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Similar to other organs, the retina relies on tightly regulated perfusion and oxygenation.
Previous studies have demonstrated that retinal blood flow is affected in a variety of
eye and systemic diseases, including diabetic retinopathy, age-related macular degen-
eration, and glaucoma. Although measurement of peripheral oxygen saturation has
become a standard clinical measurement through the development of pulse oximetry,
developing a noninvasive technique to measure retinal oxygen saturation has proven
challenging, and retinal oximetry technology currently remains inadequate for reliable
clinical use. Here, we review current strategies and approaches, as well as several newer
technologies in development, and discuss the future of retinal oximetry.

Introduction

Blood flow to the retina is tightly regulated in order
to maintain adequate oxygen supply for metabolic
functions. Retinal blood flow has been shown to be
affected in a variety of eye and systemic conditions
involving ischemic and degenerative mechanisms, such
as diabetic retinopathy,1,2 age-related macular degen-
eration,3 vascular occlusions,4 and glaucoma.5 Studies
showing the central role of oxygenation in the patho-
genesis of these diseases have led to the development of
methods to better evaluate oxygen saturation in normal
and diseased fundi.

Different strategies have been employed to estimate
oxygen delivery and saturation in a variety of organ
systems, ranging from insertion of microelectrodes
in the examined tissue to reflectance spectrome-
try.6 Several of these techniques suffer from practi-
cal limitations, many of which are detailed below,
and consequently retinal oximetry has not been
incorporated as a routine clinical measurement.
Effectively, only direct gasometrical analysis of

arterial blood and transcutaneous pulse oximetry
remain in use, whereas organ-directed modalities,
such as retinal oximetry, have proven to be more
challenging.

Retinal oximetry is defined as a direct, non-invasive
imaging technique that allows for the assessment
of retinal blood vessel oxygen saturation. By apply-
ing optical principles similar to those used in pulse
oximetry, current techniques estimate oxygen levels
in the major inner retinal vessels (arterioles and
veins visible in fundoscopy) with the aim of being
utilized as a standardized parameter of perfusion.
Currently, although various devices are being evalu-
ated in research studies, as detailed below, additional
data demonstrating clinical usefulness are necessary
to justify utilization of retinal oximeters in clinical
decision-making. Recent technological advances have
allowed the development of automatic retinal oxime-
try, which may enable the use of this technology in
ophthalmic clinical practice in the future. Here, we
review previous strategies and products and newer
technologies in development, and we discuss the future
of development.

Copyright 2021 The Authors
tvst.arvojournals.org | ISSN: 2164-2591 1

This work is licensed under a Creative Commons Attribution 4.0 International License.

mailto:daniel.chao3@gmail.com
https://doi.org/10.1167/tvst.10.2.5
http://creativecommons.org/licenses/by/4.0/


Advances in Retinal Oximetry TVST | February 2021 | Vol. 10 | No. 2 | Article 5 | 2

Previous and Current Strategies

As previously reviewed by Beach,7 the early path
to retinal oximetry was based on the tissue measure-
ments that preceded it. Optical assessments of blood
oxygen saturation are possible due to the distinct
optical properties of oxygenated and deoxygenated
hemoglobin, each of which absorbs different amounts
of light at most wavelengths. At isosbestic wavelengths
(e.g., 570 nm), absorbance of hemoglobin is not sensi-
tive to oxygen saturation. The optical density can be
computed by measuring the light returned just outside
of a vessel and then calculating the brightness inside of
the blood vessel, with the assumption that the decrease
in brightness within the blood vessel is due to absorp-
tion of light by blood.8 The optical density ratio (ODR)
is calculated using the ratio of ODs at two wavelengths
and has been demonstrated to have an inverse and
approximately linear relationship to oxygen satura-
tion in the retina.9 Because of this spectrophotometric
principle, multi-wavelength optical imaging is a power-
fulmethod to estimate the oxygen levels in retinal blood
vessels. An important consideration of this method is
that oximeters using the multi-wavelength approach
must be calibrated to calculate the conversion from
ODR to oxygen saturation (see Hardarson et al.8).
However, several factors can influence the accuracy of
this calibration, such as fundus pigmentation and vessel
size (see below); as a result, this calibration is not always
perfect and can theoretically lead to measurements
below 0%or exceeding 100%. Therefore, the calibration
of devices, as well as the use of different correctional
algorithms by retinal oximetry manufacturers, must
be considered when comparing results across different
patient populations or retinal oximetry products.

In 1959, Hickam et al.10,11 first reported measure-
ments of oxygen saturation in the human retina.
Briefly, they took fundus photographs using a beam-
splitting device allowing for simultaneous exposures
at two wavelengths, thus allowing for the compu-
tation of ODR. In 1988, François Delori12 devel-
oped a three-wavelength retinal oximetry method, in
which retinal oxygen saturation was determined by
the optical density of a blood vessel at three differ-
ent wavelengths (558, 569, and 586 nm). Two oxygen-
insensitive wavelengths were used to internally calibrate
the system, and the third wavelength was sensitive to
oxygen saturation. Delori compared in vivo measure-
ments of oxygen saturation to in vitro measurements
and found that this technique was most accurate when
the true oxygen saturation was 50% to 100%, but it
overestimated oxygen saturation when the true level
was <50%. A four-wavelength device similarly found
that the error in measured oxygen saturation increased

Figure 1. Light absorbance coefficients for oxyhemoglobin (red
line) and deoxyhemoglobin (blue line) at the isosbestic (570 nm)
and non-isosbestic (600 nm) operatingwavelengths for the Oxymap
T1 system. Reproduced with permission from Eliasdottir.121 © 2018
Acta Ophthalmologica Scandinavica Foundation. Published by John
Wiley & Sons Ltd, based on data from Zijlstra et al.122

from ±4% at 83% to ±52% at 0% oxygen satura-
tion.13 Adaptation of the three-wavelength model to
digital cameras led to the implementation of a dual-
wavelength approach. Similar to the three-wavelength
method described above, an image splitter is attached
to a fundus camera, and images of blood vessels are
recorded using a pair of wavelengths combinations, one
O2-sensitive and another O2-insensitive. As detailed
below, multiple products that calculate retinal oxime-
try using the dual-wavelength method are currently
commercially available and have been used in several
clinical investigations.

