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ABSTRACT

PURPOSE. To image the fundus non-invasively at two different penetration depths using
a multispectral imaging system. Monochromatic images at visible spectrum wavelengths
and near-infrared wavelengths were qualitatively assessed for choroidal visibility. These
images were used calculate oxygen saturation in retinal tissue, optic nerve head tissue,
vein, and choroidal tissue in healthy controls and glaucoma patients.

METHODS. A fundus camera—based multispectral snapshot oximeter imaged the fundus
of healthy subjects and patients with varying ophthalmological pathology. The images of
healthy controls and glaucoma patients were analyzed to determine oxygen saturation in
the optic nerve head cup and rim, superficial and deep vein, macula and choroidal tissue.
RESULTS. Visible: Average oxygen saturation for the ONH cup was 65 * 6 percent for
healthy controls and 61 + 10 percent for glaucoma patients. For the ONH rim, it was 67 £
3 percent for healthy controls and 64 + 17 percent for glaucoma patients. For the vein, it
was 67 + 15 percent for healthy controls and 56 + 22 percent for glaucoma patients. For
the macula, it was 87 £ 10 percent for healthy controls and 93 £ 1 percent for glaucoma
patients. NIR: The average oxygen saturation for the vein was 66 + 20 percent for
healthy controls, 58 + 0.4 percent for glaucoma suspects and 54 + 17 percent for
glaucoma patients. For the choroidal tissue below the macula, it was 99 + 5 percent in
healthy controls and 81 + 8 percent in glaucoma patients.

CONCLUSIONS. Choroidal visibility is enhanced in near infrared monochromatic
images from visible spectrum monochromatic images. Oxygen saturation results were

lower in glaucoma patients for all anatomical areas analyzed except the avascular macula.
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INTRODUCTION

Many diseases of the eye and brain have been successfully diagnosed and
monitored using fundus imaging. The eye has been considered a window into the health
and functional aspects of the brain. Choroidal tissue is challenging to image because it
lies posterior to the retinal pigment epithelium (RPE). Imaging techniques using the
visible spectrum of wavelengths, such as traditional fundus imaging, ophthalmoscopy,
and fundus fluorescein angiography are limited to imaging the anatomy of the eye
anterior the RPE. The RPE absorbs visible light focused onto the retina by the lens, so it
also absorbs visible light employed for imaging systems. The lens and the macula lutea
absorb shorter wavelength light.*

Bruch’s membrane separates the RPE from the choroid, which provides oxygen
and nutrients to the outer retina through its extensive capillary network. The
choriocapillaris is closest to Bruch’s membrane, and the larger choroidal vessels lie
deeper. The vascularization is mostly limited to the choroid because vessels in the retina
would interfere with image formation. Retinal vascularization surrounds the macula, a
highly pigmented yellow oval in the center of the retina. The fovea is the area in the
center of the macula responsible for high visual acuity, so it is especially important for
this area to be avascular. The central retina, which forms a six millimeter circle around
the fovea, is much thicker than the peripheral retina due to the high density of cones and

close packing of these photoreceptors for high visual acuity. However, the center of the



fovea is the thinnest part of the retina due to lateral displacement of amacrine, horizontal,
bipolar and ganglion cells. This allows light to directly hit the photoreceptors in this area
and limits light scattering by more superficial cell layers. The foveal cone cells are
compacted into their most efficient packing density, a hexagonal mosaic. The periphery
of the fovea, called the parafovea or foveal rim, is the thickest area of the retina because
the cells laterally displaced from the center of the fovea are packed in this area.” The
fovea can be seen in fundus images as an avascular area in the center of the macula,
temporal to the optic nerve head (ONH). Retinal ganglion cell axons join together in the
ONH and project to the lateral geniculate nucleus, where visual information is relayed
before being sent to the visual cortex. Retinal topography is maintained in the ONH.

The choroid has three vascular layers: outer arteries and veins, medial arterioles
and venules and an inner capillary bed, called the choriocapillaris.®> Choroidal arteries
arise from ciliary arteries and Zinn’s circle, the area around the optic disc. The posterior
ciliary artery makes a semi-circular turn before reaching Bruch’s membrane. Arteries that
pierce the sclera near the optic nerve fan out to form the three choroidal vascular layers.
This has been visualized with a corrosion cast of a cut face of the human choroid.*
Oxygen and nutrients from the choroid are delivered to the RPE and are essential to
visual function. The RPE uses this support to transport ions, water and nutrients from the
subretinal space to the blood, take up nutrients from the blood and deliver them to the
photoreceptors, exchange isomers of retinal with photoreceptors in the visual cycle,
stabilize ion composition in the subretinal space to maintain photoreceptor excitability,

engulf and digest photoreceptor outer segments and secrete growth and



immunosuppressive factors. The RPE integrity is also vital because it helps make up the
retina-blood barrier.

The fundus of the eye can be seen with an ophthalmoscope or fundus camera if
the pupil is fully dilated. Fundus Fluorescein Angiography (FFA) uses interference
bandpass filters to only allow light of certain wavelengths to pass. The exciter filter lets
light in the 465 nm to 490 nm range pass to the eye to excite the fluorescein dye. The
barrier filter lets the emission light in the range of 520 nm to 530 nm pass back to the
detector. This technique has the advantage of dye tracing to track circulatory filling.
Additionally, hyperfluorescence can indicate leaking defects, such as capillary leakage
and neovascularization, pooling defects, staining, transmission defects or abnormal
vasculature, and hypofluorescence can indicate blocking defect or filling defect, such as
capillary blockage.®> Hyperfluorescense signal has been used to indicate choroidal
neovascularization (CNV). However, use of fluorescein dye comes with the risk of
severe adverse effects.® The use of light in the visible range mostly restricts this
technique to use for visualization anterior to the RPE. Indocyanine Green Angiography
(ICGA) employs NIR light. This technique can therefore visualize the choroid, but
involves indocyanine green (ICG) dye injection and time for the dye to reach the eye.

Non-invasive, quick imaging of the choroid would be a valuable tool in a variety
of other pathological conditions, as well. Gross anatomical changes may become
apparent with visualization. Further, monochromatic images of the fundus can be used to
calculate oxygen saturation in structures of interest. Choroidal imaging has the potential
to aid in differentiation between occult and classic CNV and image areas of CNV beneath

blood, exudate or pigment epithelium detachment, as can be done with ICGA.’



