than in arterioles was observed (131,
143). This phenomenon could be due to hypoxic vasodilatation in
arterioles to counteract the reduced oxygen concentration (144).
Retinal oxygen demand is also influenced by light conditions
changing the metabolic rate of the retina (130). Oxygen saturation
is increased in arterioles and venules when transitioning from light
to darkness (145). Compared to steady light conditions, oxygen
saturation is elevated during flickering light (146). It is known
that retinal photoreceptors use more oxygen in the dark than in
steady light (34). Darkness and flickering light are both believed to
increase the retinal metabolic rate compared to steady light (130).
Moreover, an increment in retinal blood flow is associated with a
higher retinal oxygen extraction (147). Although there are numerous
factors affecting retinal oxygen saturation, retinal oximetry offers a
useful tool for disease monitoring in vivo as for example in retinal
vein or artery occlusion, diabetic retinopathy, age-related macular
degeneration or retinitis pigmentosa (130).

To obtain quantitative data on oxygen extraction, retinal blood
flow needs to be measured together with the arterio-venous oxygen
difference. In hyperoxia and in hypoxia a reduced arterio-venous
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oxygen difference was detected (148, 149). In hyperoxia, retinal
blood flow is also reduced and retinal oxygen extraction decreases
because large amounts of the choroid are diffusing to the inner
retina (148, 150). In hypoxia, blood flow is increased and oxygen
extraction is constant (149). Based on these findings, it is necessary
to combine retinal oximetry with retinal blood flow measurement.
The combined retinal vessel oximetry with bidirectional Doppler
OCT, as described above, presenting a method with high potential
to study oxygen metabolism in hypoxic retinal diseases such as
diabetic retinopathy (127). Based on a mathematical model, oxygen
extraction is calculated (127). This method has also some limitations.
The oxygen extracted from retinal blood vessels is not necessarily
equal to the oxygen consumed by the inner retina, since a part of the
oxygen supplied by retinal vessels also oxygenates the photoreceptors.
This technique determines total retinal oxygen extraction indicating
that the evaluation of local hypoxia is not possible. Under some
conditions, such as 100% oxygen breathing, the choroid may
contribute to the oxygenation of the inner retina (130, 150).

2.8. Laser speckle flowgraphy

Laser Speckle Flowgraphy (LSFG) utilizes changes in the speckle
pattern of coherent laser light, which is reflected by the irregular
surface of the ocular fundus. The speckle pattern contrast results in
the mean blur rate (MBR), which is linearly proportional to blood
flow velocity and microsphere-derived volume blood flow (38, 151,
152). The technique is commercially available and requires a fundus
camera or microscope equipped with a diode laser (wavelength,
830 nm) and a charge-coupled device (CCD) camera (151, 153, 154).
A sketch of the principle of measurement is demonstrated in Figure 4.

Retinal blood flow can be quantified by two methods, the
annulus-defined method and the Total Retinal Arteriole and Venule
Analysis (TRAVA). By using the annulus-defined method, a large
annular area of the retina outside the optic nerve head needs to
be defined, and total retinal blood flow within the included retinal
arteriole and venule segments is measured. By using TRAVA, blood
flow within individual vessels is determined. The user defines the
midline of a certain vessel and the length of the area measured
(151). A good agreement between these two methods has been
reported. The lowest intra- and inter-session variability has been
shown for the less time-consuming annular method (151). TRAVA
is more time consuming and more dependent on the definition
of vessel borders by the operator. Therefore, the annular method
has lower computation time, inter-operator variability and inter-
and intrasession variabilities. However, TRAVA allows for distinct
analysis of arterioles and venules, which is necessary for studies
of vessel-specific diseases, e.g., branch retinal venous occlusion
(155). To detect changes in the vessel diameter caused by vascular
constriction, dilation or remodeling, the “percent vessel area”, a
surrogate parameter of vessel width, was developed. With this
method, the number of “white” pixels above a given threshold is
measured. By using a defined threshold and maintaining a constant
total sample pixel area by using the same annulus in each image,
a reduction in percent vessel area suggests a decreased luminal
diameter (151).

Several studies utilized LDFG to quantify retinal blood flow
under physiological conditions and in several ophthalmic diseases in
humans. For example, LSFG has been used to examine flicker light-
induced hyperemia in the retina and the optic nerve head (156).
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Sketch of the principle of laser speckle flowgraphy. A microscope equipped with a diode laser is coupled to a charge-coupled device (CCD) camera. The
laser light is reflected by the irregular surface of the fundus and is translated into a speckle pattern of the scattered light. The mean blur rate (MBR) is
calculated from the speckle pattern and is a relative index of blood flow velocity in arbitrary units. The highest MBR is shown in red and the lowest MBR is

shown in blue.