Current Products

There are currently twomain commercially available
systems that are used for retinal oximetry: the Imedos
Vesselmap (Imedos Systems GmbH, Jena Germany;
founded in 1996) and the Oxymap T1 (Oxymap ehf,
Reykjavik, Iceland; founded in 2002). The Oxymap
T1 retinal oximeter, which has thus far been used
in the largest number of clinical investigations, has
been the focus of a number of validation and clinical
studies. The device, which uses two digital cameras and
one fundus camera, produces fundus photography in
which color-coded outlines of segments of the vascu-
lar tree, manually selected by the examiner, indicate the
measured oxygen saturation of each artery and vein.14

The Oxymap system utilizes the dual-wavelength
approach (approximately 570 and 600 nm) (Figs. 1,
2) and has been tested in a variety of clinical
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Figure 2. Fundus images registeredbyOxymapT1. (A) Color-codedoximetry vesselmapgenerated using split captures at the (B) isosbestic
(570 nm) and (C) non-isosbestic (600 nm) wavelengths. Arterioles appear in red–orange hues and correspond to O2 saturation levels of 90%
to 100%; venules are colored in blue–green, representing oxygenation in the range of 25% to 50%. Images were provided by Oxymap.

conditions. Since its release, the Oxymap has been
used by clinical researchers around the world to
measure changes in retinal oximetry in a number of
diverse ocular diseases such as diabetic retinopathy,15
glaucoma,16,17 retinitis pigmentosa,18,19 retinal vein
occlusion,20 cataracts,21 age-related macular degen-
eration,22 ocular trauma,23 optic neuritis,24 post-
surgical status,25,26 high myopia,27 Graves ophthal-
mopathy,28 and other systemic conditions such as
diabetes without retinopathy,29 chronic obstructive
pulmonary disease,30 myeloproliferative diseases,31
Alzheimer’s disease,32 and multiple sclerosis.33

The Oxymap T1 device has shown consistency
in normative studies, with the standard deviation of
repeated measurements of the same vessel segments
measured to be 1.0% in arterioles and 1.4% in venules
in a study of 26 healthy patients 18 to 30 years of
age.34 However, in the absence of ground truth, these
results fail to address the accuracy of the measure-
ments, which are limited to vessels and do not address
the oxygenation in capillary adjacent areas or anatom-
ical landmarks such as macula and optic disc, where
early diseases manifest. Since the introduction of the
Oxymap T1, several studies have been conducted in
healthy patient populations (several of these studies
are listed in Table 1). Notably, comparison of different
studies reveals variation in oxygen saturation measure-
ments across different races (Table 1). These differ-
ences may be due to methodological differences across
studies, as the largest studies to date have each included
patients of the same ethnic background.35–38 However,
these differences may also be due to differences in the
degree of fundus pigmentation, which has been demon-
strated to influence retinal oximetry measurements as
described above.

The dual-wavelength strategy of measuring retinal
oximetry has also been applied in the Imedos Systems
Dynamic Vessel Analyzer (DVA),39,40 which incorpo-
rates the Retinal Vein Analyzer (RVA) software and is
commercially available for reproducibility research and
clinical applications. The DVA module operates on the
same spectral principles of oxygenated and nonoxy-
genated hemoglobin to assess arterial and venous
saturation but uses different wavelength cutoff values
(610 and 548 nm). The Imedos machine, which is
comprised of a fundus camera and a video device,
simultaneously captures two fundus pictures and
further analyzes retinal oxygen saturation by ratio
comparison.39 By generating a single full field image,
the Imedos oximeter offers the theoretical advantage
of avoiding distortions created by methods with image
splitters.

The performance of theDVA system has also shown
acceptable reproducibility in healthy subjects, with
more reliable measurements in retinal venules than
arterioles. In a study that included eyes with glaucoma
and inherited retinal conditions, more than twofold
increased variability in venous oximetry was observed
in healthy controls, suggesting more reliable oxygen
saturation measurement on the arteriolar level.40 One
possible explanation for this observation is that this
may be due to larger physiological fluctuations in
venous oxygen saturations. The authors also pointed
out that venules are darker than arterioles, and there-
fore an equal absolute change in brightness may result
in a larger relative change in calculated venous oxygen
saturationmeasurements. Notably, the vast majority of
studies listed in Table 1, which include multiple retinal
oximetry techniques and devices, have larger standard
deviations on their venular measurements, indicating
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Table 2. Summary of Commercially Available Two-Wavelength Retinal Oximetry Systems118

Name
(Manufacturer) Components Fundus Camera Integrated Cameras Light Wavelengths

Mean
Retino-Vascular OS

(SD)
Minimum Vessel

Diameter
Additional
Functions

Oxymap T1
(Oxymap ehf,
Reykjavik,
Iceland)

Fundus camera, two
digital cameras,
Oxymap Analyzer
software

TRC-50DX (Topcon
Corporation,
Tokyo, Japan)

Insight IN1800, 1600
× 1200 square
pixels (Diagnostic
Instruments Inc.,
Sterling Heights,
MI)

600 nm and 570 nm Arterioles: 98%
(3.9%)
Venules: 65%
(4.1%)

74 μm —

Dynamic Vessel
Analyzer (Imedos
GmbH, Jena,
Germany)

Fundus camera,
digital camera,
RVA software

FF450 (Carl Zeiss
Meditec, Jena,
Germany)

HV-C20A (Hitachi,
Ltd., Tokyo,
Japan)

610 nm and 548 nm Arterioles: 92%
(2.7%)
Venules: 55%
(5.6%)

90 μm Static vessel
analyzer, vessel
dilatation with
flicker

that this finding is not isolated to the DVA system. The
DVA and Oxymap systems are compared in Table 2.

