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Abstract

Retinal ischemia characterizes the underlying pathology in a multitude of retinal diseases that can ultimately lead to vision
loss. A variety of novel imaging modalities have been developed to characterize retinal ischemia by measuring retinal
oxygenation and blood flow in-vivo. These technologies offer valuable insight into the earliest pathophysiologic changes
within the retina and provide physicians and researchers with new diagnostic and monitoring capabilities. Future retinal
imaging technologies with the capability to provide affordable, noninvasive, and comprehensive data on oxygen saturation,
vasculature, and blood flow mechanics are needed. This review will highlight current and future trends in multimodal

imaging to assess retinal blood flow and oxygenation.

Introduction

Retinal hypoxia is implicated in a multitude of prevalent
retinal diseases that are potentially blinding. Impaired ret-
inal blood flow (RBF) and/or poor oxygenation are the
unifying factors that lead to the blinding complications seen
in the microvascular occlusive diseases (retinal artery and
vein occlusions) [1-4], diabetic retinopathy [5-8], retino-
pathy of prematurity [9], sickle cell retinopathy [10], and
glaucoma [11-13]. Because RBF and oxygenation are
physiological indicators of retinal ischemia that may often
precede the appearance of anatomical symptoms such as
microaneurysms or thinning of the nerve fiber layer, they
are early biomarker candidates for disease diagnostics.
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Monitoring these parameters may also be useful in the
surgical setting. Prolonged interventional procedures such
as vitreoretinal surgery may also subject the retina and optic
nerve to extended periods of ischemia potentially resulting
in long-term complications, secondary glaucoma, and visual
loss [14, 15]. Hayreh et al. have shown that retinal damage
is irreversible after 97 min of central retinal artery occlusion
(CRAO) [16]. Oz et al. have shown (in animal models) that
transient ischemia over shorter 5-10min periods also
induce retinal degeneration [17]. In particular, patients with
diabetic retinopathy (DR) experience significantly
decreased ocular blood flow following vitrectomy [18, 19],
which may contribute to the variable functional outcome
reported with vitrectomy [20-24]. Currently, the gold
standard for measuring retinal perfusion involves injecting a
fluorescent dye intravenously and then imaging the retina.
As the dye fills the vessels, it reveals the anatomical pattern
of blood vessels and demonstrates their filling patterns.
Other available methods to demonstrate retinal blood flow
include intraocular probes, laser doppler flowmetry, laser
speckle contrast imaging, retinal oximetry, and an adapta-
tion of optical coherence tomography (OCT) called OCT
angiography (OCTA). Because of widespread recognition
of the value of assessing the perfusion status of the retina,
there is significant research development activity seeking to
improve the reliability and usability of imaging technolo-
gies. There is now increasing interest in developing in-vivo
imaging techniques to study oxygen metabolism in the
retina.
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This is in part due to the fact that a number of diseases
result from a complex interaction of more than one
systemic pathology. Therefore, disease management can
benefit from an integrated approach to information pro-
cessing [25]. For example, the retina is an embryologic
derivative of the brain that retains direct anatomical
connections. Assessment of vascular status in the retina
is now known to provide information regarding the
vascular status in the brain [26-28], thus providing
insights into conditions with neurovascular symptoms/
aetiologies such as stroke [4, 29, 30], the vascular
dementias, and cognitive decline [31]. The eye also
represents an avenue to probe small caliber vessels
noninvasively for insights into overall vascular and
cardiovascular health [32-34]. The only other exposed/
directly accessible small caliber vessels are in the skin
where the circulation has multiple redundancies and is
particularly sensitive to highly variable factors such as
temperature and contact/pressure. Surrogacy of oph-
thalmic imaging is therefore gaining prominence as a
window into systemic cardiovascular health [35, 36], and
neurovascular health [26, 27]. At the present time cor-
relations between retinal vascular status and the inci-
dence of stroke have been shown [29, 37], as have
correlations between retinal perfusion and the stage of
Alzheimer’s disease [38, 39].

In this review, we aim to discuss the physiology under-
lying the distribution and consumption of oxygen in the
retina as well as examine the presently available techniques,
both invasive and noninvasive, that are used to study retinal
blood flow and oxygenation.