Moreover, a good correlation of LSFG data with absolute blood flow
measurements obtained from Doppler-OCT has been reported with
high reproducibility of the LSFG system (157). Also, longitudinal
changes of ocular blood flow were monitored using LSFG (158). In
various ocular pathologies, such as glaucoma or diabetic retinopathy,
this method delivered also highly reproducible data and the
possibility to measure changes of blood flow by pharmacological
intervention (159, 160). In patients with vascular risk factors, LSFG
has been utilized to examine pressure autoregulation of optic nerve
head vessels (161). Recently, the LSFG-Micro (Softacare, Fukuoka,
Japan) instrumentation was introduced, which offers the possibility
to measure blood flow in small animals. For example, longtime
studies in rats over a period of several months were reported to
provide reliable information on longitudinal changes in optic nerve
head blood flow (162). By determining different parameters of blood
flow such as MBR of total area (MA), vessel region (MV), and
tissue region (MT) regional differences in blood flow could be
found (162). There have also been reports of parallel studies in
different groups providing the possibility to compare blood flow
in physiologic and pathological animal models in longtime studies
(163). The monitoring of pharmacological interventions in rats has
also been studied using LSFG (164). Studies using LSFG in mice
are very limited so far (151, 165-168). Also in mice, LSFG-Micro
was reported to show consistent and reproducible retinal blood flow
measurements for non-invasive monitoring of vascular functions
in the retina (166). Moreover, LSFG was applied in a transgenic
mouse model developing diabetic retinopathy (165). Others could
monitor the effects of pharmacological interventions on retinal
venous blood flow in mice (168). Since recently, a new protocol
for quantifying flicker-light-induced hyperemia in mice with low
variability over various imaging sessions is available. Hence, LSFG
may be applied in serial studies (167). Others also demonstrated
significant elevation of retinal blood flow during flicker stimulation
and a significant decrease of retinal blood flow during systemic
hyperoxia (166). These studies present LSFG as a novel minimally
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invasive tool to measure retinal blood flow in small laboratory
animals and in humans providing the opportunity to conduct parallel
studies on retinal blood flow in humans and relevant animal disease
models. The method requires minimal time effort for recording and
post-processing and is commercially available constituting an easy
alternative to Doppler OCT, which requires various OCT detection
beams addressing the major limitation of Doppler angle-dependent
velocities (151). There are also several limitations using LSFG. When
comparing ocular blood flow between individuals several systemic
factors, e.g., blood pressure, age or sex and ocular factors, such
as axial length, should be adjusted (154, 169). The measurement
of MBR may also be affected by changes in IOP (169). The use
of LSFG in laboratory animals requires anesthesia, which may
also influence retinal blood flow measurement (170). To meet this
problem, the anesthetics used should be taken into consideration
during design and analysis of functional blood flow studies (151, 170).
Moreover, evaluation of vascular stiffness and remodeling is difficult
in small laboratory animals, because their high physiologic heart rate
complicates the measurement of dynamic blood flow changes during
systole and diastole.

Furthermore, the amount of pigment in the retinal pigment
epithelium has an influence on the intensity of the choroidal LSFG
signal. Therefore, in animals with a dark fundus pigmentation the
deeper choroidal flow signal may not be detected, whereas in animals
with slight fundus pigmentation retinal blood flow measurement may
be interfered by the contributing signal of the choroid (151).