Limitations of Current Technology

Studies of the dual-wavelength method have shown
that several factors, including retinal and choroidal
pigmentation, vessel size and thickness, linear blood
flow velocity, and retinal nerve fiber thickness, can
affect the accuracy of oxygen saturation measure-
ments. Many of these limitations stem from the fact
that fundus cameras capture two-dimensional images
that introduce several artifacts, such as the influence
of pigmentation. These limitations, discussed below,
have prevented the widespread adoption of retinal
oximetry as it currently stands, necessitated the imple-
mentation of correctional algorithms, and ultimately
spurred the development of new techniques. Several
of the newer technologies in development make use
of three-dimensional imaging techniques that reduce
the impact of many of these artifacts. However, these
pitfalls are important to consider when interpreting the
results of current retinal oximetry literature, as they can
serve as confounding factors in each of the respective
studies.

One limitation of the dual-wavelength oximetry
technique is the “central vessel reflex,” in which some
vessels can have a hollowed appearance with the
central portion of the vessels appearing brighter than
the peripheral sections. This effect is pronounced
in younger individuals and longer wavelengths.
Narasimha-Iyer et al.41 described an algorithm that
can detect the central vessel reflex that can potentially
be used to improved future dual-wavelength oximeters.
Previous studies have accounted for this reflex by using
a correctional algorithm that averaged the lowest 50%
of pixel values inside of blood vessels.42 However,

the inability to accurately measure oxygen saturation
in the central portion of vessels may lead to inaccu-
rate measurements. Furthermore, three-dimensional
techniques, as described below, are not affected by this
limitation.

A study by Hammer et al.43 demonstrated that
venous SO2 values can range from 74.1% ± 6.6%
for individuals with blue irises to 61.7% ± 9.9% for
those with brown irises, demonstrating the effect of
retinal pigmentation on oxygen saturation measure-
ments. AMonte Carlo simulation of photon transport
in the retinal vasculature using six optical wavelengths
demonstrated that the reliability of oxygenation values
decreased with increasing vessel size and melanin
concentration.44 Notably, this simulation showed that
the relative error of the measured oxygen saturation
could be as high as 20% at the highest melanin concen-
tration simulated (8 mmol/L). Similar to the exper-
imental results of Hammer et al.43 described above,
a Monte Carlo simulation of the dual-wavelength
method performed byRodriguez et al.45 also found that
vessel saturation was underestimated when melanin
concentration was lower and overestimated when
melanin concentration was higher.

In the abovementioned study by Rodriguez et al.,45
the authors reported the effects of several factors,
including incorrect calibration assumptions (of the
relationship between ODR and oxygen saturation)
and vessel diameter. Notably, in their simulation, the
error in calculated oxygen saturation approached 15%
as vessel diameter approached 200 μm. The authors
demonstrated that this error could be reduced signif-
icantly using a correction previously described by
Geirsdottir et al.14 However, this correction works
best for vessel diameters close to the diameter
used to calibrate the correction. Consequently, both
Oxymap and Imedos (introduced below) have added
software to correct for retinal vessel diameter to their
products.46
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Additional factors have been demonstrated to affect
retinal oxygen saturation measurements with dual-
wavelength imaging. Mohan et al.47 studied the corre-
lation of the retinal nerve fiber layer and found
a strong positive correlation between perivascular
RNFL thickness and concluded that, if artifactual
instead of physiological, it may necessitate a correc-
tional algorithm. Patel et al.48 simulated light scatter
imposed by cataracts using a poly-bead solution
and found that light scatter resulted in an artifac-
tual increase in venous ODR. Jeppeson and Bek49
demonstrated that measured oxygen saturation was
strongly correlated with linear velocity of the blood
(as measured by Doppler optical coherence tomog-
raphy [OCT]). Similar to the above studies on blood
vessel diameter, they demonstrated that the applica-
tion of correctional algorithms can reduce the size
of the artifact. Although the authors of these studies
concluded that under ideal circumstances the oxygen
saturation values calculated by their algorithm were
very close to the true value, the study also demonstrated
the errors introduced by multiple factors and the need
for correctional algorithms.

It is important to note that, although these correc-
tive algorithms improved the accuracy of measure-
ments under ideal circumstances, current retinal oxime-
ters provide only an estimation of retinal oxygen
saturation. These techniques can result in errors, as
illustrated by measurements that exceed 100% oxygen
saturation (see Table 1), which is theoretically impossi-
ble. Additional research with newer oximeters and the
new technologies described in this review is necessary
to demonstrate their reliability at all saturation levels
and across a diverse patient population, particularly
when they are used in venules and diseases that result
in decreased oxygen saturation. These limitations are
essential to consider when interpreting the experimen-
tal studies described below.

When assessing the potential of a new clinical
imaging technique, it is imperative to consider clini-
cal applications. As discussed below, retinal oxime-
try has been demonstrated to be affected in a variety
of clinical conditions; however, these studies rely
on averaging several subjects with the disease in
question in comparison to an average of control
subjects. Although statistically significant differences
can be shown in the averages, there are occasional
subjects with retinal diseases that have normal retinal
oximetry and, similarly, healthy control subjects with
decreased retinal oxygen saturation. As they stand,
these studies can certainly provide important insight
into disease pathophysiology; however, in the absence
of a reliable ability to diagnose or track disease
progression, the applications of retinal oximetry have

remained academic and have not become clinically
pertinent.

Newer Approaches

In order to overcome the limitations of multi-
wavelength fundus photography, several new technolo-
gies have been in development, including photoacous-
tic ophthalmoscopy, visible light optical coherence
tomography, and hyperspectral imaging. Each of these
promising new technologies is described below. Table 3
summarizes the advantages and limitations of each of
the technologies described.