Monitoring of CNV in age-related macular degeneration (AMD) patients also would be
valuable for predicting onset of retinal angiomatous proliferation. Punctate inner
choroidopthy and serpiginous chorpoidopathy may be diagnosed more quickly or better
monitored with enhanced visualization of these pathologies.

Diabetic choroidopathy (DC) is much less well studied than diabetic retinopathy
(DR). This may be due to the lack of non-invasive choroidal imaging to monitor gross
anatomical pathologies in DC. Hua et al.® have documented pathoanatomy of DC in
prediagnosed DR patients and has produced angiographic and optical evidence for DC
using ICGA and Optical Coherence Tomography (OCT). OCT is a method producing
cross-sectional images as opposed to the surface imaging methods discussed thus far.
The toxic effects of hyperglycemia extend to the choroid, causing a variety of
pathological signs.

Lutty et al.® have observed polymorphonuclear leukocytes at sites of endothelial
capillary vascular dysfunction in the diabetic choroid. Saker et al.® have shown high
glucose conditions to significantly increase the permeability of choroidal endothelial cells
monolayers. Oxygen saturation analysis of choroidal monochromatic images in these
conditions would be valuable to correlate pathology with fluctuations in oxygen levels for
future use as a biomarker indicating disease state and appropriate treatment course.
Choroidal hyperpermeability also leads to central serous chorioretinopathy and oxygen
level fluctuations in this case may be strongly predictive of this condition.

In the case of serous retinal pigment epithelium detachment (PED), ICGA is
necessary to identify feeder and drainer vessels in the choroid. CNV is supported by

release of vascular endothelial growth factor from the RPE. When treated with anti-



VEGF drugs, about 75 percent of serous PED patients have residual retinal fluid after
three to five doses, and 36 percent still have residual fluid after a year of treatment.**
ICGA-assisted identification of choroidal vessels responsible for this fluid build up is
used for directed photodynamic therapy to resolve persistent cases of serous retinal PED.
However, according to Healio Ophthalmology, about 85 percent of serous PED patients
have associated neovascular lesions, such as polypoidal choroidal vasculopathy and
arterialized vascular complex. Choroidal visualization in these cases would be valuable
and choroidal oxygen saturation levels would provide an additional diagnostic marker for
such pathologies.

Submacular choroidal thickness previously has been shown to change in retinitis
pigmentosa using OCT.*? This is possibly indicative of further pathophysiological
changes. In fact, Langham has shown relative choroidal ischemia to be associated with
visual loss and pigment cell degeneration in retinitis pigmentosa.®* Cataract surgery also
has been linked to changes in choroidal thickness™ and choroidal effusion.'*
Interestingly, choroidal thickness also has been shown to increase during a migraine
attack as compared to baseline, and Dadaci et al.*® have suggested this may implicate a
link between migraines and glaucoma.

Bad cardiovascular health has been known to compromise vision, and there are
documented cases of hypertensive choroidopathy. There are also visual abnormalities
associated with Alzheimer’s disease (AD), which are thought to be due to more than
simply cortical defects. The retina already has been suggested to be a window into the
health of the brain, and the source of the earliest biomarkers for AD.* Retinal ganglion

cell degeneration has been shown in glaucoma and AD alike. Morphological and



functional alterations of microglial and neuronal activities of the retina may be present in
preclinical AD. Intracellular amyloid beta has been shown to alter the tight junctions
between RPE cells in 5XFAD mice.!” There also have been microvascular network
changes in AD patient retinas documented, even when controlling for cerebrovascular
disease.'® More research will likely identify a similar correlational link with the choroid,
which may precede retinal defects because the choroid supplies the majority of the blood
flow to the retina. Indeed, choroidal thinning in AD already has been shown.™
Pathological changes have been shown in the choroid and RPE cells of the TgF344 rat
model of AD.

In summary, non-invasive, injection-free snapshot imaging of the choroid would
be a useful tool aiding the diagnosis and monitoring of many diseases. Oxygen saturation
calculations from such images also would help probe the pathophysiology underlying
these diseases and provide additional information to clinicians.

Traditional fundus photography has been extended to use for retinal oximetry.

Hickam et al.?°

then developed the first photographic film method measuring the relative
light intensity reflected by oxyhemoglobin (HbO,) in the retina at discrete wavelengths.
Prior to Hickam’s work, this intensity was measured from current generated in a
photoelectric cell. Hickam et al.? measured differences in photographic film density of
portions of the image corresponding to vessels on the optic disc from a red wavelength
and an infrared wavelength to estimate hemoglobin oxygen saturation. Because blood
changes color with oxygenation, the spectral signature also changes and can be used to

calculate hemoglobin oxygen saturation. Hickam’s group’s algorithm requires vessels to

overlie the optic disc, which acts as a light source. A limitation to this method is that film



grain inhibits the resolution of these images. Principles from this work were later
employed to design dual-wavelength methods with high dynamic charged coupled device

12! also discriminated

(CCD) cameras, which boosted sensitivity. Narasimha-lyer et a
between arteries and veins using a Gaussian-based dual-wavelength method employing
wavelengths of 570 nm and 600 nm.

Delori et al.”**® developed the first retinal vessel oximeter utilizing a three
wavelength spectro-photometric technique for oxygen saturation measurements in
discrete blood vessels. Delori’s group employed three wavelengths to overcome the
requirement of nonscattering hemolyzed blood in the dual-wavelength technique based
on the Lambert-Beer law. This method is able to measure oxygenation of fundus vessels
outside the optic disc, unlike Hickam’s group’s method, because it accounts for light
reflected by the RPE and choroid. However, the scanning nature of this system requires
1.4 seconds of retinal immobility.

Riva et al.?*

then measured partial pressure of oxygen in optic nerves of pigs
using a phosphorescence quenching method. A porphyrin dye injected into venous
circulation was excited by a fundus camera-based phosphorometer. This technique is
useful, but again, dye injection is not desirable.

