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SUMMARY 
 
 

Energy metabolism in the retinal tissue of the eye is considered to be one of the 

highest in the body.  In order to maintain this highly metabolic demand for visual 

processing and vision, a constant delivery of oxygen by the retinal circulation is 

required.  Alterations in retinal circulation due to vascular abnormalities are implicated in 

many retinal diseases and may lead to abnormal oxygenation of the retinal tissue.  As a 

result, parameters that characterize the retinal oxygenation may help advance our 

understanding in both healthy and diseased retinas. 

This thesis describes novel methods for determining oxygen extraction 

parameters based on retinal vascular oxygen tension (PO2) measured by 

phosphorescence lifetime imaging.  First, semi-automated vessel segmentation methods 

for quantifying the vascular PO2 from two- (2D) and three-dimensional (3D) 

phosphorescence lifetime images were developed and validated.  Inner retinal oxygen 

extraction fraction (OEF) and vascular PO2 longitudinal gradients (gPO2) of retinal 

vessels in rats were then derived based on vascular PO2 from 2D and 3D images, 

respectively.  Measurements of gPO2 in retinal vessels were validated by determining its 

response to hypercapnia.  Quantification of inner retinal OEF was established and 

validated by measuring its alteration due to a severe hypoxic challenge.  The effect of 

light flicker stimulation on OEF was also determined, thus demonstrating a method for 

assessment for neurovascular coupling in terms of the compensatory capacity of blood 

flow increase in response to increased oxygen metabolism. 

Methodologies for measurements of inner retinal OEF and vascular gPO2, and 

assessment of neurovascular coupling by OEF were demonstrated for the first time.  

These methods can serve as useful tools for investigating retinal oxygenation in health 

and disease. 
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I. INTRODUCTION 

 

The energy metabolism of the retina is considered to be one of the highest in the 

body.  In order to maintain this highly metabolic demand, a constant delivery of oxygen 

by the retinal circulation is required.  Alterations in retinal circulation due to vascular 

abnormalities may lead to tissue hypoxia, a condition that impairs neural activity 

(Linsenmeier 1990) and is implicated in many retinal diseases.(Kur, et al. 2012; 

Osborne, et al. 2004)  Indeed, under a severe hypoxic or ischemic insult, retinal function 

has been shown to be impaired,(Anderson 1968; Linsenmeier 1990; Osborne, et al. 

2004; Weidner 1976), and will become irreversibly damaged if the hypoxia/ischemia is 

sustained.(Hayreh and Weingeist 1980; Hayreh, et al. 2004; Osborne, et al. 

2004)  Furthermore, abnormal vascular oxygen levels have been reported in vascular 

occlusions,(Hardarson, et al. 2013; Jaime, et al. 2012) diabetic retinopathy,(Hardarson 

and Stefansson 2012; Khoobehi, et al. 2013) glaucoma,(Olafsdottir, et al. 2011; 

Olafsdottir, et al. 2014) and oxygen-induced retinopathy.(Mezu-Ndubuisi, et al. 2013)  As 

a result, further investigation of oxygen levels in retinal vessels are needed for the 

advancement of knowledge in retinal physiology and pathological processes. 

Current available imaging techniques for quantification of retinal vascular oxygen 

levels include oximetry,(Hammer, et al. 2008; Hardarson, et al. 2006) and 

phosphorescence lifetime imaging (PLI).(Shahidi, et al. 2006; Shahidi, et al. 2010; 

Shahidi, et al. 2009; Shonat and Kight 2003; Wilson, et al. 2005a)  Oximetry is an optical 

method for quantification of the retinal vascular oxygen saturation (SO2, percent of 

hemoglobin carrying oxygen) by measuring the vascular optical densities at different 

wavelength.(Beach, et al. 1999; Delori 1988; Hickam, et al. 1963)  The use of oximetry 

has gained considerable interest in retinal research since it can noninvasively provide 

information about retinal oxygenation in humans.(Eysteinsson, et al. 2014; Geirsdottir, et 
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al. 2014; Geirsdottir, et al. 2012; Hardarson, et al. 2013; Hardarson and Stefansson 

2012; Jani, et al. 2014; Jorgensen, et al. 2014; Khoobehi, et al. 2013; Olafsdottir, et al. 

2014; Traustason, et al. 2014; Vandewalle, et al. 2013)  There are however technical 

limitations in the current oximetry systems.  Such limitations include, bright specular 

reflex of vessels which could adversely affect measurement reliability, and signal 

contribution from the choroidal vessels which precludes measuring SO2 in smaller-

ordered vessels, such as those branching off from the major retinal vessels.(Hammer, et 

al. 2001)  As a result, reliable SO2 has only be reported in major retinal vessels (> ~100 

µm in width) in humans and pigs.(Delori 1988; Hammer, et al. 2001; Hammer, et al. 

2008; Hardarson, et al. 2006; Hickam, et al. 1963; Palsson, et al. 2012; Traustason, et 

al. 2013) 

PLI is an optical method that can measure oxygen tension (PO2) by obtaining the 

phosphorescence lifetime of an oxygen-sensitive molecular probe (Pd-porphine).  This 

method has been used to investigate the vascular oxygen dynamics in the retina,(Riva 

1998; Shonat and Kight 2003; Wilson, et al. 2005a) and also the microvascular and 

tissue PO2 outside the eye.(Intaglietta, et al. 1996; Tsai, et al. 2003)  However, similar to 

retinal oximetry, PO2 measured in smaller-ordered vessels have also been precluded 

due to phosphorescence signal contamination from the underlying choroid.(Shonat and 

Kight 2003; Wilson, et al. 2005a)  Overcoming this limitation, Shahidi et al. developed an 

imaging system that combined PLI with optical sectioning,(Shahidi, et al. 2006) which 

allowed imaging of cross sectional depth resolved PO2 of both retinal and choroidal 

vessels.  With this imaging system, reliable vascular PO2 measurements could be 

obtained in both major and smaller-ordered retinal vessels.  In addition to acquiring 

vascular PO2 in 2D, vascular PO2 can also be obtained in 3D by acquiring contiguous 

cross sectional images across the retina.(Shahidi, et al. 2009)  Imaging of the vascular 
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PO2 in 3D opens up the possibility of investigating the oxygen dynamics in the entire 

complex retinal microvascular network. 

With the capability of imaging the retinal vascular PO2 in 2D and 3D in animals by 

PLI, the questions then arise as to: 

1) How to efficiently quantify the vascular PO2 in 2D and 3D phosphorescence 

images? 

2) What are the parameters that could be used to gauge the amount of oxygen 

extraction or the adequacy of oxygen delivered to the retina, both globally and 

locally? 

This thesis attempts to provide solutions to these questions by establishing novel 

semi-automated methods for quantification of vascular PO2 in 2D and 3D 

phosphorescence images and utilizing the semi-automatically quantified PO2 

measurements to derive global and local retinal tissue oxygen extraction 

parameters.  Specifically, a semi-automated vessel lumen method for quantifying retinal 

vascular PO2 from 2D PLI was developed and validated by quantifying vascular PO2 

from digital vascular phantom images.  Additionally, the repeatability of the method was 

assessed by comparing the semi-automatically and manually quantified vascular 

PO2.  The vascular PO2 quantified by the semi-automated method was demonstrated to 

have a higher repeatability than when the manual method was used. 