2.9. Red blood cell labeling in vivo

Retinal blood flow measurement can be facilitated by fluorescent
labelling of red blood cells (fRBC). Recently, an in vivo technique
has been introduced, by which ultrafast confocal line scans capture
fRBC in the rat retina (33, 171, 172). First, rats are anesthetized and
paralyzed to reduce eye movement. To label red blood cells, arterial
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blood is withdrawn and erythrocytes are isolated by centrifugation.
The cell solution is then mixed with the dye solution and re-
suspended in blood plasma solution. The suspension is re-injected
into the venous line and a fRBC density of about 0,9% in large vessels
and 1,2% in capillaries is reached. To visualize the vascular wall,
fluorescent isothiozyanate (FITC) dextran is injected intravenously.
Vascular diameter and fRBC flow can now be measured at the
same time by using confocal line scans orientated perpendicularly
to the vessel. Illumination by the laser needs to be kept at a
minimum to limit photoreceptor stimulation. The diameter of a
blood vessel is calculated from the distance between the vascular
wall borders and flux is measured by counting the passage of single
fRBCs per second (RBS/s). For calculation of vessel diameter and
flux values the MATLAB program can be used, which calculates
the vascular diameter by automatic extraction the inner vessel
borders and by removing light artifacts. To measure fRBC flow,
MATLAB detects fRBCs from the background by the use of a moving
threshold algorithm. Assessment of blood flow in the retina was
achieved by two different mathematical arrangements using flow,
RBC/volume ratio and RBC/fRBC ratio or velocity and luminal
cross-sectional area. This method allowed for measurement of
flicker light-induced vasoreactivity in the rat retina, where resulting
hyperemia was reported to be more pronounced in arterioles
than in downstream capillaries and venules (33). Likewise, blood
flow changes during hypoxia and hyperoxia were measured in
retinal vessels of various sizes (171). Other authors performed
red blood cell labeling to measure retinal blood flow as well. For
example, in diabetic mice with persistent hyperglycemia a higher
velocity of FITC-labeled red blood cells was observed (173). By
using scanning laser ophthalmoscopy, hemodynamic differences in
FITC-labeled normal and sickle-RBCs could be visualized (174).
Moreover, follow-up studies on retinal red blood cell velocities have
been performed with fluorescently labeled RBCs in growing mice
(175). Others conducted measurements of retinal blood velocities
and vessel diameter changes by tracking fluorescent microspheres
with a scanning laser ophthalmoscope (176-178). Red blood cell
labeling provides the possibility to visualize and quantify single red
blood cell flow simultaneously in arteries, veins and capillaries in
small laboratory animals. In comparison, FD-OCT measurements
are limited to vessels with a diameter of >30 pm (179). It is a
non-invasive technique, and longitudinal repetitive imaging in the
same animal is possible. Moreover, the technique may be useful
to monitor progression and treatment efficacy in mouse models
of retinal diseases. It is based on simple cell counts, and results
were shown to be reliable and accurate (171). But there are also
several limitations of this technique. First, the results may be affected
by anesthesia, which can have strong effects on blood flow (180).
Second, the diameter of venules is underestimated compared to
arterioles (171). Third, flux is used as marker of retinal blood flow.
However, the calculation includes red blood cell flux only and not
the flow of whole blood, which also contains plasma and white
blood cells (171). Hence, comparison between vessels is confounded,
because the hematocrit is varying in individual vessels and in
most capillaries (181). Hematocrit is also affected by the Fahraeus-
Lindquist effect describing that hematocrit decreases with decreasing
vessel diameter (171). Moreover, measurement of fRBC flux by
confocal line scans is limited to only one vessel at the same time and
needs high temporal resolution (171). Also, the use of the technique
in humans is complicated and invasive because blood collection and
reinjection is required.
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2.10. Transmitted light microscopy ex vivo

Microvascular analysis of retinal arterioles in laboratory animals
is challenging due to small retinal blood vessel diameter (<40 pm).
Transmitted light microscopy allows for visualization of changes
in mouse or rat retinal vessel diameter with high optic resolution
ex vivo by a self (182). First, the eye globe is excised with attached
orbital tissues followed by preparation of the ophthalmic artery and
ligation of their small branches. Finally, the retina is isolated from
the eye globe and transferred to a perfusion chamber consisting of
a transparent reservoir with an in- and outflow tube, a peristaltic
pump and circulating externally oxygenated and carbonated buffer
solution. Next, a glass micropipette connected to a silicon tube is
inserted into the ophthalmic artery to pressurize the retinal vascular
system. After placement of the retina onto a transparent platform, the
retina is spread out and fixed to the bottom. The perfusion chamber
containing the retina is then placed under a light microscope with
a 100x water-immersion lens. A sketch of the setup is shown in
Figure 5.

Once, a blood vessel with a good visible wall is found, it can be
exposed to various mechanical and pharmacological stimuli. Mouse
vessels respond well to the vasoconstrictor, 9, 11-dideoxy-9a, 11a-
methanoepoxy prostaglandin F,, (U46619), a thromboxane mimetic,
but weakly to o;-adrenoceptor agonists, such as phenylephrine
(183). Following preconstriction, mouse retinal arterioles show
pronounced vasodilatory responses to the endothelium-independent
vasodilator, nitroprusside, and to the endothelium-dependent agonist
acetylcholine (182). In arteries with damaged endothelium, no
vasodilation but pronounced vasoconstriction is seen in response
to acetylcholine, indicative of endothelial dysfunction (183, 184).
Different risk factors contributing to endothelial dysfunction and
impaired autoregulation can be analyzed using this method in
mice and rats. For example, elevated intraocular pressure was
shown to cause abnormal retinal arteriole function, which may
contribute to the pathophysiology of glaucoma (13). It has also been
demonstrated that mice exposed to acoustic or chronic social defeat
stress develop impaired endothelial function in retinal arterioles
(185, 186). Measurement of vascular reactivity in different genetically
modified mice offers the possibility to analyze and to compare
different phenotypes leading to retinal vascular diseases. For example,
apolipoprotein E or endothelial nitric oxide synthase deficiency were
shown to cause endothelial dysfunction in mouse retinal arterioles
(187, 188).