Background

The retina is a multilayered heterocellular organ that
lines the interior of the globe with predominantly
neural elements that are derived from the brain during
development. The retina is responsible for capturing and
converting light energy into neural impulses that travel
down the optic nerve axons to the brain’s visual cortex
for processing to produce visual images that are even-
tually interpreted by the frontal cortex. This complex
biochemical process requires a vast amount of cellular
energy, which is primarily derived from oxidative
metabolism coupled to ATP synthesis. Oxygen con-
sumption in the retina (on a per gram basis) exceeds that
of the brain and is the most metabolically active tissue in
the body [40, 41]. Such a high metabolic demand
necessitates a robust blood supply in order to provide
for tissue oxygenation and removal of metabolic
by-products [42].

The primary blood supply to the eye is the ophthalmic
artery, a branch of the internal carotid artery. The oph-
thalmic artery gives rise to the ciliary arteries and the
central retinal artery. The posterior ciliary arteries supply
the choroid. Oxygen-rich blood is able to diffuse from
the smallest choroidal vessels, termed choriocapillaries,
through Bruch’s membrane and the retinal pigment epi-
thelium to eventually reach the layer of photoreceptors in
the outer retina [3]. The human retina receives oxyge-
nation from two sources. The outer layer of the retina,
which contains the outer segments of the rods and cones,
is nourished by the choroidal vessels. The central retinal
artery in turn supplies the inner retina [3]. The oxygen
diffusion process described above is driven by a high
concentration gradient for oxygen and overlaps the mid-
retina [43]. The overlapping region in the retina where
oxygen from both the choroidal vessels and the retinal
arterioles is present represents an oxygen watershed
zone. Therefore, blood flow and oxygenation in different
regions of the posterior segment may offer clues to dif-
ferent conditions. For example, conditions like retino-
pathy of prematurity and diabetic retinopathy are known
to exhibit pathology in the peripheral retina first [44],
while assessment of glaucoma could benefit from and
assessment of perfusion of the optic nerve head and the
retinal ganglion cells [45].

Current methods
Dye-based angiography

The historical and present gold standard method for ima-
ging the retinal circulation is fluorescein angiography (FA).
Fluorescein sodium is a fluorophore with a long history of
being used in ophthalmology, having been reported in the
literature as early as 1930 [46]. This technique involves
injecting a fluorescein dye solution intravenously and then
taking sequential timed images of the retina [47]. The
movement of the dye through the vasculature over time can
reveal characteristic patterns (ex: dye leakage, pooling,
dropout, and staining) consistent with normal or impaired
retinal circulation.

Although at present FA remains the gold standard, it
does not provide excellent visualization of all of the retinal
capillaries and it fails to differentiate fluorescence from
overlapping structures. When combined with ultra wide
field imaging using instruments such as the Optomap
(Optos PLC, Marlborough, MA) it becomes possible to
observe leakage in the peripheral retina facilitating disease
management prior to the development macular pathology
[48]. The deeper capillary networks of the retina, especially
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Fig. 1 Optic nerve head and
peripapillary vascular
network. This image depicts a
fluoroscein angiographic image
(A) and optical coherence
tomography angiography image
(B) in the same region of the
right eye. Note the increased
definition of the radial
peripapillary capillary network
in image B. This image was
reproduced with permission
from Spaide et al. (2015) [46].

the radial peripapillary capillaries, are not visualized well by
FA (Fig. 1) [49]. This is due to the more rapid leakage of
fluorescein from fenestrated choriocapillaries, which
obscures deeper choroidal vessels [50]. Furthermore, FA
has been reported to be associated with potential adverse
effects such as nausea, vomiting, pruritis, cardiac arrest,
clonic seizures, and even death [51-53].

Indocyanine green dye (ICG) can also be used for retinal
angiography. Since being approved for clinical use in 1956,
ICG has been used for over 30 years systemically to cardiac
output and hepatic function and blood flow [54-56]. This
dye allows for better penetration of fluorescence through the
retinal pigment epithelium resulting in better delineation on
images of the choroidal vessels [50]. ICG does not diffuse
through the choriocapillaries as rapidly as fluorescein as it is
~98% bound to plasma proteins. This compares to fluor-
escein which is 60-80% bound to intravascular plasma
proteins [50]. Unlike fluorescein, ICG is cleared exclusively
by the liver. ICG is not as widely used as FA but systemic
reviews suggest it may have a better tolerability and safety
profile. While the incidence of mild and moderate adverse
reactions to fluorescein angiography is 1-10% [53] and
1.6%, respectively, the rate of mild adverse reaction to ICG
is reported to be as low as 0.15% [57] and 0.2% [57],
respectively. The incidence of death from anaphylaxis fol-
lowing injection of fluorescein injection is higher than ICG.
The rate of death after injection of fluorescein angiography
is reported to be 1:222,000 while the rate of death after ICG
injection is 1:333,333 [53, 57]. ICG is associated with
adverse reactions in patients with uremia and liver disease.
Use of ICG in pregnant women is controversial. ICG con-
tains iodine and should not be administered to patients with
definite iodine allergy.