Using the semi-automated vessel lumen segmentation method, retinal arterial 

and venous PO2 was measured in rats and used to derive inner retinal oxygen extraction 

fraction (OEF) for the first time.(Teng, et al. 2013)  The parameter, OEF, has been 

demonstrated to be useful for determining ischemia-induced hypoxia in cerebral 

tissue.(Derdeyn 2007; Powers 2012; Powers and Zazulia 2010), and could be useful in 

determining similar conditions in the retina.  Measurements of OEF were validated by 

demonstrating an increase in OEF under a severe hypoxia challenge in rats.  In addition, 
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the effect of light flicker on OEF during normoxia and hypoxia was investigated.  The 

rationale for investigating this response was that although both oxygen delivery and 

metabolism has been shown to increase during increased neural activity, it is uncertain if 

the increase in oxygen delivery fully compensates for the increase in oxygen 

metabolism.(Linsenmeier 2012)  

The optical sectioning capability of PLI has allowed generation of 3D vascular 

phosphorescence images.  In order to efficiently analyze the vascular PO2 from these 3D 

images, a semi-automated vessel tracking method was developed for quantification of 

the vascular PO2 along the imaged vessels.  This method was validated by quantifying 

the vascular PO2 from a 3D digital vascular phantom image.  Using the semi-automated 

method, vascular PO2 along retinal vessels in rats was quantified and used to determine 

the vascular PO2 longitudinal gradients (gPO2, the PO2 difference per unit length along 

vessel segments) in major arteries, veins and microvessels between the arteries and 

veins.(Teng, et al. 2012)  Measurement of gPO2 was validated by demonstrating an 

increase during hypercapnia, due to a vasodilatory-induced decrease in oxygen 

extraction.(Davis, et al. 1998; Kim, et al. 1999; Stefanovic, et al. 2004) 
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II. BACKGROUND 

 

Retina and Retinal-Choroidal Circulations 

 The retina is a light-sensitive multi-layered tissue situated in the posterior inner 

surface of the eye (Fig 1A).  As a part of the visual system, the role of the retina is to 

convert the perceived light to electrical signals.  These signals are then transmitted to 

the cerebral cortex through the optic nerve for further visual processing.(Boron and 

Boulpaep 2005)  To maintain a normally functioning retina, a high level of energy is 

produced and consumed, thereby requiring a constant supply of oxygen to be delivered 

to the retina.(Braun, et al. 1995; Hardarson 2013; Kur, et al. 2012; Newman 2013; 

Wanek, et al. 2011; Wanek, et al. 2013)  Without any delivery of oxygen to the retina, the 

retina will cease to function, leading to loss of vision in less than a minute.(Anderson 

1968)  

 

 

Fig. 1 A) A cross sectional view of the eye displaying the retina in the posterior 
inner surface of the eye (Figure reprinted from Wikipedia). (National Eye Institute 
2014)  B) A cross sectional view of the retinal tissue, displaying the retinal and 
choroidal circulations which are in the anterior half (top) and posterior (bottom) of 
the retina, respectively (Figure reprinted from Anand-Apte B, et al.). (Anand-Apte 
2011) 
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The oxygen supplied to the retina is delivered from blood through two 

circulations, the choroidal and retinal circulations.(Hayreh 2011; Kur, et al. 2012; 

Linsenmeier 2012; Newman 2013)  The retinal circulation, situated in and near the 

surface of the retina (Fig 1B) supplies oxygen to the anterior half of the retina (inner 

retina).  The choroidal circulation, located immediately posterior to the retina (Fig 1b), 

supplies oxygen through its high highly anastomotic network to the posterior half of the 

retina (outer retina).  The portion of tissue in which each circulation supplies the oxygen 

varies and is dependent by the relative amount of energy metabolized among the retinal 

layers.  In this thesis, the terms “inner retina” and “outer retina” will be referred to as the 

portions of tissue in which the oxygen is supplied by the retinal and choroidal 

circulations, respectively. 

 

Importance of Retinal Oxygenation 

Physiological and pathological changes may lead alterations in the delivery and 

metabolism of oxygen in the retina.  These alterations are reflected on the retinal 

vascular PO2, SO2 and retinal tissue PO2 (the relationships among vascular and tissue 

oxygen levels and oxygen delivery and metabolism will be explained in section Models 

of Oxygen Transport).  As result, knowledge of retinal vascular and tissue oxygen levels 

in normal and diseased retinas will lead to better understanding of the retina and the 

pathophysiology of retinal diseases, respectively.  Table I lists some of the findings from 

past studies that measured either the retinal vascular or tissue oxygen levels under 

altered physiology or diseased conditions.  Since alterations in retinal oxygenation are 

indications of altered physiology or pathology, measurements of oxygen may be used for 

assessment of disease progression and even potentially used as biomarkers for early 

detection of retinal diseases. 
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TABLE I FINDINGS FROM PREVIOUS STUDIES THAT MEASURED UNCHANGED 
(↔), INCREASED (↑) OR DECREASED (↓) OXYGEN LEVELS IN EITHER THE 
RETINAL VESSEL OR TISSUE IN ALTERED PHYSIOLOGY OR DISEASED 
CONDITIONS IN HUMANS AND ANIMALS. 

 Arterial PO2 
or SO2 

Venous PO2 
or SO2 

Inner Retinal 
Tissue PO2 

Outer Retinal 
Tissue PO2 

Dark to Light 
condition 

↓ 
(humans(Hardar
son, et al. 2009)) 

↓ (humans(Hardarson, 
et al. 2009)) 

↔ (rats(Lau and 
Linsenmeier 2012)) 

↑ (monkeys, cats, 
(Linsenmeier 2012) 
rats(Lau and Linsenmeier 
2012))  

Light Flicker ↔ 
(humans(Hamme
r, et al. 2011)), ↑ 
(rats(Shakoor, et 
al. 2006)) 

↑ (humans(Hammer, 
et al. 2011)), 
↔ (rats(Shakoor, et 
al. 2006)) 

↓ (rats(Lau and 
Linsenmeier 2012), 
cats(Buerk, et al. 
1998; Buerk and 
Riva 2002)) 

 

Severe 
Hypoxemia 

  ↓ (cats(Linsenmeier 
and Braun 1992)) 

↓(cats(Linsenmeier and 
Braun 1992)) 

Mild Hypoxemia ↓ 
(humans(Trausta
son, et al. 2011)) 

↓ 
(humans(Traustason, 
et al. 2011)) 

↔ 
(cats(Linsenmeier 
and Braun 1992)) 

↓(cats(Linsenmeier and 
Braun 1992)) 

Vascular 
Occlusion 

↓ 
(human(Hardars
on, et al. 2013), 
rabbits(Jaime, et 
al. 2012)) 

↓ (humans(Hardarson, 
et al. 2013), 
rabbits(Jaime, et al. 
2012)) 

  

Glaucoma ↔ 
(humans(Olafsdo
ttir, et al. 2011; 
Olafsdottir, et al. 
2014)) 

↑ (humans(Olafsdottir, 
et al. 2011; 
Olafsdottir, et al. 
2014)) 

  

Diabetic 
Retinopathy 

↑ 
(humans(Hardar
son and 
Stefansson 
2012; Khoobehi, 
et al. 2013)), ↔ 
(humans(Hamme
r, et al. 2009)) 

↑ (humans (Hammer, 
et al. 2009; Hardarson 
and Stefansson 2012; 
Khoobehi, et al. 
2013)) 

↓ 
(cats(Linsenmeier, 
et al. 1998)) 

 

