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Abstract
Purpose—An optical section phosphorescence lifetime imaging system was developed for three-
dimensional mapping of oxygen tension (PO2) in chorioretinal vasculatures.

Methods—A laser line was projected at an oblique angle and scanned on the retina after intravenous
injection of an oxygen-sensitive molecular probe to generate phosphorescence optical section
images. An automated software algorithm segmented and combined images from spatially adjacent
locations to construct depth-displaced en face retinal images. Intravascular PO2 was measured by
determining the phosphorescence lifetime. Three-dimensional chorioretinal PO2 maps were
generated in rat eyes under varying fractions of inspired oxygen.

Results—Under an air-breathing condition, mean PO2 in the choroid, retinal arteries, capillaries,
and veins were 58 ± 2 mm Hg, 47 ± 2 mm Hg, 44 ± 2 mm Hg, and 35 ± 2 mm Hg, respectively. The
mean arteriovenous PO2 difference was 12 ± 2 mm Hg. With a lower fraction of inspired oxygen,
chorioretinal vascular PO2 and mean arteriovenous PO2 differences decreased compared with
measurements under an air-breathing condition. Retinal venous PO2 was statistically lower than
PO2 measured in the retinal artery, capillaries, and choroid (P < 0.004).

Conclusions—Three-dimensional mapping of chorioretinal oxygen tension allowed quantitative
PO2 measurements in large retinal blood vessels and in retinal capillaries. This method has the
potential to facilitate better understanding of retinal oxygenation in health and disease.

Abnormalities in retinal oxygen delivery and consumption are thought to play significant roles
in common retinal diseases, among them diabetic retinopathy and vascular occlusion. Thus
far, however, knowledge of fundamental mechanisms that implicate oxygen in the development
of retinal abnormalities remains deficient and sparse. Noninvasive technologies that allow the
assessment of oxygen tension (PO2) in chorioretinal vasculatures and retinal tissue are greatly
needed to broaden knowledge of disease pathophysiology and thereby advance diagnostic and
therapeutic procedures.

Several techniques have been developed to assess PO2 in the retinal tissue and vasculature.
Retinal tissue PO2 has been directly measured with high-depth resolution using oxygen-
sensitive microelectrodes,1–12 but measurements are limited to one-dimensional linear profiles
through retinal depth. Although in principle multiple line profiles may be derived, in practice
this process is time consuming and may disturb the retinal microenvironment. Magnetic
resonance imaging (MRI) has been used to study changes in preretinal oxygenation,13–18 but
it does not provide an absolute measurement of tissue PO2, and it has lower resolution than
optical techniques. Multi-wavelength reflectance spectrophotometry has provided
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measurements of blood oxygen saturation in retinal vasculatures. 19–27 However, the
relationship between PO2 and oxygen saturation of hemoglobin is determined by the oxygen-
hemoglobin dissociation curve, which may be altered because of various metabolic conditions.
Additionally, measurements of oxygen saturation are limited to large retinal blood vessels and
technically are not achievable in retinal capillaries. Measurements of retinal oxygen tension
and consumption28 and retinal vascular PO2

16,29–36 have been reported based on fluorescence
and phosphorescence quenching of molecular probes, respectively. However, these imaging
methods lack adequate depth resolution and only detect fluorescence or phosphorescence from
the entire retinal thickness and choroid. Specifically, retinal capillary PO2 measurements are
not accurate with these methods because measurements are higher than retinal arterial
measurements,35 a result that is not physiologically plausible. The contribution of
phosphorescence from the choroid is the most likely explanation for these measurement errors.

We have previously developed a novel system for optical section phosphorescence imaging.
The system has been used to generate two-dimensional (2D) PO2 maps through retinal depth
and to quantitatively measure PO2 separately in the choroidal and retinal vasculatures.37–39 In
the present study, we report further development of our system for three-dimensional (3D)
mapping of PO2 in the chorioretinal vasculatures. Our system generates en face PO2 maps at
different retinal depths, allowing quantitative PO2 measurements in the choroid, retinal arteries,
capillaries, and veins, as well as evaluation of vascular PO2 variations in horizontal retinal
planes. En face chorioretinal vascular PO2 maps are useful for identifying potentially
vulnerable retinal areas, in terms of oxygenation, in diseases such as diabetic retinopathy and
macular degeneration. Furthermore, mapping of retinal vascular PO2 improves understanding
of oxygen gradients along retinal vasculatures.