Additionally, effects of pharmacological interventions on
arteriole reactivity have been tested performing transmitted light
microscopy in mouse retinal blood vessels. For example, protective
effects of betulinic acid following ischemia-reperfusion injury in the
mouse retina have been recently reported (189).

The translucent character of the isolated retina enables
visualization of retinal arterioles by the use of a transmitted light
microscope with high optical resolution up to the Abbe diffraction
limit between 200 and 300 nm when white light is used. Therefore,
depending on the vessels size, diameter changes of 1-3% are
detectable by this technique in the mouse retina (182). In contrast,
stereomicroscopic techniques are limited by their optical resolution,
which impedes the detection of small changes in vessel diameter
when no additional sophisticated devices, such as the Adaptive
Optics Scanning Light Ophthalmoscope or fluorescent dyes are
used (171, 190). Another advantage of the ex vivo setting is the
fact that anesthetics or changes in systemic blood pressure have
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Sketch of the retinal preparation for retinal blood vessel reactivity measurement by transmitted light microscopy. An isolated retina with the optic nerve
and the ophthalmic artery is fixed on a transparent plastic platform by a steel ring. To pressurize the retinal vasculature, the ophthalmic artery is
cannulated with a micropipette, which is connected to a reservoir filled with buffer solution. In the microscopic field, a retinal arteriole with luminal red

blood cells is visible. The arrows point to the vascular walls.

no influence on the measurement, which allows to draw clear
conclusions on local mechanisms of vessel diameter regulation.
However, a drawback of this self-developed technique is the long
preparation time of about 90 to 120 min by trained investigators.
When the preparation takes longer than 180 min, endothelial
function starts to decrease. Moreover, no more than three consecutive
concentration-response curves should be performed in the same
retinal preparation because more repetitions may reduce vascular
responsiveness. Another disadvantage of this technique is that it does
not allow for longitudinal studies in individual animals.

3. Conclusion

In conclusion, there are several methods to evaluate regulation
of retinal blood flow. For clinical application, dye-based angiography
is often used to characterize features of the retinal vasculature, such
as dye leakage. This method is very helpful for clinical monitoring
in patients with diabetic retinopathy or retinal vein occlusion to
evaluate ischemic fundus areas or dye leakage for initiation of further
therapeutic steps. Other methods, such as OCTA have good depth
resolution and allow for quantification of retinal blood flow by
using bidirectional Doppler OCT. Due to the possibility of having
precise anatomical information and measurement of retinal blood
flow in the same data set, these methods can be helpful for follow
up studies where morphological and quantitative data is required.
However, these measurements are limited to larger vessels and studies
in laboratory animals are limited. For metabolic imaging retinal
oximetry represents a suitable method that is also limited to larger
vessels and evaluation of capillary metabolism is not possible. To
analyze retinal blood flow in laboratory animals, including gene-
targeted mice, a higher spatial resolution is necessary. First-order
arterioles in the mouse retina have typically luminal diameters
between 20 and 30 wm. Ex vivo imaging of diameter changes by
transmitted light microscopy showed excellent results with high
optical resolution without the interference of blood pressure or
anesthetics. Diameter changes of 1-3% are detectable with this
method, depending on the vessel size. However, no longitudinal
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studies are possible with this technique and retinal preparation
can be challenging for unexperienced investigators. Laser Speckle
Flowgraphy represents a reliable method to evaluate total retinal
blood flow or blood flow of an individual vessel in vivo, which enables
longitudinal studies, also in small laboratory animals. However,
in vivo studies in animals have the disadvantage that anesthetics
or systemic blood pressure changes may influence retinal vascular
responses, which is a drawback when local mechanisms of vessel
diameter regulation are studied. Taken together, the individual
methods for studying regulation of retinal blood flow and vessel
diameter have their advantages and disadvantages. Hence, the best
method for a specific experiment should be chosen depending on the
objective of the study.
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