Oxygen-induced 
Retinopathy 

↔ (mice(Mezu-
Ndubuisi, et al. 
2013)) 

↓ (mice(Mezu-
Ndubuisi, et al. 2013)) 

  

 
 
Theory of Oxygen Transport 

The amount of oxygen being delivered by the retinal circulation and consumed by 

the retinal tissue can be expressed using Krogh’s model.(Tsai, et al. 2003)  The Krogh’s 
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model applies the principle of mass balance to the transport of oxygen from a blood 

vessel segment to the tissue that surrounds this blood vessel segment.  As oxygenated 

blood passes through this vessel segment, the PO2 will be lower in the downstream 

location as compared to that in the upstream location.  This difference in PO2 is due to 

an oxygen flux at the vascular wall where oxygen is diffusing outward from the vessel to 

the tissue.  The existence of this oxygen flux is driven by a pressure difference between 

the intravascular and tissue PO2, where the tissue PO2 is lower due to consumption of 

oxygen by the tissue.  Simultaneously, due to this consumption of oxygen, the tissue 

PO2 at locations further away from the vessel will also be lower than that near the 

vessel.  The above relationship can be expressed as, 

Q*(O2c_in - O2c_out) = 2*π*R0*L*D*α*(dPO2/dr) = M*π*(Rt
2-R0

2)*L (eq 1) 

, where Q is the flow rate of blood, O2c_in and O2c_out are the oxygen contents at the inlet 

and outlet of the vessel segment, respectively.  R0 is the radius of the vessel segment, L 

is the length of the vessel segment, D is the diffusion constant, α is the oxygen solubility, 

and dPO2/dr is the radial PO2 gradient at the blood-tissue interface.  M is the rate of 

oxygen consumed by the tissue per unit volume, and Rt is the radius of the tissue 

surrounding the vessel segment.  The vascular oxygen content is the amount of oxygen 

carried by the hemoglobin and dissolved in blood, and can be obtained by the following 

equation, (Crystal 2001) 

O2c= O2max * Hgb * SO2 + k * PO2  (eq 2) 

where O2max is the maximum oxygen carrying capacity of hemoglobin, Hgb is the 

measured hemoglobin concentration of arterial blood and k is the oxygen solubility in 

blood (0.003 mLO2·dL-1·mmHg-1),(Crystal 2001).  The vascular SO2 is dependent mainly 

on the vascular PO2, by the oxygen dissociation curve as follows, 

SO2 = (PO2/P50)
n/[1+ (PO2/P50)

n]  (eq 3) 
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where n is an empirical constant, which varies between species,(Cartheuser 1993) and 

P50 (in mmHg) is the PO2 when SO2 is 0.5 at a given pH,(Chen, et al. 2010) 

log10 P50 =  log10 (26.4) - 0.48 (pH - 7.4)   (eq 4) 

As an alternative to the Krogh’s model, the oxygen transport in the retina can be 

expressed in an abstract model using Fick’s principle (Pittman 2011) by assuming the 

retina as a block of tissue and the blood in this tissue is being supplied and drained by a 

single artery and a single vein, respectively.  The oxygen delivery (DO2) and oxygen 

metabolism (MO2) of the retina can then be determined as follows, 

MO2 = Q * (O2A - O2V)  (eq 5) 

DO2 = Q * O2A  (eq 6) 

, where Q is the flow rate of blood, and O2A and O2V are the oxygen contents in the artery 

and vein, respectively.  Finally, the MO2 can then be related to DO2 by OEF with the 

following equation, 

MO2 = DO2 * OEF = DO2 * (O2A-O2V) / O2A (eq 7) 

As shown by equation 7, OEF is the fractional amount of oxygen removed from arterial 

blood by the tissue. 

 

Methods for Measuring Oxygen Levels in the Vessels and Tissue 

The importance of oxygen transport has led to the development of several 

methods for measuring oxygen levels in the retinal vessels and tissue.  The methods 

discussed here are oxygen-sensitive microelectrodes (Braun, et al. 1995; Buerk, et al. 

1993; Lau and Linsenmeier 2012; Linsenmeier 2012; Linsenmeier and Braun 1992; Yu 

and Cringle 2001; Yu, et al. 1994; Yu, et al. 2007), oximetry (Beach, et al. 1999; Beach, 

et al. 2007; Hammer, et al. 2001; Hammer, et al. 2008; Hardarson 2013; Hardarson, et 

al. 2006), and PLI.(Shahidi, et al. 2006; Shahidi, et al. 2009; Shonat and Kight 2003; 

Wilson, et al. 2005a)  These methods either measure the PO2 in the vessels or tissue, or 
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SO2 in the vessels.  Other methods for gauging the retinal tissue oxygen level include 

magnetic resonance imaging (Ito and Berkowitz 2001) and hypoxyprobe (pimonidazole), 

which is an ex vivo method.(Wright, et al. 2012)  Both magnetic resonance imaging and 

hypoxyprobe cannot determine absolute levels of PO2 or SO2 and will not be further 

discussed in this chapter.  Emphasis will be made on PLI, as PLI is the method used for 

studying the vascular PO2 in this thesis. 

 

Oxygen-sensitive Microelectrode 

 The oxygen-sensitive mircoelectrode, also termed the Clark electrode or 

polargraphy, is considered to be the gold standard and the oldest method for measuring 

oxygen levels in the retina.(Takahashi, et al. 1966)  It can measure the tissue PO2, and 

estimate the retinal vascular PO2 by introducing the electrode to the retina or on the 

vessel surface, respectively.  The oxygen-sensitive microelectrode operates by 

polarizing a noble metal, such as platinum, at -0.7 volt with respect to a reference 

electrode.(Linsenmeier 2012)  The noble metal then becomes a cathode, where nearby 

oxygen is chemically reduced.  Simultaneously, a current is produced and is recorded to 

be used for determination of PO2 at the measured location.  The chemical net reaction is 

as follows: O2 + 4e- + 2H2O →  4OH-.  Usually, calibrations are performed before and 

after each experiment by measuring the current from the electrode in several mediums 

with known PO2 levels.(Braun, et al. 1992; Padnick, et al. 1999; Tsai, et al. 2003)  

Assuming a linear relationship between the current and PO2, these values measured 

during the calibration are then used to determine the PO2 from the measured current 

during the experiment.  The microelectrode can only measure one location at a time, 

thus limiting its spatial resolution.  However, there are several advantages for using the  

microelectrodes, such as its high temporal (50ms(Linsenmeier 2012)) and depth 
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(3um(Lau and Linsenmeier 2012)) resolutions, and that retinal PO2 can be measure in 

both light and dark conditions. 