Beach et al.” suggested the use of oxygen-sensitive and oxygen-insensitive
wavelengths from the HbO, spectral signature for retinal vessel oximetry. Tiedman et
al.,”® Beach et al.,”® Schweitzer et al.,*’ Hardarson et al.,?** and Hammer et al.*** have
used this concept to develop retinal oximetry methods measuring optical density, based

on Hicham’s work with photographic film. These methods employ CCD cameras for

advanced sensitivity. The optical density ratio between oxygen-sensitive and oxygen-



insensitive wavelengths has been shown to be proportional to systemic oxygen saturation.
These methods are limited to studying oxygenation of retinal vasculature, however.
Khoobehi et al.*® has used a dual-wavelength method to image the retinas of
patients with diabetic retinopathy. An oxygen-sensitive wavelength of 570 nm and an
oxygen-insensitive wavelength of 600 nm were used, as shown in Figure 1. The light

absorption can be described with optical density (OD) according to the equation
0Dy, = log(lo/1).

Where |y is the intensity measured inside a vessel and I is the intensity outside of that
vessel. These selections are shown in Figure 2. This value is divided by the tissue

intensity outside the vessel to normalize to local conditions.

Optical density is sensitive to oxygen saturation at 600 nm but not at the reference
wavelength, 570 nm. The optical densities (absorbance) at each of the two wavelengths

were used to calculate a ratio according to the equation
ODR= 0D600 nm/OD570 nm

The ratio of these optical densities (ODR) is an approximate linear function of

hemoglobin oxygen saturation.”*** Oxygen saturation is estimated by the equation
SatO2=a +kODR,

where “a” and “k” are constants that transform the optical densities found experimentally

to the ideal 96 percent saturation in arteries and 58 percent in veins.

Saturation values obtained by a calibrated device were matched with optical



density values from controls.?’?® Optical density was used by the retinal oximeter to
estimate oxygen saturation. Refer to Figures 3 and 4 for images from these two
wavelengths. Color-coded oxygen saturation maps can then be produced based on these

results as seen in Figure 5.

Khoobehi et al. *® sought to study oxygenation in retinal vasculature as well as
retinal tissue. By employing a hyperspectral imaging system (HSI) based on a fundus
camera with a scanner, imaging spectrograph and digital camera, Khoobehi’s group was
able to capture the intensity of reflected light for the complete spectrum of wavelengths
in the visible range. Figures 6 and 7 detail image acquisition by this system. Due to the
scanning nature of the system, which captures the entire spectrum of wavelengths one
spatial line of data at a time, the eye must be immobilized. This method results in a
hyperspectral image cube as seen in Figure 8. Involuntary saccadic movements of the
eye would blur the image. Therefore, Khoobehi used this system with anesthetized
monkeys.

Spectral reflectance curves for HbO, and deoxyhemoglobin (Hb) are separated
into three regions bound by the isosbestic (oxygen-insensitive) points 522 nm, 548 nm,
569 nm and 586 nm, where there is equal light absorption. Areas trapped between the
oxygen-sensitive curve and line segments connecting adjacent isosbestic points are
sensitive to oxygen saturation, as shown in Figure 9 by areas al, a2 and a3. The areas
Al, A2 and A3 in Figure 9 are proportional to total reflected light intensity of each area.
This is clearly a function of intensity of incident light. Dividing each oxygen saturation-
sensitive area between HbO; and Hb spectral curves (al, a2, a3) by the area below it

corresponding to total reflected light intensity (Al, A2, A3). The oxygen saturation
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component (OSC) is then a combination of oxygen saturation-dependent terms after
compensating for total light intensity.

OSC = a2/A2 —al/Al - a3/A3
The areas in the OSC must also be normalized to blood volume. The area between the
hemoglobin spectral curve and the line connecting the isosbestic points at 522 nm and
586 nm is directly proportional to blood volume. This is shown as (b) in Figure 9. The
area under this line connecting the isosbestic points 522 nm and 586 nm accounts for
total light intensity within this spectral segment. This is (B) in Figure 9. The blood
volume component (BVC) normalized to total light intensity is calculated by dividing the
blood volume-dependent area by the corresponding total light intensity-dependent area,
or b/B. The volume-corrected relative saturation index (RSI) is then:

RSI=0SC/BVC

In summary, this technique uses HSI to develop an algorithm for oxygen
saturation not only in retinal vessels, but also in tissue. This system is valuable in animal
research, but the drawback to clinical application is that the scanning nature of the system
would require anesthetization.

Khoobehi et al.*® then developed a fundus camera-based multispectral snapshot
oximeter to overcome the issue of eye movement. This system employs four isosbestic
points and three oxygen-sensitive wavelengths to approximate the whole Hb spectrum.
Khoobehi et al. developed an algorithm to approximate the Hb and HbO2 spectral curves
using the intensity at these seven wavelengths. As seen in Figure 9, there are three
triangular areas proportional to oxygen saturation, an area proportional to blood volume,

and an area proportional to total reflected light intensity. The same calculations from the
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HSI system can be made with information from only seven wavelengths. Discrete
imaging rules out more precise calculations of the areas trapped between the curves using
calculus, but an approximation may be made. With this system, Khoobehi’s group was
the first to find oxygen saturation in the retinal tissue. Figure 10 shows a schematic of
the fundus camera used to produce these monochromatic images. Figure 11 shows a
schematic of the lens configuration used to separate the reflected light collected by the
camera into seven monochromatic images. Figure 12 shows two color coded oxygen
saturation maps of the fundus of the same patient imaged on different days. The images
in this figure demonstrate that the results are reproducible. Figure 13 shows an expanded
view of the Hb and HbO, spectral curves. The area of interest in the visible spectrum
from 522 nm to 586 nm encompasses three oxygen saturation-sensitive areas between the
HbO, and Hb curves.