A variation on FA involves injecting an oxygen-sensitive
dye into the blood stream. The dye is then illuminated with
light of a certain wavelength and the detected light provides
information on the oxygen concentration in the vicinity of
the dye [58, 59]. Unfortunately, this technique is only useful
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for animal studies as the oxygen-sensitive dye is not con-
sidered safe for human use.

OCT angiography

Another noninvasive approach to angiography, optical
coherence tomography angiography (OCTA), is a relatively
new imaging modality that involves acquiring consecutive
transverse cross-sectional optical coherence tomography
(OCT) scans and attributing the differences in the scans to
flowing blood. Thus, a map of perfused microvasculature is
constructed based on analyzing the decorrelation between
the two OCT data sets (Fig. 2) [60]. Due to its lack of
reliance on exogenous contrast agents, OCTA is rapid, safe,
and convenient, and its increasing adoption has contributed
to the growing recognition of the value of perfusion
assessment in the clinic [12, 61]. OCTA has been reported
to have excellent spatial resolution as it can produce
revealing visualizations of perfused microvasculature down
to the capillary level, permitting assessment of features such
as the foveal avascular zone (FAZ), the size of which has
been measured and correlated with disease status [62—-66].
The quest for developing quantitative metrics from OCTA
data that is useful as biomarkers for clinical disease has led
to the development and validation of automated means of
estimating vessel density or perfusion density, as well as the
area of the FAZ. Perfused vessel density measurements
have been shown to exhibit a mean coefficient of variation
(CV) of 6.72% by Lee et al [67], while Al-Sheikh et al.
report a CV of 5.2% for superficial retinal layers and 2.0%
for deeper retinal layers [68]. Inter-visit repeatability of
OCTA measurements in the optic nerve head region is also
high (CV <5.2%) as reported by Chen et al. [69]. Intra-
subject repeatability of automatically estimated FAZ area
has been reported to be high, as inferred from a mean CV
less than 2.66% across two operators, and ICC greater than
0.958 (0.905-0.982) across three devices [70]. OCTA and
OCTA-derived metrics do however have some significant
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Fig. 2 Comparison between a fluorescein angiographic image and
OCTA images of the Macula. This image depicts a fluorescein
angiographic image of the central macular region (A), OCTA image of

limitations. Vessel density is not a scale invariant metric,
susceptible to confounding effects of vessel diameter. The
duration of image acquisition makes OCTA susceptible to
motion artifacts [49], and limits its temporal resolution,
which also implies that output perfusion data is aggregated
over the pulsatile rise and fall of blood flow within a cardiac
cycle. High-speed OCTA using a swept source has resolved
blood flow fluctuations through averaging over an extended
period of time [71]. Other advances in OCT angiography
include prototypes that enable use in a handheld config-
uration [72, 73].

Probes

Oxygen-sensitive probes can be inserted into the vitreous
cavity and gather information from directly above the retina,
or even penetrate the retina [3]. Preretinal measurements of
the partial pressure of oxygen are thought to represent the
oxygenation status of the inner retina [74, 75]. This is
because the vitreous body has no blood vessels and nor-
mally has a low level of oxygen consumption [74]. There-
fore, the partial pressure of oxygen (PO,) in the vitreous
body is primarily determined by the PO, in the surrounding
tissues. Studies have shown that the PO, is highest in areas
closest to the retina and lowest in central parts of the vitr-
eous closest to the lens [74]. This oxygenation distribution
infers that oxygen not consumed by the retina diffuses from
the retina toward the lens. Thus, the PO, in the area of the
vitreous closest to the retina depends mainly on the mean
PO, in the innermost layer of the inner retina [74]. The two
types of probes in use today include one containing an
oxygen-sensitive polarographic electrode and another con-
taining an oxygen-sensitive dye.