 

Oximetry 

The oximetry, also termed spectrophotometry, measures the retinal vascular 

SO2.  This method determines the SO2 by utilizing the varying optical density (OD) of the 

oxygenated (HbO2) and deoxygenated hemoglobin (Hb) at different wavelengths.(Beach, 

et al. 1999; Delori 1988; Hickam, et al. 1963)  The ODs of the HbO2 and Hb over a range 

of wavelengths,(Van Assendelft 1970; Zijlstra, et al. 1991) in terms of extinction 

coefficients are shown in Fig 2.  The OD is dependent by the amount of oxygen carried 

by the hemoglobin at most wavelengths (non-isosbestic wavelengths), indicating the 

amount of light absorbed by blood will be dependent by SO2.  However, in several 

wavelengths (isosbestic wavelengths), the ODs for both HbO2 and Hb will be the same, 

indicating the amount of light absorbed by blood will be independent from SO2.  In 

theory, the SO2 of blood can be estimated by quantifying the OD at a non-isosbestic 

wavelength by assuming a linear relationship between SO2 and OD.(Van Assendelft 

1970)  However, in the living tissue, there are multiple factors that affects the 

measurements of vascular OD, such as absorption and scattering of light by the 

tissue.(Hammer, et al. 2002)  To overcome these factors, current oximetry systems uses 

vascular ODs from images acquired at multiple wavelengths, usually at least one images 

at a non-isosbestic wavelength, and one image at an isosbestic wavelength.(Hammer, et 

al. 2008; Hardarson, et al. 2006; Khoobehi, et al. 2013; Yi, et al. 2013)  While oximetry is 

still under development and is used only in non-clinical settings, it has been validated in 

pigs (Traustason, et al. 2013) and used extensively to measure retinal vascular SO2 in 

humans.(Delori 1988; Hammer, et al. 2001; Hammer, et al. 2008; Hardarson, et al. 2013; 

Hardarson, et al. 2006; Hardarson and Stefansson 2012; Hickam, et al. 1963; Jaime, et 
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al. 2012; Khoobehi, et al. 2013; Olafsdottir, et al. 2011; Olafsdottir, et al. 2014; Palsson, 

et al. 2012)  Given that it is a non-invasive imaging method, it holds promise for 

becoming a clinically approved system for assessing retinal vascular oxygenation. 

 

 

 

Fig. 2 The absorptivity of the HbO2 (solid line) and Hb (dashed line) over a range 
of wavelengths, expressed in terms of extinction coefficient.  Data extracted from 
a previous study.(Van Assendelft 1970) 

 

Phosphorescence Lifetime Imaging 

Measurement of PO2 by PLI can be achieved by using a phosphorescent probe 

(Pd-porphine, excitation at 416 and 523 nm, emission at 687 nm) whose lifetime is 

dependent by the surrounding oxygen level.(Lo, et al. 1996)   To spatially quantify the 

retinal vascular or tissue PO2, the probe is either administered intravascularly (Shahidi, 

et al. 2006; Shonat and Kight 2003; Wilson, et al. 2005a) or intravitreally,(Shahidi, et al. 

2010) respectively.  A light source, such as a wide field illumination, is then aim at the 

retina to excite the probe to phosphoresce.(Shonat and Kight 2003; Wilson, et al. 2005a)  
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The phosphorescence of the probe will then be quenched by oxygen.  As a result, an 

environment with a higher PO2 will lead to a shorter phosphorescence lifetime, while an 

environment with a lower PO2 will lead to a longer phosphorescence lifetime.  This 

inverse relationship between the phosphorescence lifetime and PO2 is governed by the 

Stern Volmer equation,(Lakowicz, et al. 1992; Shonat and Kight 2003) 

PO2 = (1/κQ)·(1/τ − 1/τ0) (eq 8) 

where κQ (mm Hg−1·μs−1) is the quenching constant for the triplet-state of Pd-porphine, τ 

(μs) is the phosphorescence lifetime, and τ0 (μs) is the lifetime in a zero-oxygen 

environment.  As a result, by determining the lifetime at varying locations in the retina 

using a camera, the PO2 of the retinal vessels or tissue can be spatially quantified. 

The phosphorescence lifetime of the probe can be quantified using either the 

time-domain or frequency-domain approach.  The time-domain approach quantifies the 

intensity of the phosphorescence emission over time after a pulse of excitation light.  

The decay of the phosphorescence intensity over time can then be used to determine 

the phosphorescence lifetime by the following equation,(Sakadzic, et al. 2010; Shonat 

and Kight 2003) 

I(t) = I0 e
(-t/τ)

 (eq 9) 

,where I(t) is the phosphorescence intensity at time t, I0 is the initial intensity, and τ is the 

lifetime of the phosphorescent decay. 

The frequency-domain approach also quantifies the intensity of the 

phosphorescence emission over time.  However, the excitation light is continuous and 

sinusoidally modulated thereby producing a sinusoidal phosphorescence emission that 

has a lifetime-dependent phase delay relative to the sinusoidal excitation light, as shown 

in Figure 3A.  The lifetime can therefore be derived from the phase delay by tan(θ) = 

ω*τ, where θ is the phase delay, ω is the frequency of the excitation light and τ is the 

lifetime.  To determine the phase-delay (θ), phosphorescence intensities at multiple 
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phase-shifts are quantified and used to solved the coefficients of the following equations 

as proposed by Lakowicz et al,(Lakowicz, et al. 1992) 

I(θD) = a0 +a1 x cos(θD) + b1 x sin(θD)  (eq 10) 

,where  θ = tan (b1/a1)
-1  (eq 11) 

, where I(θD) is the intensity at phase delay θD, and a0, a1 and b1 are coefficients that can 

be solved using linear least-squares by fitting I(θD) at 3 or more phase-shifts to equation 

10.  One advantage that the frequency-domain approach has over the time-domain 

approach is that the phase-delay at a given PO2 is independent from the intensity of the 

excitation light.  However, as this probe is not approved by the US Food and Drug 

Administration, PO2 measurements based on PLI of the retina has only been performed 

in animals.(Mezu-Ndubuisi, et al. 2013; Shahidi, et al. 2009; Shonat and Kight 2003; 

Tsai, et al. 2003; Wilson, et al. 2005a) 
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Fig. 3  A) Example light intensity over time of a sinusoidally modulated excitation 
laser (modulation frequency at 1.6 kHz).  Example phosphorescence emissions 
over time in 2 mediums at PO2 values of 40 and 20 mmHg, and their respective 
phase delays (θ) due to the excitation laser are shown in B and C, respectively. 

 

Given that the choroidal circulation is situated posterior to the retinal circulation, 

measurements of retinal vascular PO2 by PLI using a conventional biomicroscope (with 

wild field illumination) will be influenced by the phosphorescence emitted from the 

choroidal vasculature.  As a result, measurements of retinal PO2, particularly in smaller 

retinal vessels, such as the microvessels between the major arteries and veins will not 

be accurate due to a weaker phosphorescence signal as compared to the underlying 
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choroidal phosphorescence.(Hardarson 2013; Linsenmeier 2012; Shonat and Kight 

2003; Wilson, et al. 2005a) 

In order to overcome the influence of choroidal phosphorescence from that of the 

retinal vessels, Shahidi et al have developed a system that can image depth-resolved 

phosphorescence in the chorioretinal vessels by combining PLI with optical 

sectioning.(Shahidi, et al. 2006; Shakoor, et al. 2006)  In brief, an intensified charge-

coupled device camera was attached to a slit lamp biomicroscope.  Instead of using a 

wide field illumination as the excitation light source, a laser beam was used.  This laser 

was first focused to a vertical line and then projected at an oblique angle on the retina, 

as illustrated in Fig 4A.  Since the incident laser beam was at an angle with respect to 

the imaging path, phosphorescence emissions of the Pd-porphine from the retinal 

vessels will be depth-resolved.  An example optical sectioned phosphorescence image 

of the retinal vasculature acquired by this system is shown in Fig 4B.  Using this method, 

imaging of PO2 in 3D can be achieved by moving the laser line laterally at incremental 

steps and acquiring optical sectioned phosphorescence images at each step.(Shahidi, et 

al. 2009)   
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Fig. 4 A) An illustration of optical sectioning of the retina using a laser line as the 
excitation light.  The laser is first focused to a line (thick green line) and then 
projected (thin green lines) to the retina (gray objects bounded by the white box) 
at an angle with respect to the imaging path (thin red lines).  Due to this angle, the 
phosphorescence emission from the retinal vessels captured by the camera will 
be depth resolved.  B) An example phosphorescence image of the retinal vessels 
acquired by optical sectioning PLI displaying phosphorescence from the retinal 
vessels (left of image) and the choroid (right of image). 
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III. A SEMI-AUTOMATED VESSEL LUMEN SEGMENTATION METHOD FOR 