Figure 14 shows the division of trapezoids in the oxygen saturation index
algorithm. The same calculations made from the HSI data can be made from data at
seven discrete wavelengths from the multispectral imaging system. Areas a, b, and c are
proportional to oxygen saturation and areas 1, 2, 3, 4, 5, and 6 are sensitive to total
reflected light intensity. Figure 15 shows areas of the fundus analyzed for oxygen
saturation using this multispectral system. Superior, inferior, nasal, and temporal areas of
both vein and tissue were measured for each of four distances from the ONH. Those
distances were 1) just outside the ONH, 2) 1.5 ONH radii from the ONH edge, 3) 2.5
ONH radii from the ONH edge, and 4) 3.5 ONH radii from the ONH edge. Table 1
shows the oxygen saturation results for these areas. The vein values are calculated by

comparing vein intensity to artery intensity, which corresponds to 96 percent saturation.
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The tissue values are found to be intermediate between the artery and vein oxygen
saturation values.

In this study, the fundus camera-based multispectral snapshot oximeter was used
to collect seven monochromatic images in the visible spectrum. Then, the filters in the
beam-splitting attachment were changed and the images were collected from seven
discrete wavelengths in the NIR region. Figure 16 shows the penetration versus
wavelength graph, explaining the hypothesis that the NIR region will penetrate deeper
into the fundus to produce monochromatic images of structures at an increased depth.
Figure 13 shows an expanded view of the Hb and HbO2 curves, including both the
visible spectrum wavelengths and the NIR region wavelengths of interest. There is only
one area between the curves to approximate oxygen saturation information in the longer
wavelength, near infrared region.

The images were first analyzed qualitatively for choroidal visibility. A subset of
images from healthy controls and glaucoma patients were then analyzed for oxygen
saturation calculations from the different wavelength regions, which presumably capture
information from different depths within the fundus. Two glaucoma suspects with
borderline intraocular pressure (IOP) were included in the NIR region monochromatic
vein oxygenation calculation group.

Because glaucoma is a result of elevated 10P, leading to decreased perfusion
pressure, autoregulation dysfunction, unstable or decreased ocular blood flow, ischemic
insult, ONH damage, and retinal ganglion cell death, the oxygen levels in glaucoma
patients are predicted to be lower than in healthy controls. All of these characteristics of

glaucoma lead to decreased tissue metabolism and less uptake of oxygen. The choroid
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may try to compensate by sending more oxygen to the dying tissue, which appears
oxygen deprived. This oxygen, unable to be used by the glaucomatous tissue, may
diffuse into the fundus fluid.

Multispectral imaging in the visible spectrum has been employed previously by
our lab with variable results. Patients with very lightly pigmented RPEs do not exhibit as
much absorption of visible light by the RPE than patients with more heavily pigmented,
dark RPEs. Therefore, choroidal visibility is very variable in monochromatic images
from the visible spectrum. I hypothesize that wavelengths in the NIR region will
penetrate the RPE and the resulting monochromatic images from this region will
therefore provide clearer, more consistent visualization of choroidal tissue. Since the NIR
region will pass the RPE regardless of pigment variation, monochromatic images at
wavelengths in this region will provide a more reliable clinical measure. 1 also
hypothesize that these monochromatic images at NIR wavelengths can be used to
calculate oxygen saturation of fundus structures.

Khoobehi et al. *® have shown a more pronounced oxygen saturation decrease in
the optic nerve head rim than in the cup in healthy anesthetized monkey retinas sustaining
increasing IOP levels. Oxygen saturation levels were calculated from the results of the
HSI system. Since these results are from healthy tissue, this study seeks to find the effect
in glaucomatous tissue where metabolism is altered.

I hypothesized oxygen saturation in the optic nerve head rim, optic nerve head
cup and vein as measured at the depth imaged by monochromatic images in the visible
spectrum to be lower in glaucoma patients than in healthy controls. | hypothesized that

the oxygen saturation results for the macula at the penetration level of visible
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wavelengths will either not exhibit a difference or be higher in glaucoma patients. The
oxygen saturation may not change in the macula because my calculations are based on
the spectral curves of hemoglobin with and without oxygen bound and the macula lacks
hemoglobin. However, due the variation in penetration based on the unique properties of
each RPE, the macula oxygen saturation results may account for the most anterior portion
of the choroid. The choroid was hypothesized to exhibit a gradient of increasing oxygen
saturation from posterior to anterior as it shuttles oxygen to the damaged glaucomatous
retinal tissue. Therefore, the macula oxygen saturation calculations may partially account
for the higher oxygen content at the anterior portion of the choroid.

I hypothesized oxygen saturation results for the vein at the deeper penetration
achieved by the NIR region to be consistent with the more superficial oxygen saturation
calculations for the vein because this is a continuous vessel. | hypothesized the choroidal
tissue imaged with NIR wavelengths to have the highest oxygen saturation since nearly

all the blood entering the eye supplies the choroid.
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METHODS
This study was approved by the Institutional Review Board of LSU. It adheres to
the tenets of the declaration of Helsinki. All subjects provided informed consent before
participation in the study. All subjects went through standard study protocol. After
consenting to be in the study, the subjects answered a questionnaire about medical

history.

Sixty-four Patients and healthy controls at the LSU Eye Center on St. Charles
Avenue already had their pupils dilated for other ophthalmological testing before being
imaged by our system. Subjects varied in age from 29 to 87 years and comprised men
and women who were white, non-hispanic, Filipino or African American, including one
extremely light-skinned African American. Patients’ pathology included AMD, ocular
hypertension, branch retinal vein occlusion, diabetes, borderline IOP classified as
glaucoma suspect, glaucoma or a combination of these pathologies.

All patients and healthy controls were imaged with either the visible spectrum
filters or the NIR filters to determine optimal wavelength for choroidal visibility. Next, a
subset of these images including those from healthy controls, glaucoma suspects and
glaucoma patients were analyzed for oxygen saturation. For the visible spectrum images,
Oxygen saturation was calculated for the cup and rim of the ONH, a vein in the optic disc
and the macula for healthy controls and glaucoma patients. No glaucoma suspects were

imaged with the visible spectrum filters. For the NIR images, oxygen saturation was
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calculated for a vein in the optic disc for healthy controls, glaucoma suspects and
glaucoma patients and choroidal tissue underlying the macula for healthy controls and
glaucoma patients. Demographic data for the groups is seen in Table 2.