Hyperspectral Imaging

Hyperspectral imaging (HSI) uses a hybrid strat-
egy that combines imaging and spectroscopy for the
analysis of tissue morphology and function. In HSI,
spectral information is added to each pixel of a
two-dimensional spatial image to generate a three-
dimensional “data cube.”50 Medical HSI covers a
spectral range from visible to near-infrared light and
operates on the reflectance mode in the majority of the
machines.51

Importantly, hyperspectral imaging is fundamen-
tally very similar to the dual-wavelength technique but
employs additional wavelengths; however, the funda-
mental technical limitations are shared between dual-
wavelength and hyperspectral imaging. Notably, like
dual-wavelength imaging, hyperspectral imaging relies
on two-dimensional retinal image and is consequently
subject to many of the same artifacts. To measure
oxygen saturation of vessels, the spectral components
of hemoglobin (oxygenated and deoxygenated) can be
analyzed from the vessels captured within the image
(see Fig. 3). HSI has been investigated in a variety of
organ systems to noninvasively guide diagnosis and
interventional treatments. Hyperspectral systems have
been used for retinal oximetry since around the 2000s,52
with several prototypes being developed since that
time. Retinal HSI systems rely on an integrated fundus
camera connected to a light source and a detector.
One of the main advantages of hyperspectral method
compared to two-wavelength imaging is decreased
interference by blood vessel thickness and circulating
blood cells in oxygen measurements,53 although the
relatively long time for image registration remains a
limiting factor.

HSI has been shown to be applicable to the evalu-
ation of both normal and diseased retinal perfu-
sion, in which a quali-quantitative saturation map
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Table 3. Summary of Alternative Retinal Oximetry Approaches

Photoacoustic
Ophthalmoscopy64,71,119 Visible Light OCT74,78,79,83,120

Hyperspectral/Multispectral
Imaging51,53,55,56

Principle Short laser pulse excitation
generates acoustic signals
for further image
reconstruction.

Low coherence interferometry
using broadband illumination
(visible spectrum)

Flood illumination causes
tissue reflectance,
fluorescence, or
transmission with different
intensities at specific
wavelengths.

Advantages Less influence of
pigmentation (melanin)
Integrated with OCT, it can
provide images with high
axial and lateral resolution,
retinal vasculature
mapping, and flow rate.

Less influence of surrounding
tissues in oxygen calculations
(accuracy)
More continuous detection of
blood saturation facilitates
calculations
Versatility and availability
based on current
employment of OCT

Nearly real-time information
(“in vivo biopsy”)
Less influence of vessel
thickness
May allow small vessel
study (capillaries) with
multispectral techniques

Limitations Contact method (patient
discomfort and influence
on signal noise)
Limited adaption to
current ultrasound
transducer (piezoelectric)
May potentially require
contrast agents for
enhanced image quality
(not tested in the eye)
Studies so far have focused
more on imaging rather
than saturation analysis.

Reduced penetration depth
and lower sensitivity
compared to near-infrared
OCT images
Patient discomfort and
fixation losses due to low
contrast of target against
light scanning
Longer acquisition time
caused by dimmer
illumination (safety and
patient comfort) and
increased noise by
supercontinuum

Slow image capture
(time-sequential imaging
systems)
Limited depth resolution
Oxygen saturation is
influenced by light
scattering

is constructed. Patel et al.54 tested one HSI system
composed by a fundus camera and tunable laser source
in six human eyes showing repeatability and repro-
ducibility comparable to other commercially available
two-wavelength devices. An improved version of this
prototype, based on a hyperspectral camera that can
provide multispectral fundus images, was tested with
the aim of analyzing oximetric and total hemoglobin
in capillary areas outside of large vessels.55 Mordant et
al.56 utilized hyperspectral imaging in 14 normal volun-
teers and one illustrative patient with a retinal branch
artery occlusion to calculate the oxygen saturation of
the retinal vasculature. The authors reported that the
technique measured lower than normal oxygen satura-
tions in the patient with branch retinal artery occlusion.

Hyperspectral technology has been investigated
in vascular and degenerative eye diseases, includ-

ing diabetic retinopathy, age-related macular degen-
eration,57 glaucoma,58 and radiation retinopathy,59
among others, with limited non-comparable results. In
a 2015 study by Tayyari et al.,60 patients with mild
and moderate diabetic retinopathy were found to have
diminished retinal blood flow and lower arteriovenous
difference compared to age-matched healthy controls.
Interestingly, the variability of oxygen saturation in the
control group was much higher in venules than arteri-
oles, similar to the findings of dual-wavelength systems
described above, suggesting that this finding may be
due to physiological fluctuations rather than specific
to a specific type of oximeter. Two separate studies
by Mordant et al.58 and Shahidi et al.61 have demon-
strated higher oxygen saturation in venules of patients
with advanced glaucoma compared to healthy or mild-
moderate diseased controls.
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Figure 3. Primary absorbance wavelengths of different endoge-
nous contrast agents demonstrating that the study of hemoglobin
using photoacoustic ophthalmoscopy is possible due to its predom-
inant optical absorption compared to other elements, such as water
and lipids, in the visible spectral range (380–740 nm). Reproduced
with permission fromYao andWang.123 © 2012 byWILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

The ability to compute oximetry maps with high
spatial resolution in human patients demonstrates that
hyperspectral imaging has the potential to emerge as
a clinical retinal oximetry technique. However, as no
study has directly compared the results obtained with
standard two- or three-wavelength imaging techniques
with hyperspectral datasets, additional investigations
are necessary to clearly demonstrate the advantages.
Limitations of HSI models involve lengthy acquisi-
tion and analysis times. Lengthy acquisition times are
particularly challenging, as resultant eye movements
may affect illumination conditions during imaging.54
Furthermore, additional validation is necessary to
demonstrate the ability of HSI to provide repro-
ducible results across a variety of retinal proper-
ties, such as vessel diameter, pigmentation, and lens
opacities.

