Retina

Retinal Tissue Oxygen Tension Imaging in the Rat
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PURPOSE. To report an imaging technique for measurement of
oxygen tension (PO2) in retinal tissue and establish its feasibility for measuring retinal PO2 variations in rat eyes by adjusting
the fraction of inspired oxygen (FiO2).
METHODS. A narrow laser line was projected at an angle on the
retina, and phosphorescence emission was imaged after intravitreal injection of an oxygen-sensitive molecular probe. A
frequency-domain approach was used for phosphorescence
lifetime measurements. Retinal PO2 maps were computed from
phosphorescence lifetime images, and oxygen profiles through
the retinal depth were derived in rats in conditions of 10%,
21%, and 50% FiO2.
RESULTS. Retinal PO2 measurements were repeatable, and variations in outer and inner retina PO2 at different locations along
the image were not significant (P ⱖ 0.3). Maximum outer
retinal PO2 obtained in 10%, 21%, and 50% FiO2 were significantly different (P ⬍ 0.0001). Maximum outer retinal PO2
correlated with systemic arterial PO2 (R ⫽ 0.70; P ⬍ 0.0001).
The slope of the outer retina PO2 profile correlated with
maximum outer retinal PO2 (R ⫽ 0.84; P ⬍ 0.0001). Mean
inner retina PO2 correlated with maximum outer retinal PO2
(R ⫽ 0.88; P ⬍ 0.0001).
CONCLUSIONS. A technique has been developed for quantitative
mapping of retinal tissue oxygen tension with the potential to
enable sequential monitoring of retinal oxygenation in health
and disease. (Invest Ophthalmol Vis Sci. 2010;51:4766 – 4770)
DOI:10.1167/iovs.09-4710