QUANTIFICATION OF RETINAL VASCULAR PO2 GENERATED BY 2D PLI 

 

Introduction 

Vascular abnormalities have been shown to be implicated in many retinal 

diseases.(Blair, et al. 2009; Connor, et al. 2009; Fraz, et al. 2012; Newman 2013; Riva, 

et al. 2005; Shakoor, et al. 2006)  Specifically, vascular diameter, tortuosity, capillary 

density and oxygen level have been demonstrated to be altered in either diabetic 

retinopathy, retinopathy of prematurity or glaucoma.(Blair, et al. 2009; Connor, et al. 

2009; Fraz, et al. 2012; Newman 2013; Riva, et al. 2005; Shakoor, et al. 2006)  

Quantification of these vascular attributes requires accurate delineation of the vascular 

boundaries through either manual or computer-assisted segmentation methods.  While 

manual segmentation is generally considered as the gold standard for vessel 

segmentation,(Staal, et al. 2004) it suffers from intra- and inter-observer 

variability.(Bankhead, et al. 2012; Staal, et al. 2004)  Furthermore, manual segmentation 

is a task that is both tedious and time consuming.  As a result, a significant amount of 

research effort has been put towards the development of automated or semi-automated 

vessel segmentation methods.(Fraz, et al. 2012; Kirbas and Quek 2004; Suri, et al. 2002)  

However, to our knowledge, there have been no reported computer-assisted methods 

for segmenting retinal vascular lumens for quantification of vascular PO2 generated by 

2D PLI. 

While it is possible to apply existing computer-assisted vessel segmentation 

methods to quantify the vascular PO2 from images obtained by PLI, it may not be the 

most appropriate for the following reason.  The majority of vessel segmentation methods 

rely only on the spatial information derived from one image.  However, since quantifying 

18 

 



19 

 

 

 

the vascular PO2 by PLI requires acquisition of multiple phase-delayed 

phosphorescence images, an ideal vessel segmentation method should utilize spatial 

information extracted from all images.  

In this chapter, a cross-correlation based semi-automated vessel lumen 

segmentation method for quantifying vascular PO2 using multiple phosphorescence 

images was demonstrated.  The semi-automated method was validated by quantifying 

the PO2 from digital vascular phantoms.  In addition, the method’s performance was 

evaluated by comparing the variability of the quantified vascular PO2 to those quantified 

manually in phosphorescence images acquired in the rat retina. 

 

Materials and methods 

Phantom and In-vivo Datasets 

 Eleven sets of vascular phantoms were generated for the validation of the semi-

automated vessel lumen segmentation method.  Each set of phantom contained 10 

phase delayed phosphorescence images of a cross-sectional vascular lumen with a 

given PO2 value.  An example zero-phase delayed phosphorescence image of a 

phantom is shown in Fig 5A.  The phosphorescence intensity in the vessel lumen at 

each phase delay was determined based on the phase delay and a PO2 value, which 

varied for each phantom and ranged from 0 to 100 mmHg.  White noise was added to 

the phantoms so that the signal to noise ratios matched those obtained in the actual rat 

retina (signal to noise ratio of 14.0 ± 0.5 dB, calculated from 3 sets of repeated images, 

each acquired from different rats). 

 Twelve sets of retinal vascular phosphorescence images obtained from 3 rats 

were used for the performance evaluation of the semi-automated method.  Each set of 

images contained 10 phased-delayed phosphorescence images.  An example zero-



20 

 

 

 

phase delayed phosphorescence image is shown in Fig 5B.  At least 3 major retinal 

vessels were imaged for each set of phosphorescence images.  Overall, a total of 36 

vascular PO2 measurements were obtained from these images and used for the 

performance evaluation. 

 

 

Fig. 5 Zero-phase delayed phosphorescence images of A) a vascular phantom and 
B) retinal vessels obtained in a rat.  

 

Semi-automated Segmentation 

 The semi-automated vessel lumen segmentation method was based on cross 

correlation.(Alperin and Lee 2003)  The rationale for using this method is as follows, and 

illustrated in Fig 6.  Given a set of multiple phase-delayed phosphorescence images that 

bound a single cross sectional vascular lumen, as shown in Fig 6A, since the 

phosphorescent dye circulates inside the vessels and does not extravasate out to the 

retinal tissue,(Teng, et al. 2013) the phosphorescence intensity within the vessel would 

be relatively bright (such as locations near the red circle in Fig 6A) as compared to that 
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outside the vessel (such as locations near the blue square in Fig 6A).  Furthermore, 

when the phosphorescence intensities within the vessel (red circle in Fig 6A) are plotted 

against the degree of phase-delays, the intensities would form a sinusoidal waveform 

(circles in Fig 6B).  Conversely, when the phosphorescence intensities outside the 

vessel (blue square in Fig 6A) are plotted in the same fashion, it will not resemble a 

sinusoidal waveform due to the absence of the phosphorescent dye (squares in Fig 6B).  

Hence, the vessel within the images can be located by searching for pixels exhibiting 

similar sinusoidal waveforms by using cross correlation.  Specifically, given a set of 

phase delayed phosphorescence images, P, and a reference sinusoidal waveform, R, a 

cross correlation map can be calculated using the following equation, 





N

i

ixyixy RPC
1

 (eq 1) 

where Cxy is the pixel intensity at row x and column y of the cross correlation map, Pxyi is 

the phosphorescence intensity at ith phase-delay at row x and column y, and Ri is the 

mean intensity at ith phase-delay of the reference waveform.  The reference waveform 

was obtained based on the mean intensities at varying phase delays of pixels with a 

higher intensity at the zero-phase delayed phosphorescence image.  The final cross 

correlation map is then normalized to range from 0 to 1.  An example cross correlation 

map is shown in Fig 6C, locations with intensities closer to 1 indicate higher cross 

correlations with the reference waveform, and therefore are more likely to be within the 

vessel.  A threshold for the cross correlation map was then determined using Otsu’s 

binerization method,(Otsu 1975) and locations with cross correlations above the 

threshold were designated as locations within the vessel of interest (white pixels in Fig 

6D).  Finally the mean phosphorescence intensities at varying phase delays within the 

vessel of interest (crosses in Fig 6B) were obtained and used to determined the vascular 

PO2,(Shonat and Kight 2003) as described in Chapter II. 
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Fig. 6 A) A phosphorescence image of a cross sectional vascular lumen at zero-
phase delay.  The red circle and blue square indicate locations in the vessel and in 
the background, respectively.  B) Phosphorescence intensities plotted against the 
degree of the phase delays of a location within the vessel (circles, corresponding 
to the red circle in A), in the background (squares, corresponding to the blue 
square in A).  C) The cross correlation map obtained based on the multiple phase 
delayed phosphorescence images of the vessel shown in A.  D)  A binary image, 
with white pixels representing locations with a higher cross correlation as 
compared to pixels with lower cross correlation based on an automatically 
obtained threshold. 