The oxygen-sensitive dye is traditionally composed
of a metalloporphyrin (ex: palladium-mesotetra-(4-carbox-
yphenyl)-porphyrin) [3]. Notably, this dye is distinct from

the inner retinal vascular plexus (B), and OCTA image of the outer
plexus (C). This image was reproduced with permission from Spaide
et al. (2015) [46].

the unsafe injected dye mentioned in the angiography sec-
tion above. When the tissue of interest is illuminated, light
is absorbed by the dye exciting its electrons into the triplet
state. Electrons in the triplet state then return to the ground
state either by light emission or by transferring the energy to
other molecules in a process called quenching. In vivo, the
primary quenching agent is oxygen [76]. The molecular
interaction between the quencher (oxygen) and the lumi-
nophore (porphyrin dye) is termed collisional quenching
and the quenching rate is diffusion limited [77]. Although
the mechanism by which oxygen quenches luminescence is
not completely understood, one hypothesis suggests that the
oxygen causes the luminophore to cross into the triplet state
while molecular oxygen goes to the excited state and then
returns to the ground state [78]. The result of this interaction
is the formation of singlet oxygen ('0,), which demon-
strates that energy transfer has occurred [77]. In addition,
the quenching mechanism can happen through the transfer
of electrons [77]. Regardless of the mechanism of colli-
sional quenching, the kinetics of this reaction can be
described by the Stern-Volmer equation:

I
70 = T?O =1+ qu()p02 =1+ K,p0O,

In this equation, I and I are the luminescence intensities
in the presence and absence of the quencher, T and 7 are the
lifetimes of the luminophore in the presence and absence of
the quencher, kq is the biomolecular quenching constant,
and K, is the Stern-Volmer quenching constant [77]. The
Stern-Volmer relation can be used to calculate the con-
centration of oxygen from the intensity of the emitted light
or from the lifetime of the triplet state [76].

The electrode-tipped probe gathers data through an
electrochemical reaction that requires oxygen as a
substrate. This oxidation-reduction (redox) reaction
can be described by the following: O, + 2H,0 +4e™ —
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40H™ and 4Ag +4Cl" — AgCl + 4e”~ which take place at
the probe’s cathode and anode, respectively. It is impor-
tant to note that this equation represents the reaction that
takes place at the silver reference wire as described by
Stefansson et al in 2005 [75]. Probes tipped with other
elements will exhibit different redox reactions. The rate of
the reaction depends on the concentration of dissolved
oxygen in the area surrounding the probe. The electrode
measures a current and this current can then be correlated
to a certain oxygen concentration [3]. This technique
requires the electrode to be calibrated in solutions of
known PO, levels. There is a linear relationship between
the electrode current and the measured PO, for PO, values
between 0 and 200 mm Hg [74]. The current is produced
by the electrochemical reduction of oxygen at the active
surface of the electrode [74].

The downside to using probes is that their size restricts to
use in patients who are undergoing vitrectomy. To obtain
oxygen measurements intraoperatively, the probe needs to
be calibrated in a balanced salt solution before each set of
measurements is taken [79, 80]. Then the probe is intro-
duced into the vitreous cavity. The oxygen measurements
are obtained by holding the probe in place until constant
values are recorded. Measurements are often taken in the
mid-vitreous cavity and pre-retinal vitreous [80]. The vitr-
eous is avascular and acts as a diffusion medium with little
to no oxygen consumption [75]. Therefore, the oxygen
tension in the vitreous body represents the oxygen con-
sumption in the surrounding tissues. Importantly, it is not
possible to position the probe directly behind the lens
capsule in patients with phakic eyes due to the risk of lens
damage [79].

Noninvasive laser-based imaging

Laser Doppler Velocimetry (LDV), also called laser doppler
flowmetry, is a noninvasive method used to measure the
blood speed in retinal vessels using the Doppler effect [81].
Laser light incident on and returning from a moving particle
experiences a shift in frequency that is proportional to the
velocity of the moving particle [82], and can be measured
using interferometric means. While LDV can produce
images of retinal blood speeds with a high temporal reso-
lution [83, 84], its spatial resolution is limited by the
resolution of interferometric detectors. A severe limitation
of LDV has been its poor repeatability of measurements
with CV ranging from 4.8 to 39.7% (median 19.9%) [85].
Doppler-based assessment of ocular blood speeds has been
most effectively used in combination with OCT (Doppler
OCT) [86-88] or ultrasound called Colour Doppler Imaging
or CDI [89-91] wherein the Doppler signal depicted in
pseudo-colour is overlaid on the available structural data.
Because the Doppler-based frequency shift depends on the
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relative orientation of the moving particle and the path of
light, a three beam configuration has been developed to
simultaneously eliminate this dependence and obtain the
blood velocity vector as opposed to just the blood speed
[86].