and a laser Doppler method measures blood flow.22–24 However, these techniques provide measurements only in the retinal vasculature and therefore are limited for assessment of
retinal tissue PO2.
Retinal tissue oxygenation has been evaluated by imaging
methods and oxygen-sensitive microelectrodes. Magnetic resonance imaging25–27 provides an indirect measure of retinal
tissue PO2, with limited resolution compared with optical
techniques. A fluorescence imaging technique28 has been reported for measurement of retinal tissue PO2, but it has limited
depth discrimination. Oxygen-sensitive microelectrodes29 –35
measure retinal tissue PO2 directly with high-depth resolution.
This technique is considered the gold standard, but it is invasive, requiring physical penetration of the tissue.
We have reported an optical imaging system for mapping of
PO2 in the retinal vasculature.36 –39 In the present study, we
report a novel imaging technique for quantitative mapping of
PO2 at different depths of retinal tissue of rats. Lateral (along
the retinal plane) and axial (through the retinal depth) variations in retinal tissue PO2 were determined in three different
fractions of inspired oxygen (FiO2).
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Thirteen male Long-Evans pigmented rats (450 – 650 g) were used. The
animals were treated in compliance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. The rats were
anesthetized using ketamine (85 mg/kg IP) and xylazine (3.5 mg/kg
IP). An oxygen-sensitive molecular probe40,41 (Oxyphor R2; Oxygen
Enterprises, Ltd., Philadelphia, PA) was dissolved in saline and 3 L
(0.5 mM) was injected intravitreally. The presence of the probe in the
vitreous was confirmed immediately after injection, by imaging the
vitreous cavity with a slit lamp biomicroscope to visualize the bolus.
The animals were imaged 24 hours after injection, an experimentally
determined duration for the probe to diffuse from the vitreous into the
retina. For monitoring systemic arterial PO2, a catheter was placed in
the femoral artery to obtain blood samples. Blood pressure and heart
rate were monitored with a pressure transducer attached to the catheter and linked to a data-acquisition system (Biopac Systems Inc.,
Goleta, CA). Before imaging, the pupils were dilated with 2.5% phenylephrine and 1% tropicamide. Hydroxypropyl methylcellulose (1%)
was applied to the cornea, and a glass coverslip was placed on the
cornea to eliminate its refractive power and to prevent corneal dehydration. Normal body temperature was maintained with an animal
holder connected to a water heater composed of copper tubing. FiO2
was varied via a high-flow face mask system. Gas mixtures containing
10%, 21% (room air), and 50% oxygen were administered to the rats 10
minutes before and during imaging. Concurrent with imaging, arterial
blood was drawn through the catheter without exposure to air, and
systemic arterial PO2 was measured with a blood gas analyzer (Radiometer, Westlake, OH). The rat was placed in front of the imaging
instrument. The laser power was adjusted to 100 W at the cornea.
Because of pupil size, 40 W entered the eye, yielding a retinal
irradiance of approximately 30 mW/cm2, which is safe for continuous
viewing for 3600 seconds, according to the American National Standard Institute for Safety Standards.42 Three images were acquired at
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etinal cells demand oxygen and nutrients to maintain normal metabolic function. Abnormalities in retinal oxygenation occur in acute retinal artery embolic disease, retinal vein
occlusion, retinopathy of prematurity, and diabetic retinopathy1– 8 and are implicated in the development of glaucoma and
age-related macular degeneration.9,10 Development of technologies for assessment of retinal oxygenation can advance health
care by providing a better understanding of disease pathophysiology and improving treatment outcomes.
Several techniques have been developed for assessment of
oxygen delivery to the retinal tissue via choroidal and retinal
circulations. Multiwavelength reflectance spectrophotometry
measures oxygen saturation of blood,11–15 phosphorescence
lifetime imaging measures intravascular oxygen tension (PO2),16 –21
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FIGURE 1. (A) An example of a phosphorescence image showing an
optical section view through the depth of the retina. (B) Retinal PO2
map generated from phase-delayed phosphorescence images. Color
bar represents retinal PO2 in mm Hg. Oxygen profiles were generated
along the image at locations denoted by rectangles. The horizontal
position of each rectangle was established based on the location of the
maximum PO2 in the posterior (right) portion of the retina, corresponding to 100% retinal depth.
each location within 2 disc diameters of the optic nerve head, over a
period of approximately 60 seconds. Of the 13 rats, 3 were imaged in
all three FiO2 conditions, 5 in two, and 5 in one. In total, in each of the
three FiO2 conditions, data from eight rats were available, yielding a
total of 24 data points.