Methods
Animals

Male Long Evans pigmented rats (weight range, 450–650 g; n = 10) were used for this study.
The animals were treated in compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were anesthetized with ketamine (85 mg/kg
intraperitoneally) and xylazine (3.5 mg/kg intraperitoneally). Anesthesia was maintained by
intraperitoneal infusion of ketamine and xylazine at the rate of 0.5 mg/kg/min and 0.02 mg/
kg/min, respectively. The femoral artery was cannulated, and a catheter was attached for
drawing arterial blood and monitoring each animal’s physiological condition. During imaging,
the blood pressure of the animals was monitored through a pressure transducer linked to a
femoral artery catheter and a data acquisition system (Biopac Systems, Goleta, CA). Body
temperature was maintained through a copper tubing water heater and was monitored with a
rectal thermometer. The fraction of inspired oxygen was varied in nine rats through a high-
flow face mask system. Gas mixtures containing 10% oxygen (hypoxia) or 21% oxygen (room
air, normoxia) were administered to rats for 5 minutes before and during imaging. Concurrent
with imaging, arterial blood (200 μL) was drawn through the catheter without air exposure,
and systemic arterial PO2 was measured with use of a blood gas analyzer (Radiometer,
Westlake, OH).

Pupils were dilated with 2.5% phenylephrine and 1% tropicamide. An oxygen-sensitive
molecular probe, Pd-porphine (Frontier Scientific, Logan, UT), was dissolved (12 mg/mL) in
bovine serum albumin solution (60 mg/mL) and physiological saline buffered to pH 7 and was
injected intravenously (20 mg/kg). Before imaging, 1% hydroxypropyl methylcellulose was
applied to the cornea, and a glass coverslip was placed on the cornea to eliminate its refractive
power and to prevent corneal dehydration. The rat was placed in front of the imaging
instrument. The laser power was adjusted to 100 mW, which is safe for viewing according to
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the American National Standard Institute for Safety Standards.40 Imaging was performed at
areas within 2 disc diameters (600 μm) from the edge of the optic nerve head.

Instrumentation
The principle of the imaging technique is shown in Figure 1. A diode laser beam at 532 nm
was expanded, focused to a narrow line, and projected at an oblique angle on the retina after
intravenous injection of the probe. A 2D phosphorescence optical section retinal image in the
Y-Z retinal plane was acquired by placing a near-infrared filter, with transmission overlapping
the phosphorescence emission of the oxygen probe, in front of the imaging camera. Because
the incident laser beam was not coaxial with the viewing path, structures at various depths on
the phosphorescence optical section image appeared laterally displaced according to their depth
location. Instrumentation for image acquisition has been previously described.39 The schematic
diagram of the modified system for 3D phosphorescence imaging is shown in Figure 2. A
galvanometer scanner (National Instruments, Woburn, MA) was incorporated in the system
for scanning the laser beam horizontally on the retina. The laser line was scanned in small
horizontal steps of 9 ± 3 μm across a retinal area of 198 to 423 μm in the horizontal direction
and approximately 750 to 1010 μm in the vertical direction, contingent on the curvature of the
eye and the dilation of the pupil. A series of 2D optical section phosphorescence images (range,
22–47) was generated from spatially adjacent locations. At each scan location, a set of phase-
delayed phosphorescence optical section images was acquired by incrementally delaying the
modulated intensifier of the imaging camera with respect to the modulated excitation laser
beam, as previously described.39

Image Processing and Analysis
The 2D optical section phosphorescence images in the Y-Z retinal plane were processed to
generate 3D phosphorescence retinal images at different retinal depths. Every third optical
section phosphorescence image from a series of 34 images acquired during a laser scan is
displayed in Figure 3 (top). Each 2D optical section phosphorescence image was segmented
into eight vertical slices in depth by an automated software algorithm developed in Matlab
(The Mathworks Inc., Natick, MA). The eight slices were separated in depth by 20 μm and
encompassed the retinal thickness. The first slices from each 2D optical section
phosphorescence images in the series were placed next to each other to construct an en face
phosphorescence intensity image of the first retinal vascular layer. An example of the
reconstructed en face phosphorescence intensity image of layer 5, generated by combining the
fifth slice from each image, is shown in Figure 3 (middle). This process was repeated to generate
a set of eight en face phosphorescence intensity images of retinal layers, separated by 20 μm
in depth (Fig. 3, bottom). For each depth-displaced layer, a set of phase-delayed
phosphorescence intensity images was constructed using the same reconstruction technique.