The authors have personal experience in developing and
applying laser speckle contrast imaging (LSCI). LSCI is a
noninvasive wide field optical imaging scheme that
leverages a different phenomenon associated with high-
coherence lasers, namely speckle production [92]. When the
retina is photographed under laser illumination, erythrocyte
motion causes a blurring effect in the speckle pattern at the
camera sensor [93]. Such blurring effect can be computa-
tionally analyzed to infer the rate of blood motion by
computing a parameter called speckle contrast, defined at a
location as the CV of pixel intensities in the location’s
spatio-temporal surroundings [94, 95]. Spatio-temporal
surroundings refers to pixels in a spatial window around
the location within the same image frame or in adjacent
image frames acquired sequentially [96]. Therefore, LSCI
also reveals perfused blood vessels with high contrast
because of the differences in orderly vascular blood flow
and the lack thereof in non-vascular tissue [97]. LSCI has
been used to image ophthalmic circulation since 1982 [98],
and an instrument called LSFG-NAVI (Softcare Co. Ltd.,
Fukuoka, Japan) has been extensively used to assess the
role of LSCI-based mean blur rate in healthy and diseased
eyes [1, 99-101]. Recently, a new instrument called the
XyCAM RI (Vasoptic Medical, Inc., Baltimore, MD)
developed by (AR) has been introduced that produces
reliable measurements of blood flow velocity indices
(BFVi) within a circular field of view of 25 degrees with a
superior temporal resolution of 82 frames/second for up to
6 seconds [102]. In the authors experience, repeatability and
reproducibility of BFVi measurements has been reported to
be high in vessel segments, foveal region, and standard
regions around the fovea [103]. The high temporal resolu-
tion facilitates visualization and analysis of RBF dynamics
as it fluctuates between a dip and peak value corresponding
to the diastole and systole of a cardiac cycle (Fig. 3) [104].
LSCI permits differential assessment of blood flow patterns
in retinal arteries and veins (Fig. 3) [102, 105-107]. If LSCI
data sets of multiple fields of view are acquired rapidly in
succession, it also becomes possible to generate reliable
wide-field montages of RBF dynamics [108]. LSCI tech-
nology is particularly exciting also because the instru-
mentation is amenable to miniaturization and cost
effectiveness [109], and also practical for use in a handheld
configuration as has been shown by Rege et al [97]. As a
non-scanning full-field technique comprising high speed
image acquisition, LSCI permits spatial/regional assess-
ments with low susceptibility to motion artifacts.
LSCI utilizes narrow band laser illumination with peak
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Fig. 3 Imaging of retinal blood flow dynamics with high temporal
resolution using laser speckle contrast imaging by the XyCAM RI.
The XyCAM RI produces complementary visualization of vessel
morphology (A), and a dye-free angiogram (B). C, D The XyCAM RI
data obtains blood flow velocity index (BFVi) at a high temporal
resolution that can be aggregated over the entire field of view or within

wavelength in the near infrared spectrum which reduces the
risk of phototoxicity at the retina and facilitates imaging
without pupillary constriction or patient discomfort.

In the authors experience, limitations of LSCI are the
following. Use of LSCI is limited to obtaining en-face
blood flow and as a two-dimensional technique, it is unable
to resolve blood flow along the depth dimension. BFVi
captures the effect of blood speed as well as blood vessel
diameter as information captured by the two-dimensional
camera sensor represents blood motion aggregated from the
depth of focus. By integrating BFVi along the en-face
diameter of a vessel, it becomes possible to estimate blood
flow rates [110]. Furthermore, LSCI-based outputs (MBR
and BFVi) provide estimates of blood flow as opposed to
absolute values [111]. However, these estimates are repea-
table and reproducible, thus make it possible to compare
these values. As in the case of OCTA, normalized metrics
available from analysis of the blood flow waveform provide
additional comparison metrics [13, 100, 102].