Methods
The instrument for optical section phosphorescence imaging has been
described.36 Briefly, a narrow, focused, laser line was projected vertically at an angle on the retina, and the phosphorescence of the
oxygen-sensitive molecular probe was imaged. Because of the 10°
angle between the incident laser and imaging path, an optical section
phosphorescence image was acquired by a digital camera. Phosphorescence was imaged by matching the laser wavelength (532 nm) to
the excitation wavelength of the molecular probe and placing a filter
with transmission overlapping the phosphorescence emission in the
imaging path. The phosphorescence lifetime was measured with a
frequency-domain approach, as published elsewhere.20,36,43,44 According to the principles of this approach, the laser light and sensitivity of
the camera were independently modulated at a frequency of 1600 Hz.
The phase between the two modulators was incrementally delayed at
74-s intervals and a set of 10 optical section phosphorescence images
were acquired. The phase-delayed images were analyzed to determine
phosphorescence lifetime, which is related to PO2 according to the
Stern-Volmer expression: 0/ ⫽ 1 ⫹ (Q)(0)(PO2), where PO2 (mm
Hg) is the oxygen tension,  (in microseconds) is the phosphorescence
lifetime, Q (1/mm Hg s) is the quenching constant for the tripletstate phosphorescence probe, and 0 is the lifetime in a zero-oxygen
environment.40 A small error in retinal PO2 calculations may be
present, since the constants of the Stern-Volmer relation are not
known precisely in tissue. A retinal PO2 map was generated by calculating PO2 at each pixel on the image and three repeated PO2 maps
were obtained at the same location per eye. In phosphorescence
intensity images, a boundary between the retina and vitreous was
visible. The location of the boundary on the phosphorescence image
coincided with the vitreoretinal interface that was clearly visualized on
the reflectance image. The retinal region was isolated by generating a
mask by global thresholding of the phosphorescence intensity image
with an iterative threshold-selection method.45 The mask assigned a
value of 0 to PO2 map pixels with corresponding intensity values
below a threshold on the phosphorescence intensity image.
The masked retinal PO2 map was sectioned by contiguous rectangular segments along the image from superior to inferior. Each seg-
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ment was 20 pixels (100 m) vertically and spanned the retinal depth.
The horizontal position of each segment was established on the basis
of the location of the maximum PO2 level in the posterior portion of
the retina, corresponding to 100% retinal depth. The number of segments in each PO2 map varied, depending on the vertical extent of the
retina that could be visualized. Retinal PO2 maps were sectioned into
13 ⫾ 1 segments (mean ⫾ SD; n ⫽ 24). In each segment, a PO2 profile
was obtained by vertically integrating pixel values over the segment
(20 pixels). The resulting profile displayed PO2 values at 30 retinal
depth locations. A total of 13 oxygen profiles were generated from 13
contiguous segments along each retinal PO2 map. The outer and inner
retinal areas in an oxygen profile were defined by the region spanning
50% to 100% and ⬍50% of the retinal depth, respectively. An average
and SD for the following measures were calculated from oxygen
profiles: maximum and minimum outer retina PO2, mean inner retina
PO2, and slope of the outer retina PO2 profile between 75% and 100%
of the retinal depth.
The reliability of measurements was established in two separate
complementary analyses. First, intraclass correlations were calculated
between repeated images in each eye on PO2 profiles. Second, the
effect of location and repeatability on PO2 measurements was examined by subjecting the data to a two-way analysis of variance (ANOVA),
with location and image as between-samples repeated measures. A
significant main effect of image suggests differences between the
repeated images that would make it difficult to apply the technique
reliably. The main effect of location indicates variations at different
locations along the image. Interactions between the two (image, location) indicate that measurement variability changes in a systematic
manner between repeated images as a function of location. ANOVA
was used to compare measurements obtained during 10%, 21%, and
50% FiO2. Linear regression analysis was performed to relate systemic
arterial PO2, slope of the outer retina PO2 profile, and mean inner
retina PO2 to maximum outer retina PO2. Statistical significance was
accepted at P ⬍ 0.05.

RESULTS
Blood pressure was 90 ⫾ 15 (mean ⫾ SD), 139 ⫾ 25, and
135 ⫾ 21 mm Hg (significant change at P ⫽ 0.0002); heart rate
was 257 ⫾ 17, 278 ⫾ 46, and 241 ⫾ 23 beats per minute (P ⫽
0.08); and systemic arterial PO2 measurements were 39 ⫾ 11,

FIGURE 2. Oxygen profiles derived from retinal PO2 maps generated
with 10%, 21%, and 50% FiO2 are shown. Each profile was obtained
from a single segment of a retinal PO2 map. Error bars represent
standard deviations.
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TABLE 1. Effects of Image (Repeated-Measurement Variability) and Location (Lateral Variations) on
Retinal PO2 with 10%, 21%, and 50% FiO2
Maximum Outer
Retina PO2
FiO2 Effect
10%
Image
Location
Image/location
21%
Image
Location
Image/location
50%
Image
Location
Image/location