The methodology for quantitative measurement of PO2 based on 2D phase-delayed
phosphorescence intensity images has been previously described.39 A frequency-domain
approach was used for measurement of phosphorescence lifetime by varying the phase delay
between the modulated excitation laser and the sensitivity of the phosphorescence imaging
camera.35,41 The PO2 was determined from the lifetime according to the Stern-Volmer
expression: PO2 = (τ0/τ − 1)/(κQ)(τ0), where τ is the phosphorescence lifetime and κQ and τ0
are the probe’s quenching constant and lifetime in a zero oxygen environment, respectively.
PO2 was calculated at each pixel on the image with previously published κQ and τ0 values of
381 mm Hg−1 · s−1 and 637 μs, respectively.42 Three-dimensional PO2 images were generated
by mapping PO2 in each of the eight depth-displaced retinal layers.

To determine PO2 in the choroid, retinal arteries, and veins, PO2 images were processed. A
mask was generated by global thresholding of the phosphorescence intensity image (at zero
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phase delay) for each layer. The mask assigned a value of 0 or 1 to image pixels based on
intensity levels. The mask was multiplied by the PO2 map for each corresponding layer.
Regions of interest were selected on a layer closest to the choroid and a layer on which a retinal
artery and vein were visible. Average PO2 measurement in the choroid, retinal arteries, and
veins was calculated. For determining PO2 in the retinal capillaries, a mask was generated by
local thresholding of the phosphorescence intensity image (at zero phase delay) for a layer on
which capillaries were best visualized and in a region between a retinal artery and a vein. The
mask was multiplied by the PO2 map for the corresponding layer, and average PO2 in the
capillaries was calculated. To eliminate the contribution of noise caused by light scatter, only
best-fitted phase-angle calculations (R2 > 0.9) and PO2 measurements within normal
physiological conditions (<100 mm Hg) were included for calculation of averaged
chorioretinal vascular PO2 measurements.

Results
Examples of 3D phosphorescence intensity images and corresponding 3D PO2 maps in an
animal under room air breathing conditions (fraction inspired oxygen [FIO2] = 21%) are shown
in Figure 4. PO2 measurements in the choroidal and retinal vasculatures are depicted by
pseudocolors. The maps allowed visualization and quantitative measurement of PO2 in the
choroid and retinal vasculatures. Examples of a phosphorescence intensity image, a global,
and a locally thresholded PO2 map generated in one intraretinal layer are shown in Figure 5.
Local thresholding allowed better visualization of retinal capillaries.

The blood pressure of the animals was relatively normal and remained unchanged during
experiments. Blood pressure measurements were 110 ± 10 (mean ± SD) and 98 ± 24 mm Hg
under normoxia (FIO2 = 21%) and hypoxia (FIO2 = 10%), respectively. A typical example of
PO2 maps generated in one animal in the study under normoxia and hypoxia are shown in
Figure 6. Mean and SEM PO2 were calculated in a layer closest to the choroid and in an
intraretinal layer along a retinal artery and vein. Under normoxia, PO2 in the choroid, retinal
artery, and vein were 61.5 ± 0.3 (mean ± SEM), 60.4 ± 1.0, and 35.4 ± 0.9 mm Hg, respectively.
Under hypoxia, PO2 in the choroid, retinal artery, and vein were 41.2 ± 0.2, 28.2 ± 0.6, and
23.6 ± 1.0 mm Hg, respectively.

3D PO2 Mapping under Normoxia
Mean and SEM of systemic arterial and chorioretinal vascular PO2 measurements, derived
based on 10 phase-delayed phosphorescence images, were calculated in nine rats under
normoxia (FIO2 = 21%; Fig. 7). Under normoxia, the systemic arterial and choroidal PO2 were
65 ± 3 (mean ± SEM) and 58 ± 2 mm Hg, respectively. Choroidal PO2 was significantly lower
than systemic arterial PO2 (P = 0.02). Retinal arterial, capillary, and venous PO2 measurements
were 47 ± 2 mm Hg, 44 ± 2 mm Hg, and 35 ± 2 mm Hg, respectively. Retinal vasculature
PO2 measurements were significantly lower than systemic arterial PO2 (P < 0.001). Retinal
venous PO2 was significantly less than the PO2 measured in the retinal artery, capillaries, and
choroid (P < 0.03). The arteriovenous PO2 difference was 12 ± 2 mm Hg under normoxia.