Photoacoustic Ophthalmoscopy

Photoacoustic (PA) imaging has recently emerged as
a promising technology for measuring oxygen satura-
tion, offering notable advantages over traditional dual-
wavelength imaging (Fig. 4). Short laser pulses are
delivered toward a tissue, being both scattered and
absorbed within it. Upon meeting an optical absorber
in the photon path, the absorbed energy is converted to
heat, and wideband and ultrasonic waves are produced
as a result of thermoelastic expansion, also known
as the photoacoustic effect. The resulting ultrasonic

photoacoustic waves are recorded at each location
where laser pulses were delivered using an ultra-
sound transducer in order to generate an image of
the studied tissue. The arrival time of the photoa-
coustic waves is utilized in order to infer the spatial
location of the absorbers in the tissue. The magni-
tude of the resulting photoacoustic waves is propor-
tional to the energy deposition, which is related to the
optical absorption properties of various pigments. As a
three-dimensional imaging technique, in comparison to
dual-wavelength/hyperspectral imaging, which are two-
dimensional techniques, PA imaging is not subject to
many of the same artifacts.

Because oxygenated and de-oxygenated hemoglobin
are two of the most prominent optical absorbers in
biological tissues, PA imaging has been applied to
the measurement of oxygen saturation. The technol-
ogy was first demonstrated in vitro by a team of
researchers at University College London in 2005.62
Subsequently, a study led by Lihong Wang at Texas
A&M University demonstrated that PA imaging can
be used in human subjects to measure the oxygen
saturation in single subcutaneous blood vessels in
hypoxia, normoxia, and hyperoxia.63 PA imaging has
since been demonstrated to be an effective technique
to measure oxygen saturation in vivo in a variety
of organs, including the brain, ears, esophagus, and
colon.63,64

PA anatomic imaging of the eye was proposed
by de la Zerda et al.65 in 2010. In the follow-
ing years, several methods aiming to enhance retinal
oxygen saturation evaluation focused on integrating
techniques to overcome imaging limitations related
to acquisition time and scanning area. These strate-
gies included photoacoustic microscopy, multimodal
optical scanning, and integrated OCT,66–68 applied
to small animal eyes. In integrated OCT and PA
imaging, blood flow measured using OCT allows for
deduction of retinal oxygen metabolism after deriving
the oxygen saturation and vessel diameter using PA
imaging.68

Multiple studies have demonstrated the ability to
use PA ophthalmoscopy for in vivo retinal imaging.65,69
For example, a study by Jiao et al.69 in 2010 demon-
strated the ability for a stationary transducer in contact
with the eyelids (via ultrasound gel) to provide high-
resolution (approximately 20 μm in the axial and lateral
directions) volumetric imaging of the retinal microvas-
culature. In 2014, Song and colleagues68 demonstrated
a technique using PA microscopy to measure retinal
oxygen saturation in rats. Briefly, they scanned a
circular region surrounding the optic disk at three
wavelengths and used the multi-wavelength PA ampli-
tudes to estimate the oxygen saturation at each vessel
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Figure 4. (A) Coefficients of oxygenated (HbO2) and deoxygenated (Hb) hemoglobin in logarithmic scale demonstrate the higher extinc-
tion coefficients in the visible range responsible for enhanced image quality for the assessment of retinal oximetry. Reproduced from
Pi et al.124 © 2018 The Optical Society under the terms of the OSA Open Access Publishing Agreement (B) Prototype of visual light optical
coherence platform. Reproduced from Chong et al.75 © 2016 The Optical Society.

in this region. Their measurements in normal wild-
type rats showed an average arterial and venous oxygen
saturation of 93.0% ± 3.5% and 77.3% ± 9.1%,
respectively. As described below, they also combined
this technique with OCT to compute the metabolic
rate of oxygen consumption. Hennen et al.70 utilized
PA imaging to measure oxygen saturation in the
anterior eyes of rabbits, discovering that measurements
with this technique were typically lower than those
measuredwith pulse oximetry. The authors achieved an
imaging resolution of 70 μm in the lateral direction and
54 μm in the axial direction.

In 2018, Hariri and co-workers71 published the
first experiment in which the oxygen gradient of the
retina and choroid was assessed based on PA ocular
imaging. The researchers applied a controlled model of
ischemia–reperfusion by continuous intraocular saline
infusion and compared fluctuations in fundus oxygen
saturation with a peripheral pulse oximeter positioned
on the animal’s paw. Hariri et al.71 utilized PA imaging
to measure chorioretinal oxygen gradients, also in
rabbits, and found a strong correlation (R2 = 0.98)
between pulse oximetry and PA imaging at differ-
ent percentages of inhaled oxygen. When intraocu-
lar pressure was increased via intraocular phosphate
buffered saline injections, the authors reported a sixfold
decrease in chorioretinal oxygen saturation with no
concurrent changes in the pulse oximetry.

The abovementioned studies demonstrate that PA
imaging is a promising technique for the measure-
ment of retinal oxygen saturation, whichmay overcome
some of the potential limitations of dual-wavelength

oximetry. The Monte Carlo simulation conducted
by Liu et al.44 described above that demonstrated
the limitations of multi-wavelength retinal oximetry
concluded that PA imaging is accurate regardless of
vessel diameter or melanin concentrations and thus
might be an important tool in the clinical setting.
However, as noted by Hariri et al.,71 they were unable
to measure photoacoustic signals from the pigmented
rabbit eye due to the strong photoacoustic signal gener-
ated by melanin. However, Hennen et al.70 noted that
using longer wavelengths in melanin-rich samples may
overcome this issue, as melanin has smaller absorption
at longer wavelengths. Another important considera-
tion of PA imaging, as described by Wang and Hu,72
is that the achievable spatial resolution is proportional
to the imaging depth. Consequently, although high-
resolution imaging of individual vessels was possible
in studies of small rodents, studies of large animals
have thus far been unable to assess retinal oxygen
saturation with the same precision, which greatly limits
its clinical applicability in human subjects. Further-
more, additional limitations, such as the requirement
of eye contact for signal detection, use of contrast
agents,64 need for better refined laser sources, and
algorithm-based noise corrections require additional
investigation.