Mean Inner
Retina PO2

F

P

F

P

F

P

0.640
0.374
0.746

0.542
0.954
0.746

0.298
1.067
0.433

0.747
0.399
0.984

0.817
0.023
1.095

0.614
0.978
0.361

0.153
0.971
0.730

0.860
0.478
0.789

0.141
0.892
0.729

0.870
0.546
0.789

0.227
0.907
0.740

0.800
0.533
0.778

0.917
0.736
1.052

0.422
0.689
0.407

0.713
0.801
0.748

0.507
0.628
0.770

1.110
0.665
1.167

0.357
0.753
0.292

54 ⫾ 7, and 156 ⫾ 40 mm Hg (significantly different at P ⬍
0.0001) with 10%, 21%, and 50% FiO2, respectively.
An example of an optical section phosphorescence image,
displaying a cross-sectional view of the retina in a rat during
21% FiO2 is shown in Figure 1A. The phosphorescence from
the oxygen probe is visualized distinctly in the retinal tissue. A
retinal PO2 map was generated from the phase-delayed optical
section phosphorescence images, as shown in Fig. 1B. The
locations of contiguous segments along the image are marked
by rectangles. Retinal PO2 was highest at the choroidal interface and decreased incrementally through the outer retinal
depth. Examples of oxygen profiles derived from retinal PO2
maps generated in 10%, 21%, and 50% FiO2 are shown in Figure 2.
Each profile was obtained from a single segment of a retinal
PO2 map. Systemic arterial PO2 was 28, 50, and 109 mm Hg for
the three profiles derived with 10%, 21%, and 50% FiO2, respectively. In the outer retina, PO2 decreased linearly from a
maximum PO2 level in the proximity of the choroid and
reached a minimum PO2 at the location corresponding to the
photoreceptor cell inner segment, as previously reported.34 In
the inner retina, PO2 was relatively constant but displayed
spatial variations because of the retinal vascular architecture.34
All measures of maximum and minimum outer retina PO2,
and mean inner retina PO2 were consistent. Intraclass correlations were greater than 0.94, 0.75, and 0.44 in 10%, 21%, and
50% FiO2 conditions, respectively (P ⬍ 0.001). The results of
two-way ANOVA analysis for determining the effects of image
and location on PO2 measurements are shown in Table 1.
There were no significant effects of image, location, or interaction between the two effects on maximum or minimum

FIGURE 3. Mean retinal PO2 measurements obtained with 10%, 21%,
and 50% FiO2 in eight rats. Error bars, SD.
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outer retina PO2 or mean inner retina PO2 with 10%, 21%, or
50% FiO2 (P ⱖ 0.3).
Maximum outer retina PO2 measurements obtained with
10%, 21%, and 50% FiO2 were 37 ⫾ 15, 57 ⫾ 20, and 94 ⫾ 23
mm Hg, respectively, and increased significantly with higher
FiO2 (P ⬍ 0.0001). Maximum outer retina PO2 correlated with
systemic arterial PO2 (R ⫽ 0.70; P ⬍ 0.0001; n ⫽ 24). Maximum and minimum outer retina PO2 and mean inner retina
PO2 measurements obtained in 10%, 21%, and 50% FiO2 are
shown in Figure 3. Mean inner retina and minimum outer
retina PO2 measurements were significantly different during
the three oxygen breathing conditions (P ⫽ 0.001 and P ⫽
0.0003, respectively).
The relationship between the slope of outer retina oxygen
profile and maximum outer retina PO2 is shown in Figure 4.
The slope of the outer retina PO2 profile was correlated with
maximum outer retina PO2 (R ⫽ ⫺0.86; P ⬍ 0.0001; n ⫽ 24).
The relationship between mean inner retina PO2 and maximum outer retina PO2 is shown in Figure 5. Mean inner retina
PO2 correlated highly with maximum outer retina PO2 (R ⫽
0.88; P ⬍ 0.0001; n ⫽ 24).

DISCUSSION
Development of retinal pathologies may be related to retinal
tissue hypoxia in common retinal diseases, such as diabetic
retinopathy and age-related macular degeneration. Therefore,
technologies that provide direct measurement of retinal tissue
PO2 are needed to provide better understanding of the role of

FIGURE 4. The relationship between the slope of the outer retina PO2
profile and maximum outer retina PO2. The more negative values
correspond to a steeper slope.
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FIGURE 5. The relationship between mean inner retina PO2 and maximum outer retina PO2.