3D PO2 Mapping under Hypoxia
Mean and SEM of systemic arterial and chorioretinal vascular PO2 measurements were
calculated in nine rats under hypoxia (FIO2 = 10%; Fig. 7). Under hypoxia, chorioretinal
vascular PO2 measurements were decreased compared with values obtained under normoxia.
There was no significant difference between systemic arterial PO2 (40 ± 2 mm Hg) and
choroidal PO2 (41 ± 2 mm Hg; P = 0.8). Retinal arterial, capillary, and venous PO2
measurements were 30 ± 2 mm Hg, 30 ± 2 mm Hg, and 23 ± 2 mm Hg, respectively. Retinal
venous PO2 was statistically lower than retinal arterial, capillary, and choroidal PO2 (P <
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0.004). The mean arteriovenous PO2 difference was 7 ± 1 mm Hg, with a lower fraction of
inspired oxygen.

Discussion
Assessment of retinal oxygenation is important for the diagnosis and understanding of many
retinal diseases. In the present study, an optical section imaging system was reported, and its
capability for 3D imaging of PO2 in the chorioretinal vasculatures was demonstrated.
Phosphorescence optical section images were acquired from closely spaced locations on the
retina, segmented, and combined to construct en face images of vascular layers equally
displaced in depth. Phase-delayed images were analyzed to generate PO2 maps of the
vasculature at different retinal depths. The validity of PO2 maps was established by comparing
measurements to systemic arterial PO2 and demonstrating a decrease in retinal and choroidal
PO2 with decreased fractions of inspired oxygen.

Under normoxia (FIO2 = 21%), systemic arterial PO2 was lower than measurements obtained
in previous studies.43–45 As previously reported, the hypoxic condition of the rats in our study
might have resulted from the respiratory depressant effect of the anesthetics because the rats
were not intubated or ventilated and they breathed spontaneously.46 Previous studies performed
under systemic arterial PO2 greater than 80 mm Hg in rat, monkey, miniature pig, and cat have
reported choroidal PO2 measurements that were approximately 60% of the systemic arterial
PO2.4,43,47,48 In our previous study,39 in which supplemental oxygen was provided to increase
systemic arterial PO2, we reported choroidal PO2 values that were approximately 60% of
systemic arterial PO2, in agreement with published reports in cats and other species.4,43,47,48

In the present study, choroidal PO2 measurements averaged 58 mm Hg during normoxia
(FIO2 = 21%), comparable to other studies, despite the fact that the systemic arterial PO2 was
much lower (65 mm Hg here compared with more than 80 mm Hg in other studies).4,43,47,48

This discrepancy may be attributed to the hypoxic condition of the rats in our study and the
shape of the hemoglobin dissociation curve (hemoglobin saturation as a function of PO2),
which has the steepest slope at PO2 values between approximately 20 and 60 mm Hg.
Therefore, the same arteriovenous saturation difference (amount of oxygen extracted) will
result in a smaller arteriovenous PO2 difference at lower systemic arterial PO2. Our findings
are in accordance with findings of a previous study in cats,4 which reported that choroidal
PO2 more closely approached systemic arterial PO2 under hypoxia.

Retinal vascular PO2 measurements were lower than data previously published in a study in
rat using a similar phosphorescence imaging technique but with lower depth discrimination.
35 However, in the previous study, it was noted that measurements of PO2 might have been
artificially high because of contamination from the phosphorescence signal from the choroid.
As expected, PO2 measurements in retinal capillaries (44 mm Hg) were between measurements
obtained in retinal arteries (47 mm Hg) and veins (35 mm Hg). Retinal capillary PO2 was closer
to retinal arterial PO2, possibly because of the sampling location. In the present study, capillary
PO2 measurements were made within approximately 2 disc diameters of the optic nerve head.
Given that retinal arterial and capillary PO2 decreases with increasing distance from the optic
nerve head because of oxygen diffusion along the length of the artery,49 PO2 in retinal
capillaries close to the optic nerve head tends to be higher than PO2 in retinal capillaries further
away from the optic nerve head. To our knowledge, measurements of oxygen saturation in
retinal capillaries have not been reported because of the small size of retinal capillaries,
precluding reliable measurements. A notable advantage of our technique is that it allows
measurements of PO2 in retinal capillaries, thus providing a better means for assessing retinal
tissue oxygenation than measuring PO2 in large retinal blood vessels.