Two techniques have reported in vivo measurements of
absolute blood flow in the retina. One is the Retinal Function
Imager or RFI (Optical Imaging Ltd., Rehovot, Israel), which
computes blood velocity by tracking erythrocytes in a
sequence of 8 fundus camera image frames obtained under
bright green illumination. Repeatability of RFI measurements
has been reported to be good by some investigators while
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others have found it lacking [112, 113]. In addition to a bulky
form factor and a hefty price tag, adoption of RFI in the clinic
has been limited possibly because of the discomfort asso-
ciated with maintaining a steady gaze over almost 125 mil-
liseconds of intense green illumination. The other technique
of absolute blood flow measurement is called Erythrocyte
Mediated Angiography (EMA) and involves the ex vivo
labeling of erythrocytes by a fluorescent dye and their re-
introduction into the blood stream for tracking and flow
estimation purposes [114, 115]. Automated tracking of
fluorescent particles permits a nuanced assessment of velo-
city and flow and is easier to quantify in capillaries than in
larger vessels [116, 117]. While both RFI and EMA directly
track erythrocytes and therefore could be contemplated as
absolute indicators of velocity, the accuracy of flow mea-
surement depends on the success of tracking algorithms as
well as the fractional concentration of erythrocytes detected
for tracking among all erythrocytes flowing in the vessel
segment at a given time.

Absorption-based techniques for oximetry
Dual wavelength oximetry

Spectrophotometric retinal oximetry provides a noninvasive
measurement of oxygen saturation in the retinal vessels.
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The principal underlying this technique is based on the
difference in the wavelength absorption of oxyhaemoglobin
and deoxyhaemoglobin. Conventional techniques used to
perform retinal oximetry utilize white light illumination of
the fundus with the subsequent image then being split and
filtered with light filters for spectrophotometric analysis.
Currently there are 2 commercially available systems:
OxymapT1 (Oxymap, Reykjavik, Iceland) and the Dynamic
Vessel Analyzer (Imedos Systems GmbH, Jena, Germany)
[118, 119]. Both commercial units use conventional fundus
cameras and dual wavelength analysis. These dual wave-
length retinal oximetry systems have been used to study
diabetic retinopathy, glaucoma, and retinal vascular occlu-
sion but have not yet entered mainstream practice due to
clinical relevance, lack of normative values, and required
manual correction [120-122].

Multispectral oximetry analysis Other approaches to ret-
inal oximetry have used multispectral analysis. Traditional
digital images produce very limited spectral information
registering images as only monochromatic or trichomatic
(red, green, blue) light as reflected by the retina structures.
Hyperspectral imaging (HSI) overcomes these limitations
by capturing information from multiple wavelengths
beyond the traditional trichromats and generates a four
element hyperdimensional cube: two dimensions for spatial
data, a third dimension for wavelength bands, and a fourth
dimension that corresponds to the absorbance and reflec-
tance at each wavelength. HSI has the ability to collect
information from 10 to hundreds, that is, a continuum of
wavelength bands whereas multispectral imaging typically
refers to 3—10 discreet bands of wavelengths [123]. The
hyperspectral cube analyzes reflected light captured by the
spectrometer. HSI collects substantially more information
than conventional fundus imaging but its use is considered
to be emerging. In the usual set-up, a light source emits light
at the retina which is then partly reflected and transmitted
from the retina. The reflected or transmitted light is then
captured by a detector which is commonly a charge coupled
device (CCD). Most cited ex vivo microscopy techniques
use the transmittance mode meaning the detector captures
light that is transmitted through the retina. In-vivo imaging
using reflectance mode meaning the light reflected from the
retina surface is captured by the detector. To capture the
multiple wavelengths several, bandpass filters designed to
allow selected ranges of wavelengths to be transmitted
while reflecting others [123]. Bandpass filters such as liquid
crystal filters or prism grating prism arrays separate the
wavelengths into a “rainbow” of distinctly separated col-
ourcolours. Another approach involves using different
wavelengths (ranging from visible to near infrared to spe-
cific wavelengths) to illuminate the retina. Despite the dif-
fering approaches of illuminating and filtering wavelengths

SPRINGER NATURE

of light, all of these setups share a commonality in the
generation of a hyperspectral cube which contains spectral
information for each spatial dimension. Oximetry data is
calculated by taking the ratio of the optical density (one
sensitive to saturation and the other isosbestic) using a
formula which removes the incidental outliers [124] or by
using the Beer Lambert law for several wavelengths [60].