 

Validation and Performance Evaluation 

 To valid the semi-automated method, PO2 of the vascular phantoms were 

quantified semi-automatically.  The quantified PO2 values were correlated with the actual 

PO2.  The differences between the quantified and actual PO2 were also calculated.  In 

addition, the performance of the semi-automated method was compared with that of the 

manual method using retinal vascular phosphorescence images acquired in rats.  

Specifically, the two methods were compared based on the inter- and intra-observer 

variabilities from vascular PO2 quantified by two observers, and also the time to segment 

the vessels by these observers.  Each observer quantified the vascular PO2 twice (2 
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repeated measurements) for each method at one week apart.  The intra-observer 

variabilities of the two methods were assessed using the Bland and Altman 

analysis,(Altman and Bland 1983) i.e. plotting the average against the difference of 

repeated measurements, and then calculating the 95% confidence interval 

(mean±1.96*SD of the difference of the repeated measurements).  The naming 

conventions for the manual segmentation are M11 and M12 for the first and second 

repeated measurements for the 1st observer, respectively, and M21 and M22 for the 

second observer, respectively.  The letter “M” is replaced with the letter “A” for the semi-

automated method.  Similarly, inter-observer variabilities of the 2 methods were also 

assessed with the Bland and Altman analysis using the average of repeated 

measurements between observer 1 and 2, i.e., M1 = (M11+M12)/2, and comparing M1 

with M2.  The segmentation time per vessel were also recorded and compared between 

the two methods using paired Student’s t-test. 

 

Results 

Validation 

The relationship between the semi-automatically quantified and actual PO2 

values of the vascular phantoms is shown in Fig 7.  The quantified PO2 values were 

highly correlated to the actual PO2 values (R2 = 0.99; P < 0.001).  The difference 

between the quantified and actual PO2 values were on average 0.6 ± 0.8 mmHg (N = 

11). 
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Fig. 7 The actual PO2 of the vascular phantoms plotted against the semi-
automatically quantified PO2.  The correlation coefficient and the corresponding 
P-value between the actual and quantified PO2 values are displayed.  The line of 
identity is indicated by the dashed line. 

 

Performance Evaluation 

Example Bland and Altman plots of the repeated measurements obtained by one 

observer using the manual and the semi-automated methods are shown in Fig 8.  As 

shown by the ranges of the confidence intervals (dashed lines) in the Bland and Altman 

plots, repeated measurements obtained using the semi-automated method was more 

consistent than those when the manual method was used for this observer.  The results 

of the Bland and Altman analysis are shown in Table II.  The means of differences 

between the repeated measurements were less or equal to 0.35 mmHg, indicating there 

were minimal bias between trials for both manual and semi-automated methods.  For 

both observers, the ranges of the 95% confidence interval were smaller when the semi-

automated method was used.  Similarly, when comparing M1 versus M2 and A1 versus 

A2, the ranges of the 95% confidence interval were also smaller for the semi-automated 

method.  The segmentation time was significantly less when the semi-automated 
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method was used as compared to when the manual method was used for every trial for 

both observers (P<0.001; N = 36 vessels). On average, the segmentation time was 4 ± 1 

seconds per vessel when the semi-automated method was used, which was about 40% 

less than when the manual method was used (7 ± 1 seconds per vessel). 

 

 

Fig. 8 Bland and Altman plots of the repeated measurements obtained by one 
observer using the manual (A) and the semi-automated (B) methods.  The solid 
and dashed lines are the mean of difference from the repeated measurements and 
the corresponding 95% confidence interval, respectively. 
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TABLE II THE MEAN ± SD DIFFERENCE BETWEEN MEASUREMENTS AND THE 
CORRESPONDING 95% CONFIDENCE INTERVAL.  

 

 
Difference in PO2 

(mmHg, Mean ± SD) 

95 % Confidence 

Interval in PO2 (mmHg) 

Intra-observer Evaluation 

M11, M12 -0.16 ± 1.94 -3.97 to 3.66 

M21, M22 0.35 ± 2.29 -4.14  to 4.84 

A11, A12 0.05 ± 0.76 -1.42 to 1.54 

A21, A22 -0.10 ± 0.56 -1.21 to 1.00 

Inter-observer Evaluation 

M1, M2 0.12 ± 1.82 -3.45 to 3.68 

A1, A2 0.00 ± 0.37 -0.73 ± 0.72 

 

Discussion 

 Segmentation of vascular boundaries from retinal images is a necessary step 

for quantification of morphological and functional attributes of retinal vessels.  Since the 

quantified attributes are dependent on the segmentation results, use of semi-automated 

segmentation methods, as compared to manual segmentation, could potentially increase 

the repeatability of the parameters to be quantified.  In this chapter, a semi-automated 

method for segmenting vascular lumens for quantification of vascular PO2 from 

phosphorescence images was proposed.  The semi-automated method was 

demonstrated to be superior to the manual method in terms of reduced variability and 

faster segmentation time. 
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 The validation of the semi-automated method using the vascular phantoms 

demonstrated the quantified vascular PO2 was highly correlated to the actual PO2 values.  

Furthermore, the mean difference between the quantified and actual vascular PO2 was 

less than 1 mmHg, indicating the semi-automated method was able to accurately 

quantify the vascular PO2 from phosphorescence images. 

 Based on the performance evaluation, when the semi-automated method was 

used, the 95% confidence intervals were smaller as compared to those when the manual 

method was used, indicating the intra-observer variability was lower for the semi-

automated method.  Similarly, based on the inter-observer evaluation, the 95% 

confidence interval by the semi-automated method was also smaller than that by the 

manual method, indicating the inter-observer variability was lower for the semi-

automated method.  The reduced intra- and inter-observer variabilities for the semi-

automated method suggest use of the proposed semi-automated method will increase 

the repeatability of the quantified vascular PO2.  In addition to the increased repeatability, 

the semi-automated method was also able to reduce the segmentation time by about 

40%, which will aid in streamlining the vascular PO2 quantification process. 

In summary, this chapter demonstrated a novel semi-automated vascular lumen 

segmentation method for quantification of vascular PO2.  This semi-automated method 

was demonstrated to have higher repeatability and was faster as compared to when the 

manual method was used.  The increase in repeatability will help in detecting smaller 

vascular PO2 changes due to altered physiologic and pathologic conditions. 
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IV. A SEMI-AUTOMATED VESSEL TRACKING METHOD FOR QUANTIFICATION OF 

RETINAL VASCULAR PO2 GENERATED BY 3D PLI 

 

Introduction 

 The amount of oxygen extracted locally by any tissue is reflected by the vascular 

PO2 changes along nearby vessel segments.(Boron and Boulpaep 2005; Tsai, et al. 

2003)  Hence, measurements of vascular PO2 changes along retinal vessels could help 

gain fundamental knowledge of the local oxygen transport in the retina.  However, due to 

difficulties in measuring the microvascular PO2 in the living retina, few studies have 

investigated the changes of PO2 along the retinal vessels.(Buerk, et al. 1993; Hardarson, 

et al. 2006; Shakoor, et al. 2006)  More recently, Shahidi et al has developed an optical 

section PLI system that enabled imaging of the retinal vascular PO2 in 3D.(Shahidi, et al. 

2009) 

 While optical section PLI allows imaging of the retinal vascular PO2, 

quantification of the vascular PO2 along the vessels from these 3D images would require 

knowledge of the vessel geometry.  Therefore, vessel tracking (obtaining the vessel 

segmentation and determining how the vessel is traversing) will need to be performed.  