For the visible spectrum images, the ONH cup data were obtained by using the
maximum intensity values from analyzing an area encompassing the ONH in the ImageJ
program. The minimum intensity values from this selection came from the vein within
the optic disc with the lowest intensity of reflected light. A small area of the ONH rim
excluding any vessels was analyzed, and the mean intensity was used to calculate ONH
rim oxygen saturation values. An area encompassing the macula, excluding any vessels
was analyzed, and the minimum divided by the maximum intensities of this area were
used to calculate oxygen saturation values for the macula. Division by the maximum
intensity corrected for any factor that would cause the reflected light to be more intense,
such as incident light level or blood volume, which are separately corrected for in the
other calculations according to Khoobehi’s multispectral oxygen saturation algorithm.

For the NIR images, the minimum divided by the maximum intensities of the area
encompassing the optic disc were used to calculate tissue oxygen saturation values. The
minimum divided by the maximum intensities from the area encompassing the macula
was used to calculate oxygen saturation of the choroidal tissue underlying the macula.
The macula was chosen to probe choroidal circulation because this area is avascular in
the retina and provides a clear window to the choroid.

A Zeiss FF450 IR fundus camera was employed for this study. A beam splitting
attachment was placed on top of the fundus camera to split the reflected light into seven

monochromatic images based on the narrowpass filter properties. The fundus camera-
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based multispectral snapshot oximeter employs a standard flash from a traditional fundus
camera, so the imaging does not pose any risk to the patients. The first phase of the
experiment employed the system using filters to produce seven monochromatic images at
522 nm, 542 nm, 548 nm, 560 nm, 569 nm, 577 nm and 586 nm in the visible range of
the electromagnetic spectrum. The second phase of the experiment employed the same
imaging system but with different filters to produce monochromatic images at 600 nm,
620 nm, 650 nm, 690 nm, 720 nm, 760 nm and 800 nm. The images were analyzed
qualitatively for choroidal visualization.

These images were then used to calculate relative oxygen saturation in the groups
described previously. Khoobehi’s multispectral oxygen saturation algorithm was used to
calculate all values for the visible spectrum images. The values were converted to
percentages based on taking the intensity of an artery to correspond to 96 percent oxygen
saturation. This is the oxygen saturation of a healthy artery in vivo.

Only three wavelengths were used to calculate oxygen saturation values for the
NIR images because there is only one oxygen-sensitive triangular area in this region.
Ideally, two isosbestic points and an oxygen-sensitive point would be used for the
calculation. There is, however, only one isosbestic point in the NIR spectrum capable of
penetrating through the RPE to the level of the choroid. This isosbestic point is at 800
nm, but this wavelength was unable to yield good images. The second longest
wavelength of 760 nm was therefore used in place of 800 nm for the oxygen-sensitive
area calculation. Because our system uses narrowpass filters and not more selective
bandpass filters, the wavelengths let in by the 760 nm-centered filter are approximately

752 to 768 nm, which is closer to the isosbestic point at 800 nm. The oxygen-sensitive
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point selected was at 690 nm, and the less oxygen-sensitive point approximating another
isosbestic point was chosen at 620 nm. The calculations for the conversion of this
oxygen-sensitive triangular area to a relative oxygen saturation were the same as for the

visible spectrum oxygen-sensitive triangles.
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RESULTS

Visualization

Comparing figures 17 and 18 shows that the choroid is much less visible in the
visible spectrum images of a healthy control (Figure 17) than images of a different
healthy control taken with NIR wavelengths (Figure 18). The same difference can be
seen when comparing the visible spectrum images of a 79 year old white, non-Hispanic
female wet AMD patient with the images of this same patient taken with NIR
wavelengths (Figures 19 and 20).
Oxygen saturation

All results are summarized in Table 3. The results from the visible spectrum
images are as follows. The average oxygen saturation for the ONH cup was 65 + 6
percent for healthy controls and 61 + 10 percent for glaucoma patients. The difference
between the groups as a percentage of the healthy oxygen saturation was 7 percent. The
average oxygen saturation for the ONH rim was 67 + 3 percent for healthy controls and
64 £ 17 percent for glaucoma patients. The difference between the groups as a percentage
of the healthy oxygen saturation was 4 percent. The average oxygen saturation for the
vein overlying the optic disc was 67 + 15 percent for healthy controls and 56 * 22 percent
for glaucoma patients. The difference between the groups as a percentage of the healthy

oxygen saturation was 16 percent. The average oxygen saturation for the macula was 87+
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10 percent for healthy controls and 93 + 1 percent for glaucoma patients. The difference
between the groups as a percentage of the healthy oxygen saturation was 7 percent in the
positive direction. This was the only area analyzed that exhibits higher average oxygen
saturation in the glaucoma group than in the healthy control group.

The results from the NIR images are as follows. The average oxygen saturation
from the vein was 66 + 20 percent for healthy controls, 58 + 0.4 percent for glaucoma
suspects and 54 + 17 percent for glaucoma patients. The difference between the healthy
control and glaucoma suspect groups as a percentage of the healthy oxygen saturation
was 12 percent. The difference between the glaucoma suspect and the glaucoma groups
as a percentage of the glaucoma suspect group oxygen saturation was also 12 percent.
The total difference between the healthy control and glaucoma groups as a percentage of
the healthy oxygen saturation was 19 percent.

The NIR images analyzed to probe the choroidal tissue below the macula yielded
99 + 5 percent in healthy controls and 81 + 8 percent in glaucoma patients. The
difference between the groups as a percentage of the healthy oxygen saturation was 18
percent.