Shahidi et al. Page 5

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2010 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



With a lower fraction of inspired oxygen, chorioretinal vascular PO2 decreased compared with
measurements under air breathing. A 39% decrease in systemic arterial PO2 corresponded with
a 30% decrease in choroidal PO2, comparable to a 37% change in choroidal PO2 measured in
cats using a microelectrode technique.4 Furthermore, a decrease in the mean arteriovenous
PO2 difference was observed with a lower fraction of inspired oxygen. During hypoxia, the
PO2 gradient from blood vessels to tissue decreases, and retinal vasculatures are known to
dilate.50,51 Dilation of the retinal vasculature would result in a decrease in oxygen extraction/
volume and, hence, a decrease in arteriovenous PO2 difference. Ideally, tissue oxygen
consumption would not be affected, but it could be reduced if the increase in blood flow were
insufficient.

Retinal arterial PO2 decreased under hypoxic conditions, similar to retinal arterial oxygen-
saturation changes reported in human subjects under acute hypoxic exposure.52 Additionally,
we demonstrated a reduction in retinal capillary PO2 under hypoxia. Ideally, functional
evaluation of the retina requires direct measurement of tissue PO2 rather than of retinal vascular
PO2. However, mapping of retinal capillary PO2 provides a better estimation of tissue PO2
than measurements of oxygen saturation or tension in large retinal blood vessels. Overall, the
retinal vascular PO2 mapping capability of our technique is useful for identifying retinal regions
made hypoxic from vascular diseases such as diabetic retinopathy and for studying oxygen
gradients along retinal vasculatures. Detection of abnormalities in oxygen gradients may also
be indicative of alterations in retinal tissue oxygen consumption caused by disease. The
technique can provide knowledge of the relationship between retinal hypoxia, capillary
nonperfusion, and development of retinal abnormalities. Furthermore, it makes possible a
quantitative means for evaluating available and new experimental therapeutic regimens that
aim to alleviate retinal hypoxia.

In summary, an optical imaging system for quantitative mapping of vascular PO2 at different
retinal depths was developed. Three-dimensional PO2 maps demonstrated the potential of this
technique for visualization and measurement of PO2 in retinal microvasculatures needed to
investigate the occurrence of early retinal oxygenation changes caused by disease. Even though
the imaging system for mapping chorioretinal vascular PO2 is limited to animal studies, the
technique provides knowledge that can lead to better understanding of oxygen dynamics in
health and disease. Findings from animal models of retinal diseases are valuable for assessing
current therapeutic interventions and developing new treatment regimens for diseases in which
retinal ischemia plays a role.
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Figure 1.
A laser beam was projected at an oblique angle onto the retina after intravenous injection of
an oxygen-sensitive molecular probe to generate an optical section phosphorescence image in
the Y-Z plane of the retina. Since the incident laser beam was not coaxial with the viewing axis,
chorioretinal vasculatures appeared laterally displaced according to their depth location on the
phosphorescence optical section image.

Shahidi et al. Page 10

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2010 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Diagram of the instrument for 3D chorioretinal oxygen-tension mapping.
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Figure 3.
Top: every third optical section phosphorescence image from a series of 34 images acquired
during a laser scan is displayed. Middle: an en face phosphorescence intensity image of layer
5 was reconstructed by automatically segmenting every optical section phosphorescence image
into eight slices and combining the fifth slice from each image. Bottom: reconstructed en face
phosphorescence intensity images of eight retinal layers, displaced equally in depth.
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Figure 4.
Phase-delayed phosphorescence intensity images were analyzed by customized computer
software to generate three-dimensional oxygen-tension maps. Top: three-dimensional
phosphorescence intensity images at zero phase delay. Bottom: three-dimensional oxygen-
tension maps allowed visualization and quantitative measurement of oxygen tension in the
chorioretinal vasculatures. On the top portion of the oxygen-tension maps, in layers closer to
the vitreous, a sampling of choroidal oxygen tension can be observed because of the curvature
of the globe.
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Figure 5.
Left: example of a phosphorescence intensity image from a retinal layer. Middle: corresponding
oxygen-tension map after global thresholding for visualizing the retinal artery and vein.
Right: corresponding oxygen-tension map after local thresholding for visualization of retinal
capillaries.
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Figure 6.
Typical oxygen-tension maps generated in a rat under hypoxia (top) and normoxia (bottom).
Oxygen-tension changes in the choroid (left) and retinal artery and vein (right) can be
visualized.
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Figure 7.
Mean oxygen-tension measurements in the systemic artery, choroid, and retinal vasculatures
under normoxia (air-breathing condition) and hypoxia (10% oxygen-breathing condition),
compiled from data in nine rats. Error bars represent SEM.
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