Given that the vessels traverses in 3D, manually tracking these vessels will be a task 

that is both challenging and labor intensive.  As a result, in order to efficiently quantify 

the PO2 from the imaged retinal vessels by optical section PLI, use of an automated or 

semi-automated vessel tracking method is desired. 

To our knowledge, there have been no previously published automated or semi-

automated methods for quantifying vascular PO2 from 3D images obtained by optical 

section PLI.  In this chapter, a semi-automated vessel tracking method for quantification 

of vascular PO2 from 3D phosphorescence images will be demonstrated.  The proposed 
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method will be assessed by evaluating its accuracy of the quantified vascular PO2 in a 

3D vascular phantom. 

 

Materials and Methods 

Phantom and In-vivo Datasets 

 A 3D vascular PO2 phantom (25x34x70 voxels) was generated for the validation 

of the semi-automated vessel tracking method.  The phantom contained a single vessel 

with varying PO2 along the vessel as shown in Fig 9.  The diameter of the vessel was 9 

pixels, a width comparable to those of major vessels in rats acquired using the optical 

section PLI system.  The PO2 varied along the vessel, and ranged from 85 mmHg at one 

end of the vessel to 25 mmHg to the other end of the vessel.  In addition to the 3D 

phantom, an actual zero-phase delayed phosphorescence volume acquired from a rat 

retina was used for development of the interactive vessel segmentation software.  

 

 

Fig. 9 The 3D vascular PO2 phantom, containing a single vessel segment with PO2 
varying from 85 to 25 mmHg, as indicated by the pseudo-color and the 
corresponding colorbar. 
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Interactive Vessel Segmentation Software 

 An interactive vessel segmentation software was implemented in Matlab for 

delineating individual vessel segments from the zero-phase delayed phosphorescence 

volume.  The software interface is shown in Fig 10.  Using maximum intensity 

projection,(Sun and Parker 1999) the zero-phase delayed phosphorescence volume is 

displayed on the software interface from 3 different viewing angles.  Based on the 3 

views, the user can create a rough segmentation of the vessel by selecting a 

phosphorescence intensity threshold.  Voxels with phosphorescence intensities above 

that threshold would then be selected as voxels within the vessel and masked in red (Fig 

10, solid arrow).  For each view, the masked volume is also displayed adjacent to the 

original volume (Fig 10, hollow arrow).  The rough segmentation can then be refined to a 

specific vessel segment by including or excluding part of the mask based on a user-

defined polygon illustrated by red lines and green dots (Fig 10, hollow arrow).  The 

refining process can be iteratively performed until the segmentation best represents the 

contour of the vessel of interest. 
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Fig. 10 The interface of the vessel segmentation software. 

 

Vessel Centerline Extraction and Vascular PO2 Quantification 

The process for the extraction of vessel centerline is summarized in Fig 11 and 

has been previously described.(Teng, et al. 2011; Teng, et al. 2012)  In brief, using 

manually determined vessel upstream and downstream points, and a binary volume 

obtained from the vessel segmentation, two distance fields were generated based on 

distance transformation.(Borgefors 1986; Borgefors 1996; Zhou and Toga 1999)  The 

first field was a single-seeded field (SF), generated using the binary volume as the initial 

distance field and the downstream point as the initial seed.  The second field was a 

boundary-seeded field (BF), generated also using the binary volume as the initial 

distance field and the vessel borders as the initial seeds.  Example representative 2D 

images of a binary volume, and its corresponding SF and BF are shown in Fig 12.  The 



32 

 

 

 

voxel intensities inside the SF represent how far each vessel voxel is relative to the 

downstream point, while those inside the BF approximate the shortest distance to the 

vessel boundary for each vessel voxel.  Based on the two distance fields, a skeleton was 

extracted by iteratively traversing through descending values in the SF starting from the 

upstream point to the downstream point, which has the lowest value in the SF.  In order 

to maintain the centeredness of the skeleton, each skeleton point was shifted locally so 

that it is a local maxima in the BF as shown by the skeleton overlaid on the BF in Fig 12.  

 

 

Fig. 11  A flow chart of the vessel centerline extraction process. 
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Fig. 12 Example images and data created during the vessel centerline extraction 
process.  A) The initial binary image with the manually determined downstream 
and upstream points, indicated by the green and red circles, respectively.  B) Two 
distance fields, single-seeded and boundary-seeded fields, were generated by 
distance transformation. C) The extracted skeleton (blue line), overlaid on a 
grayed-out boundary-seeded field.  Note how the skeleton is situated at the local 
maximums of the boundary-seeded field. 

 

The extracted skeleton was smoothed with cubic smoothing spline to generate 

the final vessel centerline.  In brief, cubic smoothing spline solves for piecewise cubic 

polynomials by minimizing L, which is defined as follows,(De Boor 2001)   
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Where iy  is the location of the skeleton point at index i in one dimension, n  is the 

number of skeleton points, iS  or )( ixS is a cubic polynomial, and λ is a smoothing 

parameter.  The value of λ was determined empirically so that the centerline will not 

have abrupt directional changes (physiologically impossible) and the distance between 

the resulting centerline and skeleton points are on average less than 1 voxel width apart.  

The smoothing process is performed to the skeleton points in all three dimensions. 

The vascular PO2 along the vessel was then quantified from the PO2 volume by 

using the binary volume and the vessel centerline for identification of the vessel location 

and how the vessel is traversing, respectively.  Each vessel centerline point was 

assigned a PO2 based on the mean of PO2 within the cross sectional vascular area 

perpendicular to the vessel axis.  The quantification of the vascular PO2 was then 

validated by correlating the quantified values with the actual PO2 values in the vascular 

phantom.  The absolute mean difference between the quantified and actual PO2 was 

also calculated. 

 

Results 

 

Determination of λ 

 Example segments of the vessel centerlines at different λs are shown in Fig 13A.  

The mean difference between the vessel skeleton and centerlines at varying λs are 

plotted in Fig 13B.  Abrupt changes in the vessel centerline were minimized when λ was 

greater than 0.1 (Fig 13A).  At λs of 0.1 to 0.005, the mean difference between the 

skeleton and centerline varied minimally (0.6 to 0.7 voxel width), while at a λ of 0.001, 
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the mean difference approached 1, indicating the centerline was relatively not centered.  

Therefore the appropriate λ should be between 0.1 and 0.005.  Hence, a λ of 0.01 was 

used for the cubic smoothing spline during the vessel centerline extraction process.   

 

 

Fig. 13 A) Example segments of the vessel centerlines with different λs (lambda) 
displayed at an oblique viewing angle.  B) Mean difference between the vessel 
skeleton and centerlines at varying λs plotted against the corresponding λ. 

 

Validation of PO2 Quantification 

The extracted vessel centerline and the iso-surface of the binary volume of the 

3D vascular PO2 phantom are shown in Fig 14.  The relationship between the quantified 

and actual vascular PO2 values along the vessel centerline is shown in Fig 15.  The 

quantified vascular PO2 values were highly correlated with the actual PO2 values (R2 = 

0.99; P < 0.001; N = 85).  In addition, the absolute difference between the quantified and 
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actual PO2 was 0.3 ± 0.2 mmHg (mean ± SD; N = 85), translating to a quantified error of 

0.6% (100*[quantified PO2 – actual PO2]/[actual PO2]).  