The difference between 96 percent saturation of an ideal artery and the individual
oxygen saturation averages for the areas analyzed are listed in Table 4. The visible
spectrum vein oxygen saturation average was 29 percent lower than 96 percent saturation
of an artery for healthy controls and 40 percent lower for glaucoma patients. The NIR
region vein oxygen saturation average was 30 percent lower than 96 percent saturation of
an artery for healthy controls, 32 percent lower for glaucoma suspects and 38 percent

lower for glaucoma patients. The visible spectrum ONH cup oxygen saturation average
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was 31 percent lower than 96 percent saturation of an artery for healthy controls and 35
percent lower for glaucoma patients. The visible spectrum ONH rim oxygen saturation
average was 29 percent lower than 96 percent saturation of an artery for healthy controls
and 32 percent lower for glaucoma patients. The visible spectrum macula oxygen
saturation average was 9 percent lower than 96 percent saturation of an artery for healthy
controls and 3 percent lower for glaucoma patients. The NIR region choroid oxygen
saturation average was 3 percent higher than 96 percent saturation of an artery for healthy
controls and 15 percent lower for glaucoma patients. The difference was consistently
more pronounced in the glaucoma groups with the exception of the difference in the
macula. The NIR vein oxygen saturation average differences from 96 percent saturation
of an artery were gradually more pronounced from healthy controls to glaucoma suspects
to glaucoma patients. All oxygen saturation values were less than 96 percent saturation

of an artery except for that of the choroid in healthy controls, which looks equivalent.
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DISCUSSION

There was no obvious qualitative effect of age, race, gender or pathology on the
optimal wavelength region for choroidal visualization. The NIR images exhibited
enhanced choroidal visibility as assessed qualitatively. The two healthy control images
from the different wavelengths are unfortunately from different patients. The two images
shown from the AMD patient are matched to the same patient, but are unfortunately
taken from different angles. Regardless, it is clear that the NIR wavelengths augment
choroidal visibility. This was predicted based on the ability of NIR wavelengths to
escape absorption by the RPE.

Khoobehi et al.*® have shown oxygen saturation to decrease in the optic nerve
head rim before the optic nerve head cup in healthy monkey retinas sustaining increasing
IOP levels. In the case of acute IOP in healthy tissue, autoregulation causes an increase
in blood flow and a resistance to changes in oxygen levels. In the case of glaucoma,
there is tissue death and autoregulation is impaired.*” This study therefore sought to find
evidence of the differential effect on the ONH rim and cup in glaucomatous eyes. The
results suggest that the ONH cup is more profoundly affected than the ONH rim in this
case, as determined by a larger difference in oxygen saturation between glaucoma
patients and healthy controls for the cup than the rim. This also may be due to harsher
effects of pressure on the ONH cup, causing it to visibly bulge as shown in Figure 21.

Typically, the ONH cup is observed to cup inwards in the posterior direction, so images
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detecting an outward, anterior bulge may suggest different underlying physiological
causes of the ONH cup pathology. Regardless, the cup seems more susceptible to
physical deformation caused by increasing IOP. The difference in effects seen between
the healthy monkey retinal tissue and glaucomatous human tissue is likely due to
decreased metabolic activity in glaucomatous tissue and impaired autoregulation.

The oxygen saturation in the ONH cup, ONH rim, and vein within the optic disc
all were lower in glaucoma patients. These results are consistent with increased IOP
leading to decreased ability of the tissue to extract oxygen delivered by the arteries. The
increased pressure in the eye may also physically force oxygen out of these structures and
into the fluid portion of the eye.

The macula results from the visible spectrum images did not show lower oxygen
saturation in the case of glaucoma, and actually showed higher values. This system relies
on information from hemoglobin and there is no hemoglobin spectral signature from the
avascular macula in the retina. The visible spectrum images may detect the oxygen
levels at the very top of the choroid, explaining the increase in the case of glaucoma.
When increased IOP causes retinal tissue damage, the tissue is deficient in extracting
oxygen from the retinal vasculature. The choroid tries to compensate by delivering
oxygen to the suffering retinal tissue. The most superficial layer of the choroid nearest
the RPE may therefore exhibit higher oxygen saturation due to a gradient increasing
towards the retinal tissue. The most scleral choroidal layer would therefore show lower
oxygen saturation. The oxygen saturation calculations from the same area underlying the

macula in the monochromatic images from the NIR region did reveal lower oxygen
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saturation in glaucoma patients. These findings are thought to reflect the hemoglobin
status at the level of the deep choroid.

The difference in oxygen saturation between 96 percent saturation of an artery
and the ONH cup, ONH rim, superficial vein, deep vein, and choroid were all more
pronounced for the glaucoma patient group than for the healthy control group. The tissue
differences may suggest that there is more oxygen left in the arteries due to less
extraction by the glaucomatous tissue than by healthy tissue. This suggests a lowered
metabolism of retinal tissue in the case of glaucoma, which causes retinal cell death. The
vein differences may suggest oxygen diffusion out of the veins into the vitreous humor.
In the case of increased I0P, the blood velocity is slowed, which increases the probability
of oxygen diffusion away from the vessels (ocular blood flow in glaucoma, Lambrou &
Greve). Oxygen in arteries may diffuse into veins due to proximity. This oxygen will not
diffuse back into the arteries or into the tissue because the oxygen concentration gradients
of both of these structures are unfavorable to diffusion from the veins, where there is the
lowest concentration of oxygen. Therefore, it may diffuse into the fluid in the anterior
portion of the eye.

Some images were overexposed due to flash settings that are too high or blurry
due to imperfect sizing and setting of the filters. If these issues are overcome, the other
monochromatic images may be of better quality. Images were not separated based on
quality, so the data may reflect this. Engineering of the system should be made more
precise for future studies.

Though the sample sizes are small and there is much variability in results, the

findings consistently show lower oxygen saturation in glaucoma patients. In the future, a
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larger sample size would help determine whether or not these preliminary findings of our
pilot study are valid. There are outliers in our results that would skew results from a
larger sample to a lesser extent. The large variation within groups may be minimized by
adding subjects and by separating the glaucoma patients based on severity of pathology,
with primary open angle glaucoma being the most severe. This was not achieved by this
study because there were too few patients.

Additionally, the healthy controls were different individuals from the glaucoma
patients, as opposed to the same individuals before and after glaucoma onset. If oxygen
saturation calculation became a routine measure, the saturation index of glaucoma
patients may be compared to their pre-glaucoma indices. However, there are many
functional and physiological changes of the fundus due to aging that may bot be
controlled for in these comparisons.

The data from the superficial fundus layers as imaged with visible wavelengths
and the deeper layers as imaged with NIR region wavelengths were also from different
subjects. Ideally, a system would be engineered with two sets of bandpass filters that
may be switched quickly between image acquisitions. In this scenario, a clinician could
obtain optical information about and oxygen saturation of the more superficial retina as
well as deeper layers of the fundus.