hypoxia in these retinal diseases. In the present study, an
imaging technique was reported for mapping of retinal tissue
PO2 and generating PO2 profiles through the retinal depth. The
feasibility of the technique was established by determining reproducibility of PO2 measurements and demonstrating a significant
increase in inner and outer retinal PO2 with higher fractions of
inspired oxygen.
Significant changes in systemic arterial PO2 were induced
by varying the fraction of inspired oxygen. In 21% and 50%
FiO2, systemic arterial PO2 was lower than measurements obtained in previous studies.46 – 48 This result is attributable to the
hypoxic condition of the rats in our study caused by the
respiratory depressant effect of the anesthetics.37 Maximum
outer retina PO2 significantly increased according to higher
fractions of inspired oxygen, in agreement with prior studies
that showed a proportionate increase in choroidal PO2 under
hyperoxia.49 As previously reported, maximum outer retina
and systemic arterial PO2 measurements were similar under
hypoxia.32,39 In the 50% FiO2, maximum outer retina PO2 was
approximately 50% of systemic arterial PO2, in agreement with
studies performed under systemic arterial PO2 ⬎ 80 mm Hg in
rats and other species.32,46,50,51 Mean inner and minimum
outer retina PO2 increased with higher fractions of inspired
oxygen, corresponding to microelectrode data in the cat and
the rat.30,46,49 Similar to previous studies using oxygen microelectrodes that found larger outer retina PO2 gradients with
increased FiO2,52 steeper slopes of the outer retina PO2 profile
were linearly correlated with higher maximum outer retina
PO2, indicating that oxygen flux into the outer retina is increased when maximum outer retina PO2 is higher.
Oxygen profiles generated by the optical imaging technique
in the present study displayed different features compared
with those published using the microelectrode technique.34,46
Inner retina PO2 variations did not display a minimum between
two capillary layers, and the gradient of outer retina PO2 was
lower. Since the imaging technique uses phosphorescent light
for measuring retinal PO2, scattered light from intraretinal
structures may have reduced the signal-to-noise ratio of the
system, thereby limiting detection of PO2 variations due to
inner retina capillary beds. In addition, the contribution of
scattered light may have caused the averaging of phosphorescence signals from different retinal depths. This averaging
would effectively lower the maximum outer retina PO2 measurement and elevate the minimum outer retina PO2 measurement, resulting in a reduced outer retina oxygen gradient
compared with microelectrode data.
Although the retinal irradiance used in the present study was
below the level that produces tissue damage, repeated laser exposures have the potential to induce phototoxic injury.53 Phototoxicity would have resulted in a progressive effect on data
derived from images acquired repeatedly at the same location.
However, data obtained from consecutive images acquired at
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the same location were found to be highly reproducible. Furthermore, the functional and structural integrity of the retinal
tissue was assessed with available techniques after imaging in
selected rats. In a light-adapted condition, the maximum amplitudes of the b-wave of the electroretinograms recorded 24
hours after probe and saline intravitreal injections were found
to be similar, and retinal structures imaged by optical coherence tomography after PO2 imaging displayed no abnormalities. Future studies are needed to thoroughly assess the potential presence of phototoxicity in the retinal tissue and establish
the reliability of the technique for monitoring disease progression over time.
Retinal PO2 measurements were reproducible, providing a
reliable means of assessment of retinal oxygenation and metabolism due to retinal diseases. Furthermore, variations in
maximum and minimum outer and mean inner retina PO2 at
different locations along the image were small; suggesting that
retinal PO2 profiles were relatively constant in the spatial
extent imaged. One potential limitation of this technique is the
dependence of the data on the quality of acquired images,
which is a factor in all optical imaging techniques. Blurring of
images can occur due to media opacities and aberrations,
affecting accuracy of PO2 measurements. In our data set, this
type of image degradation was encountered in approximately
20% of animals, in which the maximum outer retina PO2 was
significantly lower than the systemic arterial PO2. In the
present study, only focused images were analyzed, to minimize
inaccuracy due to image blurring. Overall, this technique for
quantitative mapping of retinal PO2 in animals may become
useful for sequential monitoring of retinal oxygenation and
provide a reliable means for assessing treatment regimens for
retinal diseases.
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