Visible Light OCT

Developed in 1991 by a group of researchers led
by James Fujimoto at MIT,73 OCT has been widely
employed in research and different medical fields and
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Figure5. Color-codedoximetrymapsusinghyperspectral imaging
technology display different patterns for comparison in a healthy
subject (upper row) and a subject with BRAO (lower row). In this
subject with BRAO, lower oxygen saturation is observed in the infer-
otemporal territory of the retina. Reproduced with permission from
Mordant et al.56 © 2011 Macmillan Publishers Limited.

has become a standard imaging tool in ophthalmol-
ogy. This technology uses near-infrared light to provide
cross-sectional and three-dimensional views of the
retina and optic disc in vivo, allowing noninvasive
structural assessment with high resolution. The ability
to generate three-dimensional images, in contrast to the
two-dimensional images created by fundus photogra-
phy, is a key advantage that eliminates many imaging
artifacts.

In 2002, following the progresses in the illumination
systems, Považay and co-workers were able to success-
fully develop a different OCT machine that, instead
of near-infrared, was based on a newly discovered
light source named supercontinuum.74 Near-infrared
light has been the preferred choice in OCT devices
for its deep tissue penetration and facilitated access to
manufacturing. The supercontinuum, however, gener-
ates OCT-based retinal images through the visible light
spectrum with higher-depth resolution and allows for
additional applications, including oximetry.

Visible-light OCT (vis-OCT) technology, through
spectroscopic calculations, allows for the measurement
of the oxygen in the blood vessels based on the operat-
ingwavelength range (Fig. 5). Althoughmany commer-
cially available OCT systems, such as spectral-domain
OCT devices, work on wavelengths around 800 nm to
provide good registry of retinal architecture, OCTwith
visible light can also detect retinal vessels and quantify
endogenous chromophores, such as hemoglobin,75 in
order to calculate estimates of oxygen saturation.76
Investigations with vis-OCT for oxygen quantifica-

tion have been previously conducted in animals under
various experimental scenarios.76,77 A 2015 study by Yi
et al.78 utilized an integrated vis-OCT system guided by
scanning laser ophthalmoscopy in four healthy volun-
teers. The authors demonstrated imaging around the
macular region and optic nerve head, revealing a 20%
or greater difference in retinal arteries and veins in
close proximity to the optic nerve head. A follow-
up study from the same group with an additional
four patients demonstrated oxygen saturation in major
central retinal vessels and utilized a sampling strategy
to increase the accuracy of oxygen saturation estima-
tion.79 These studies provided a foundation for using
vis-OCT for the measurement of retinal oximetry in a
clinical setting.

More recently, two studies have been published
in 2020 demonstrating the ability to use vis-OCT
angiography to measure microvascular oximetry down
to the level of retinal capillaries. Pi et al.80 utilized
vis-OCT angiography to assess oxygen saturation in
the retinal capillary beds of rats in response to
changes in the inspired concentration of oxygen.
Song et al.81 performed microvascular oximetry of
the capillary network in the foveal region of human
volunteer subjects, finding that oxygen saturation
was between the retinal arterioles and venules as
expected. As vis-OCT expands into other fields such
as OCT angiography,82 several practical challenges
are still being addressed before systems are imple-
mented into clinical practice. These considerations
involve portable machines suitable for the hospital
setting, adjusted corrections of low signal-to-noise
ratios seen in humans compared to animal eyes, laser
safety, and light interferences in the measured retinal
metabolism.83

Clinical Applications

Noninvasive retinal oximetry is an emerging
technology that has been used in research protocols
to reliably measure oxygen saturation level in retinal
vessels.7,8 As vascular changes have an established
or emerging role in the pathogenesis of a number
of common retinal pathologies, such as diabetic
retinopathy or vessel occlusions, these devices present
a number of opportunities for clinical use. With
increased understanding of these technologies, these
devices and the detailed information provided about
retinal oxygenation may improve our understanding
of disease pathogenesis and one day improve clinical
outcomes.
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Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is a
common cause of blindness in the United States
and a disease with large societal costs.84 The patho-
physiology of this disease remains to be fully
elucidated; however, some studies suggest that hypoxia
and ischemia play a role. Findings have included a
positive correlation between retinal venular oxygen
saturation and age in patients with exudative AMD,22
whereas venular oxygen saturation decreased with age
in healthy controls. A newer study by Jakobsen et al.85
using the Oxymap retinal oximetry system demon-
strated that increasing venular oxygen saturation
following a loading dose with anti-vascular endothelial
growth factor (VEGF) treatment was independently
associated with a 17% higher risk of a unfavorable
structural response (measured by change in macular
thickness). Notably, oxygen saturation measurements
prior to treatment were unable to predict treatment
response. Nonetheless, increased venular oxygen
saturation in patients with AMD in these studies
suggests that retinal oxygen delivery may play a role
in disease pathogenesis. However, at this time, the
limited amount of data, in addition to the inability to
predict treatment response or reliably guide medical
therapy, has prevented retinal oximetry from becom-
ing a standard clinical measurement for patients with
AMD.