Lastly, as seen in Figure 16, variable blood perfusion affects the penetration depth
at a given wavelength. Because autoregulation is impaired in glaucoma patients and
there is decreased ocular blood flow, this may lead to different penetration depths at the

same wavelength for healthy controls and glaucoma patients. This would confound the
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comparison. Future studies should pair oxygen saturation measurements with blood flow

measurements, assessed by Laser Doppler Flowmetry.
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Figure 1: Spectral curves for oxyhemoglobin (HbO;) and deoxyhemoglobin (Hb). These
curves show an isosbestic, or oxygen-insensitive, wavelength at 570 nm and an oxygen-
sensitive wavelength at 600 nm. The molar extinction coefficient is directly proportional
to absorption. The absorption of 570 nm light is the same for Hb and HbO,. The
absorption difference between Hb and HbO; is at a maximum at 600 nm. The ratio
between the optical densityin the image at 570 nm and the optical density of the image at

600 nm is proportional to hemoglobin oxygen saturation.
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Figure 2: Image depicting intensity point selections from within and outside a vessel.

The optical density of a vessel at a specific wavelength is determined by dividing the
intensity within the vessel by the intensity of the tissue just outside the vessel, which
normalizes the value to local conditions. The original light intensity is approximated by

the intensity from the tissue outside the vessel.
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Figure 3: Monochromatic images of the optic nerve head taken at 570 nm and 600 nm.
The monochromatic image at 570 nm, on the left, lacks resolution between arteries and
veins because oxyhemoglobin (HbO;) and deoxyhemoglobin (Hb) absorb the same
amount of this wavelength. However, the monochromatic image at 600 nm, on the right,
exhibits resolution between arteries and veins because there is a maximum difference

between the absorption of this wavelength of light by Hb and by HbO,.
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Figure 4: Monochromatic images of the retina taken at 570 nm and 600 nm. Comparison
of these images also shows that there is resolution of arteries and veins in the
monochromatic image at 600 nm, on the right, but not at 570 nm, on the left. The lighter
vessel in the right image is an artery. Arterial blood is highly oxygenated and this
oxygen causes the blood to turn red. Therefore, arterial blood will reflect wavelengths in
the red region of visible light. Veins, on the other hand, will reflect wavelengths

corresponding to blue light because deoxygenated blood is blue.
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Figure 5: Monochromatic fundus image at 570 nm with an oxygen saturation overlay.
This image was taken from a healthy volunteer. The colors represent the estimate of
oxygen saturation based on the optical density ratio between the images at 570 nm and
600 nm. Higher oxygen saturation is indicated by red and lower oxygen saturation is
indicated by blue. The color bar on the right shows the percent oxygenation associated
with the different colors. A clear difference between arteries and veins is shown. Arteries

are more red while veins are more green.
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Figure 6: Schematic of hyperspectral imaging acquisition. A single spatial line of the
image is acquired by the spectrometer at a time. Complete spectral information is
acquired for each point along each individually acquired spatial lines. The system takes
approximately 8 seconds to scan the entire fundus. Anesthetized monkeys have been
scanned with this system to prevent blurring of the image due to saccadic eye

movement.

Figure 7: Schematic of the hyperspectral imaging design. The slit of spectral information

is collimated by the first before passing through a transmission grating. The imaging
lens then focus the image slit onto a charged coupled device image plane and the data is

recorded.
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Figure 8: Hyperspectral image cube. This cube was created from the data obtained by
the scanning hyperspectral imaging system. This figure appears three dimensional, but
it actually encodes four dimensional data. There is relative reflected light intensity data
encoded for 2 dimensional spatial coordinates at each individual wavelength of the
visible spectrum. Wavelength versus reflected light intensity plots may then be created
for each point in an image. Alternatively, the average reflected light intensities from

areas of interest may also be plotted against wavelength.
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Figure 9: Graphical depiction of Khoobehi et al.’s saturation algorithm. Three regions
between the spectral reflectance curves for oxyhemoglobin (HbO,) and
deoxyhemoglobin (Hb) are bound by isosbestic points of equal light absorption. Areas
between adjacent isosbestic points and line segments connecting them are proportional
to oxygen saturation. Areas below line segments connecting adjacent isosbestic points,
labeled Al, A2, and A3, are sensitive to total reflected light intensity of each area. The
curves after subtracting the light sensitive areas are re-plotted on the x-axis and labeled
al, a2, and a3. The oxygen sensitive component (OSC) is a combination of saturation-
dependent terms after compensating for total light intensity:

OSC = a2/A2 - al/Al - a3/As.
The area between the hemoglobin spectral curve and the long line segment connecting
isosbestic points at 522 and 586 nm, labeled b in the figure, varies directly with blood
volume. The area under the long segment, labeled B in the figure, is proportional to
total light intensity within this spectral segment. The blood volume component (BVC)
normalized to total light intensity is defined as b / B. The volume-corrected relative

saturation index is: RSI = OSC / BVC.
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Figure 10: Schematic of the fundus camera Zeiss FF450 IR. A traditional fundus
camera flash is utilized. The reflectance data acquired leaves the exit pupil, labeled A in
the figure, and is subsequently separated to produce seven monochromatic images as

illustrated in Figure 11.
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Figure 11: Schematic of the relay sub-system and reimaging lenses. The reflected light
passes through these lenses after leaving the exit pupil of the fundus camera. Lenses 1
and 2 in the figure focus the light. Lenses 3 and 4 enlarge the image before the light is

collimated by lens 5. D and E reimage the light to produce seven monochromatic

images.
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Figure 12: Evidence of reproducibility. Two oxygen saturation maps from the same
healthy control on two separate days show roughly the same oxygenation patterns. The
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Figure 13: Expanded view of the oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb)
curves. The area of interest in the visible spectrum from 522 nm to 586 nm
encompasses three oxygen saturation-sensitive areas between the HbO, and Hb curves.