A recent article by Lemmens et al, describes HIS’s
application to ophthalmology to be still in early development
[123]. There are still significant challenges before his technique
can gain wide acceptance. First, HSI setups are not uniform and
most clinical case reports represent proof of concept. As a
result of lack of uniformity, there is no normative database.
Second, HSI contains artifacts that may limit its use: Stokes
shift, spatial resolution, and ocular movement.

Multispectral imaging has established applications
beyond ophthalmology to other medical fields such as
dentistry and histopathology to aerial mapping. An emer-
ging application of MSI is to visualize each layer of the
retina. MSI uses light emitting diodes (LED) which contain
a broad spectrum of wavelengths to visualize each layer of
the retina and the choroid, which requires a longer
wavelength [125]. Spectral filters deliberately separate the
wavelength of the LED to examine the tissue via differential
scatter, reflection, and absorption. The short wavelength of
LED is used to study the anterior retinal layers of the retina.
This is advantageous when studying the internal limiting
membrane layer of the retina which will appear nearly
invisible under white light. Medium wavelengths, enable
visualization of the mid retina and are especially helpful for
identifying hemorrhages, drusen, exudates, and neovascu-
larization. Longer wavelengths, allow visualization of the
retinal pigmented epithelium and choroidal structures and
clinical characterization of subretinal and intraretinal
hemorrhages, photoreceptor loss, choroidal nevi, and
choroidal melanoma. The discrete LED and filters of MSI
enable visualization of in-vivo layers of the retina that is not
possible with traditional monochromatic spectral imaging.

Discussion

Primary retinal diseases as well as systemic diseases known
to affect the retinal vasculature such as diabetes can be
diagnosed and monitored for progression by assessing the
morphology and physiology of the retinal vasculature. At
this time, the technologies available to measure retinal blood
flow mechanics can be divided into those that are invasive
and those that are noninvasive and depend on advanced
imaging techniques and lasers. While invasive techniques
such as intraocular probes and fluorescein angiography can
provide accurate data about retinal oxygenation and the
retinal vasculature respectively, their utilization must be
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weighed against the potential iatrogenic effects associated
with invasive procedures. Noninvasive technologies can be
divided into the type of illuminating light used and filters
applied. The illuminating light can be utilized to examine
specific layers of the retina (inner, middle, outer), The type
of filter applied can provide depth resolved tissue analysis
and obtain information pertaining to retinal oxygenation.
Improvements in each of these technologies are still neces-
sary in order to visualize the anatomy of the entire relevant
retinal vasculature, measure blood flow through it, and
assess the resulting retinal oxygenation with either one
comprehensive technique or the coordination of multiple
technologies. Newer technologies that rely on scanning in
the spatial or spectral domains have longer data acquisition
time which makes these techniques susceptible to artifact
generated by normal eye saccades, corneal dryness, outlier
post processing artifacts, eventually requiring time-
consuming manual review and correction. Larger studies
are required to establish a normative database for clinical
usefulness. With advances in high-speed computing, global
efforts in sharing of large clinical databases, and analytical
techniques based on machine learning and other artificial
intelligence methods, these limitations are expected to be
addressed in the near future.

Conclusion

Retinal tissue is the most metabolically active tissue in the
body and requires a constant supply of nutrients and oxy-
gen. Blood flow to the retina can be compromised by a
variety of prevalent retinal conditions as well as systemic
pathologies. A retina that receives suboptimal perfusion for
an extended period is susceptible to irreversible ischemic
damage, and even reperfusion following a significant
ischemic period can create additional retinal injury. The
result is retinal damage that in worst cases leads to per-
manent blindness. A variety of techniques are currently
employed to gather data not only on the anatomy of the
retinal vasculature but also on the perfusion dynamics. Each
technique yields specific data types and often, multiple
techniques are used collaboratively to provide a more
detailed picture of retinal blood flow. The ideal imaging
technology will have the functionality to measure oxygen
saturation, provide dynamic retinal blood flow measure-
ments, and be able to image the entire retinal tissue volume.
Technological advances are being made at an unprece-
dented pace as an affordable, noninvasive view of the
architecture of the retinal vessels combined with quantifi-
able data on both retinal hemodynamics and oxygenation
can be an asset not only to an ophthalmologist but even-
tually to a primary physician for systemic cardiovascular
health insights.
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