Diabetic Retinopathy

Diabetic retinopathy is known to be related to
biochemical pathway changes caused by prolonged
hyperglycemia with subsequent hypoxia-induced
changes.86,87 In evaluating the role of retinal oximetry
in diabetic retinopathy, it is important to remember
the technology’s limitations. For example, the devices
and studies are unable to calculate the oxygen tension
within certain portions of the retina. Additionally,
as described above, many factors, such as retinal
pigmentation, can influence the retinal oximetry
measurements. Using oxygen saturation measure-
ments cannot provide information directly on the
mechanism of diabetic vascular changes. However,
the findings thus far are supportive of theories that
point to blood shunting and bypassing of nonperfused
areas resulting in increased oxygenation of venules in
the retina. Multiple studies, using both the Vesselmap
and Oxymap systems, have demonstrated that retinal
oximetry may have predictive value as a supplemental
tool in determining the severity of diabetic retinopa-
thy.88,89

Using a commercially available scanning laser
ophthalmoscope (Optos 200TX; Optos, Dunfermline,
Scotland) combined with commercial software from
Oxymap, a recent study by Blair and colleagues42
measured retinal oximetry in 46 healthy patients,
as well as 135 diabetic patients with and without
diabetic retinopathy. Their primary finding was that
the retinal venous saturation was increased in non-
proliferative diabetic retinopathy, whereas in prolifer-
ative diabetic retinopathy the retinal arterial diame-
ter was decreased, and venous oxygen saturation was
increased. Another group, led by Kashani et al.,90
applied a retinal oximetry device using hyperspec-
tral computed tomographic imaging spectroscopy. This
device was added to a conventional fundus camera and
was used to measure retinal vascular oxygen content
in human subjects. Similar to other studies, arteriove-
nous difference was significantly lower in patients with
proliferative diabetic retinopathy than healthy control
subjects (14% vs. 26%). Although these studies demon-
strate that venous oxygen saturation is likely increased
in diabetic retinopathy, additional data demonstrating
a role for retinal oximetry to guide clinical decision-
making is likely necessary for retinal oximetry to
become practically useful for clinicians.

Other studies have sought to explore the clinical
predictive value of retinal oximetry. In a study of
722 patients, Bek et al.89 found that venous oxygen
saturation contributed more than hemoglobin A1c to
retinopathy grade, using either diabetic macular edema
or proliferative diabetic retinopathy as an endpoint.
However, it is important to note that the authors
measured the contributions of several variables, all
of which contributed less than 15% of the varia-
tion in retinopathy grade. Furthermore, the authors
do not address whether they controlled for factors
that can influence oxygen saturation measurements,
such as fundus pigmentation, when selecting their
patient population. Another study by Bek et al.91
demonstrated that oxygen saturation in retinal arteri-
oles prior to treatment with an anti-VEGF medica-
tion contributed to predicting visual acuity and
central retinal thickness after treatment. Their findings
validated the finding of increased oxygen saturation
in large retinal venules that has been described in
prior studies.92 Interestingly, although the study by
Bek et al.91 noted that venous oxygen saturation was
increased in patients with diabetic retinopathy (as seen
in other studies), the authors did not see a signif-
icant decrease in venous oxygen saturation follow-
ing anti-VEGF treatment, although this study had a
relatively small sample size (34 patients with retinal
oximetry after treatment). A similar study examined
these effects after pan-retinal photocoagulation and
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concluded that the effects of retinal photocoagulation
in diabetic retinopathy was not correlated with changes
in oxygen saturation in larger retinal vessels.93 It is
important to note that these studies did not utilize
fluorescein angiography (FA), which is the current gold
standard for evaluation of the vascular in diabetic
retinopathy. Comparing FA findings with retinal
oximetry (as studies have done for retinal vein occlu-
sion, described below) can help to validate retinal
oximetry as a clinical measurement. Further, it will be
necessary to demonstrate that retinal oxygen saturation
measurements can influence clinical decision-making
in a meaningful way relative to FA in order for it to
become a standard clinical measurement. Combined,
these studies suggest that, although increased venous
oxygen saturation is seen in patients with diabetic
retinopathy, significant changes in oxygen saturation
are not necessary to see positive effects of treatment.
However, if replicated, the ability to predict treatment
response reported by Bek et al. provides a potential
clinical application, as retinal oximetry could conceiv-
ably be used by clinicians to help provide patients with
assistance in selecting treatment options, especially if
this predictive value can be demonstrated in additional
treatment options and pathologies.

Branch Retinal Vein Occlusions

Retinal vein occlusions (RVOs) are the second
most common cause of vision loss due to retinal
vascular disease.94 They can be divided into central
or branch RVOs depending on the location of the
occlusion. As described below, retinal oximetry has
demonstrated some potential to help in differenti-
ating between ischemic branch RVO (BRVO) and
non-ischemic branch RVO. Yang et al.95 utilized
the Oxymap retinal oximeter to specifically compare
vessels immediately affected by a retinal vein occlusion,
normal vessels in the same eye, normal vessels in the
opposite eye, and healthy patients. Mean arterial and
venous oxygen saturation was significantly higher in
healthy individuals. BRVO was further classified into
ischemic or non-ischemic using FA. They observed
that, in patients with ischemic BRVO, the venous
oxygen saturation in the affected vessels was decreased
and the arterial saturation was increased. In non-
ischemic BRVO, the mean venous oxygen saturation
was lower in the affected vein. Notably, this study had
a limited number of patients with BRVO (22 total
patients; 13 ischemic BRVO and nine non-ischemic
patients), with all patients having the same ethnic
background. Another study of 24 patients by Hardar-
son and Stefánsson96 found that venular saturation in
BRVO was extremely variable, with a range of 12% to