There is only one area between the curves to approximate in the longer wavelength, near

infrared region.
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Figure 14: Division of trapezoids in the oxygen saturation index algorithm. The same
calculations made from the hyperspectral imaging data can be made from data at seven
discrete wavelengths from the multispectral imaging system. Areas a, b, and c are
proportional to oxygen saturation and areas 1, 2, 3, 4, 5, and 6 are sensitive to total

reflected light intensity.
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Figure 15: Image key identifying analyzed areas around the optic nerve head. These
areas were analyzed for oxygen saturation. An area from within a vein and an area of
adjacent tissue were analyzed in the area just outside the optic nerve head (ONH), an

area 1.5 ONH radii away, an area 2.5 ONH radii away, and an area 3.5 ONH radii away.
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Figure 16: Penetration depth in millimeters as a function of both variable blood
perfusion and wavelength in nanometers. Longer wavelengths tend to exhibit higher

penetration depths and higher blood perfusion tends to decrease the penetration depth.
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Figure 17: Images from a healthy control using visible wavelengths. These images were
captured using the multispectral imaging system. The optic nerve head is visible near the
center of each image. The macula is visible on the right side of each image. The 16-bit
charged coupled device digital camera is sensitive enough to detect the spectral intensity
differences between each monochromatic image. The penetration depth in the visible

spectrum is at the level of the retinal vessels and tissue and the superficial optic nerve.
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Figure 18: Images from a healthy control using near infrared (NIR) wavelengths. These
images were captured using the multispectral imaging system. The optic nerve head can
be seen in the top right quadrant of each image. The 16-bit charged coupled device
digital camera is sensitive enough to detect the spectral intensity differences between
each monochromatic image. The penetration depth in the NIR region is at the level of

the choroid and the level of the optic nerve at the same depth.
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Figure 19: Images from a wet age-related macular degeneration patient using the
multispectral imaging system with visible wavelengths. The macula is visible on the
right side of the image. Increased intensity is seen due to degeneration of macular tissue
and neovascularization below this area. There is a limited amount of choroidal visibility
apparent because this patient is light-skinned and thus has a light retinal pigment

epithelium that lets some visible light pass.
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Figure 20: Images from the wet age-related macular degeneration patient from Figure 19
using the multispectral imaging system with near infrared (NIR) wavelengths. This
image is from a different angle than the image in Figure 19, so the optic nerve head is
visible here but not the macula. Enhanced choroidal visibility above that of the images

in Figure 19 are seen due to enhanced penetration depth of the NIR wavelengths.
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Figure 21: An image of a glaucoma patient exhibiting bulging of the optic nerve head
(ONH) cup. Typically glaucoma patients exhibit an inwards cupping of the ONH cup in
the posterior direction. A few images in this study showed bulging outwards of the
ONH cup in the anterior direction. This may be indicative of a different physical and

physiological course of the disease in a subset of patients.



Temporal Vein
Average SD
62% 7%

Temporal Tissue

Average SD
7% 4%

Inferior Vein

Average SD
63% 4%
Inferior Tissue
Average SD
76% 3%

Nasal Vein
Average SD
63% 4%
Nasal Tissue
Average SD
74% 2%
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Superior Vein
Average SD
54% 3%
Superior Tissue
Average SD
77% 4%

Table 1: Oxygen saturation results from the retinal areas shown in Figure 15. The

percent oxygen saturation was calculated by comparing the intensities to that of an

arterial area, which was set to correspond to 96 percent saturation. The vein oxygen

saturation values are much lower and the tissue oxygen saturation values are

intermediate between the vessels.



Glaucoma patients: Visible vein, ONH
cup, ONH rim

Age range 53-87 years
Average age 67 years
White, non-Hispanic 3

African American 3
Female 4
Male 2

Healthy controls: Visible macula

Age range
Average age

29-48 years
39 years

White, non-Hispanic 9

African American 0

Female 9

Male 0

Healthy controls: NIR vein

Age range 41-70 years
Average age 58 years

White, non-Hispanic 1
African American
Asian (dark Filipino)
Female

Male

P WEDN

Healthy controls:
Visible vein, ONH
cup, ONH rim
29-50 years

40 years

9

1

10

0

Glaucoma patients:

NIR vein
63-81 years
71 years

2
8
6
4

Glaucoma patients:

NIR choroid
59-79 years
70 years

1

5
0
4
3
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Glaucoma
patients: Visible
macula

64-87 years

72 years

1

3

3

1

Glaucoma
suspects: NIR vein
65-68 years

67 years

1

1

1

1

Healthy controls:
NIR choroid
41-76 years

60 years

2

3
1
4
2

Table 2: Demographic data. Age range, average age, race, and gender were recorded for

all subjects in the following groups analyzed for oxygen saturation. No qualitative

effect of any of these variables was observed. The only variable consistently lowering

oxygen saturation was glaucoma status.
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Healthy Glaucoma Glaucoma Difference as
controls suspects patients a percent of
healthy
controls
Average SD Average SD Average SD
Visible cup 65 6 61 10 7% lower
Visible rim 67 3 64 17 4% lower
Visible vein 67 15 56 22 16% lower
Visible 87 10 93 1 7% higher
macula
NIR vein 66 20 58 04 54 17 19% lower
NIR choroid 99 5 81 8 18% lower

Table 3: Oxygen saturation results for areas of interest in monochromatic images from
the visible spectrum and from the NIR region. The percent difference between healthy
controls and glaucoma patients is listed in the last column. In every area analyzed except
the macula, glaucoma patients had lower oxygen saturation than healthy controls. The
calculation is based on the oxyhemoglobin spectral curve, but the avascular macula lacks
hemoglobin. The higher oxygen saturation seen in glaucoma patients may be due to
oxygen saturation difference at the most anterior portion of the choroid. The vein oxygen
saturation at the penetration depth imaged by the NIR region wavelengths employed were
12 percent lower for glaucoma suspects than for healthy controls and another 12 percent
lower for glaucoma patients than for glaucoma suspects. This shows a progressive
difference between groups, possibly supporting the idea of a progressive oxygen

saturation decrease in patients with worsening pathology.



Healthy Glaucoma Glaucoma

controls suspects patients

Visible cup -31 -35
Visible rim -29 -32
Visible vein -29 -40
Visible -9 -3
macula

NIR vein -30 -32 -38
NIR choroid +3 -15

Table 4: Differences between oxygen saturation results for the areas of interest and 96
percent saturation of the ideal artery. The oxygen saturation differences from arterial
saturation were more pronounced in glaucoma patients than in healthy controls for all

areas analyzed except the avascular macula.
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