93% oxygen saturation in occluded venules. This study
suggested that many factors in BRVO may contribute
to the oxygen saturation, including severity of disease
and location of the occluded vessel (possibly due to
collateral flow). A larger study looked at a cohort of 43
RVO patients to identify a relationship between oxygen
saturation and arteriovenous differences in relation
to the retinal ischemic index determined using ultra-
widefield FA.97 This study determined that venous
oxygen saturation and arteriovenous difference corre-
lated with ischemic index in patients with central RVO,
but no correlation was found for BRVO. These results
suggest a possible clinical role for retinal oximetry, as
the authors suggest that retinal oximetry may serve as
a potential alternative to FA for patients with central
RVO. A 2019 study by Nicholson et al.98 found that
retinal nonperfusion (measured using ultra-widefield
angiography) had a negative correlation with arteri-
ovenous difference measured with the Oxymap retinal
oximeter. Interestingly, this correlation was significant
in the posterior pole but not the peripheral retina. The
data suggest that oximetry measurements may poten-
tially provide insight into the severity of an occlusion,
though the usefulness of oximetry may be location
dependent. Future studies will require larger sample
sizes to better establish normative data across patients
with varying severity of disease and different levels
of fundus pigmentation and allow for more definitive
conclusions about the ischemic environment created by
RVO.

Glaucoma

The exact pathogenesis of many glaucoma-related
optic neuropathies remains to be completely eluci-
dated. Multiple theories of the pathogenic mechanism
exist, but some studies have shown that irregularities
in ocular blood flow may have a relationship with
neuronal loss.99,100 Other studies have demonstrated
that a reduced diastolic perfusion pressure is an impor-
tant risk factor in primary open-angle glaucoma.101
Given the possibility of a vascular etiology, retinal
oximetry may serve as a useful tool for gaining a better
understanding of the underlying vascular mechanisms
in different stages of glaucoma.

In a 2014 study by Vandewalle et al.,102 the Oxymap
system was used to study changes in retinal oxygen
saturation in patients with glaucoma. A positive corre-
lation was identified between glaucomatous damage
(measured using visual field defects and retinal nerve
fiber layer changes) and the oxygen saturation in
retinal venules, whereas a negative correlation was
found between glaucomatous damage and arteriove-
nous difference in oxygen saturation. As described
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above, two studies using hyperspectral imaging have
also demonstrated increased oxygen saturation in
retinal venules in patients with diabetic retinopa-
thy.58,61 These findings may be due to reduced retinal
oxygen consumption in glaucoma. Oximetry may also
provide further insight into the changes observed after
glaucoma surgery. For example, a study by Hardarson
et al.103 found a small increase in the oxygen saturation
of retinal arterioles of 19 patients following glaucoma
filtration surgery. No significant changes were seen
in venules, and the study ultimately concluded that
glaucoma filtration surgery “had almost no effect” on
retinal vessel oxygen saturation. As with other condi-
tions, although retinal oximetry demonstrates promise,
it has yet to demonstrate enough clinical utility to
become a part of routine glaucoma practice.104

Future Directions and Discussion

As described in this review, there have been many
recent advances in the field of retinal oximetry. In
addition to dual-wavelength imaging, which remains
the most well-studied retinal oximetry technology,
there are many emerging technologies that offer
promise. From reviewing the literature, it is clear that
oxygen saturation levels exhibit changes in a variety of
ocular and systemic conditions. Continuing to charac-
terize and understand these pathologic changes in
retinal oxygen saturation will likely be important in
understanding the disease pathophysiology.

Despite these promising findings, the numerous
limitations of current techniques have prevented retinal
oximetry from gaining widespread adoption as a
standard clinical marker. Most importantly, although
changes in retinal oxygen saturation have been demon-
strated in a variety of clinical conditions, these findings
have yet to demonstrate applications in which retinal
oxygen saturation can reliably impact clinical decision-
making. Two major limitations, described above, are
the influence of fundus pigmentation and vessel size on
retinal oximetry measurements. The ability to measure
oxygen saturation in a diverse group of patients must
be demonstrated prior to widespread adoption of
this technology. The inability of current oximeters to
scan beyond the inner retinal vasculature also remains
a large limitation. Technologies capable of precisely
measuring choroidal blood flow as well as all layers
of the retina will certainly expand the applicability of
these devices. In addition, the ability to measure the
oxygen saturation of areas without vessels, such as
the fovea, may allow one to obtain valuable informa-
tion across the macula or around areas of geographic

atrophy, microaneurysms, etc. However, given that the
multi-wavelength technique relies on the absorption
profile of hemoglobin, which is found within blood
vessels, measuring oxygen saturation outside of blood
vessels remains a challenge that will necessitate the use
of additional techniques.

On the technical side, improvements are neces-
sary to help overcome other limiting issues, including
challenges in calibration, image processing algorithms,
and the length of time that current devices require
for image capture. Recent work from DePaoli et
al.105 demonstrated that usage of a convolutional
neural network for spectroscopic analysis can improve
calculation performance when compared with exist-
ing algorithms. Improving image processing algorithms
to improve the ease of use for untrained users
will likely increase adoption. Furthermore, the large
size of the majority of current products prevents
measurement in children and bedridden patients. The
Corimap handheld camera, which uses the dual-
wavelength approach, aims to overcome this limita-
tion, and future handheld products will be important
to make this technology useful in this critical subset
of patients.106 In addition, newer technologies that use
several wavelengths, including those reviewed above,
may be able to provide more accurate measurements
compared to dual-wavelength products.

In conclusion, there has been considerable progress
in the field of retinal oximetry over the past decade.
Commercially available dual-wavelength systems have
provided a wealth of data for healthy subjects, as
well as a variety of disease states. At the same time,
several promising technologies have emerged in an
attempt to provide more accurate measurements. This
research has shown that retinal oxygen saturation is
affected in a variety of disease states. However, the
various limitations of the current technologies, as well
as a lack of clinical applicability, have prevented the
widespread adoption of retinal oximetry in a clini-
cal setting. Future work will require demonstrating a
correlation of retinal oxygen saturation with disease
progression or the ability to predict treatment response
in order for retinal oximetry to progress toward becom-
ing a standard clinical measurement.
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