 

 

Fig. 14 The extracted vessel centerline (green line) and the iso-surface (gray 
shade) of the binary volume of the 3D vascular PO2 phantom. 

 

 

Fig. 15 The relationship between the actual and quantified PO2 values (circles).  
The correlation coefficient between the actual and quantified PO2, and the 
corresponding P-value are displayed.  The dashed line indicates the line of 
identity.   
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Discussion 

 

 Investigation of changes in PO2 along retinal vessels may help gain fundamental 

knowledge of oxygen transport in the retina.  However, quantification of vascular PO2 

from images acquired by 3D PLI is hindered due to the labor intensive nature of manual 

vessel segmentation.  In this chapter, a semi-automated vessel tracking method for 3D 

quantification of vascular PO2 generated by optical section PLI was proposed and 

validated. 

 Evaluation of the semi-automated method demonstrated the quantified vascular 

PO2 values from the 3D vascular phantom were highly correlated with the actual PO2 

and had an error rate of less than 1%.  These findings indicate the semi-automated 

method is capable of accurately quantifying the vascular PO2 acquired by 3D PLI.  The 

semi-automatically obtained vessel segmentation and extracted vessel centerline can 

also be used to quantify other vascular parameters, such as the volume, diameter and 

tortuosity of the vessel segment.  Furthermore, the extracted vessel centerlines could be 

used for image registration, which could aid in the investigation of vascular parameter 

changes in the same vessels over time. 

The proposed vascular PO2 quantification process could be further automated 

and improved.  First, the vessel segmentation can be automated with methods including 

region growing or active contour.(Kirbas and Quek 2004)  Second, the upstream and 

downstream points used for vessel centerline extraction can be automatically selected 

base on a priori knowledge of the shapes of the vessels.  Finally, since the retinal 

vessels are in the form of a network, methods for detecting vessel branches and 
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organizing the hierarchy of theses vessels could potentially lead to a more in-depth 

understanding of the vascular PO2 across the retinal microvasculature. 

In summary, this chapter successfully validated a semi-automated vessel 

tracking method for quantification of vascular PO2 from 3D phosphorescence images.  

As opposed to manual analysis, this method will enable a more streamlined data 

analysis process, thereby allowing users to efficiently investigate the oxygen transport in 

retinal microvasculature. 
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V. INNER RETINAL OXYGEN EXTRACTION FRACTION 

 

Introduction 

The maintenance of retinal tissue requires adequate delivery of oxygen by the 

retinal and choroidal circulations.  Indeed, under a severe hypoxic or ischemic insult, 

retinal function is compromised (Linsenmeier 1990; Osborne, et al. 2004; Weidner 1976) 

and irreversible functional loss can occur shortly following retinal vascular non-

perfusion.(Hayreh and Weingeist 1980; Hayreh, et al. 2004; Osborne, et al. 2004)  

Consequently, it would be advantageous to assess the status of the retina when 

impaired circulation is suspected. 

Oxygen extraction fraction (OEF) is a parameter defined by the ratio of oxygen 

consumption (MO2) to oxygen delivery (DO2).  Cerebral OEF measured by positron 

emission tomography and magnetic resonance imaging has been widely accepted as a 

valuable parameter for assessing tissue ischemia.(Baron and Jones 2012; Derdeyn 

2007; Derdeyn, et al. 1999; Grubb, et al. 1998; Heiss and Herholz 1994; Muir, et al. 

2006; Powers and Zazulia 2010; Yamauchi, et al. 1999)  In fact, increased cerebral 

OEF, also termed “misery perfusion”, has been reported in subjects with acute ischemic 

stroke,(Heiss and Herholz 1994; Muir, et al. 2006; Powers and Zazulia 2010) and carotid 

occlusion.(Derdeyn 2007; Derdeyn, et al. 1999)  Moreover, an increase in cerebral OEF 

has been shown to be an independent predictor of stroke.(Grubb, et al. 1998; Yamauchi, 

et al. 1999) 

Due to similarities between cerebral and retinal tissues, measurement of OEF 

may also be useful for assessment of ischemia that occurs in many retinal diseases.  

However, currently available imaging modalities lack adequate resolution to quantify 

OEF in the retinal tissue.  Alternatively, OEF can be expressed as the ratio of the 
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arteriovenous oxygen content difference to the arterial oxygen content based on Fick’s 

principle,(Pittman 2011) as shown by the following equation.  

ContentOArterial

DifferenceContentOousArterioven

ContentOArterialFlowBlood

DifferenceContentOousArteriovenFlowBlood

DO

MO
OEF

2

2

2

2

2
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
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        (1) 

Therefore, inner retinal OEF can be derived without direct measurements of MO2 and 

DO2. 

In this chapter, a method for quantifying the inner retinal OEF based on retinal 

vascular oxygen tension (PO2) imaging (Shahidi, et al. 2006) was demonstrated. The 

repeatability, spatial variation and hypoxia induced alterations of inner retinal OEF 

measurements were determined.  This work has been previously published.(Teng, et al. 

2013) 

 

Materials and Methods 

Animals 

Ten Long Evans pigmented rats (weight, 444 ± 99 g, mean ± SD) were used in 

this study.  The rats were treated in compliance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research.  Anesthesia was induced by intraperitoneal 

injections of ketamine (100 mg·kg-1) and xylazine (5 mg·kg-1), and maintained with 

supplemental injections of ketamine (20 mg·kg-1) and xylazine (1 mg·kg-1), as needed.  

The body temperatures of the rats were maintained at 37ºC using an animal holder with 

a copper tubing water heater.  A catheter was placed in a femoral artery and connected 

to a pressure transducer.  Blood pressure and heart rate of the rats were monitored with 

a data acquisition system (Biopac Systems, Goleta, CA) linked to a pressure transducer 

connected to the catheter. 

The rats were mechanically ventilated with room air (21% O2, normoxia) and then 

with 10% oxygen (hypoxia) through an endotracheal tube connected to a small animal 
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ventilator (Harvard Apparatus Inc., South Natick, MA).  To verify the physiological 

condition, arterial blood was drawn from the femoral arterial catheter to measure 

systemic arterial oxygen tension (PaO2), carbon dioxide tension (PaCO2), and pH with a 

blood gas analyzer (Radiometer, Westlake, OH) and also hemoglobin concentration with 

a hematology system (Siemens, Tarrytown, NY).  Animals were maintained normocapnic 

by adjusting the respiratory minute volume and performing blood gas analysis 5 minutes 

after each adjustment until PaCO2 was within the normal range of 35 to 45 

mmHg.(Pilbeam and Cairo 2006)  An oxygen sensitive molecular probe (Pd-porphine, 

Frontier Scientific, Logan, UT) was dissolved (12 mg·mL-1) in bovine serum albumin 

solution (60 mg·mL-1) and administered (20 mg·kg-1) through the femoral arterial 

catheter, typically 10 minutes prior to imaging.  The probe binds to albumin and does not 

permeate from the normal vasculature to the retinal tissue.  The pupils were dilated with 

2.5% phenylephrine and 1% tropicamide.  Glass cover slips and 1% hydroxypropyl 

methylcellulose were applied to the corneas to eliminate the refractive power and to 

prevent dehydration. 

 

Retinal Vascular Oxygen Tension Imaging 

Retinal vascular PO2 was measured with a custom optical section PLI system 

developed by Shahidi et al.(Shahidi, et al. 2006)  In short, a laser beam was focused to a 

vertical line, and projected at an oblique angle on the retina.  An optical section 

phosphorescence image of the retinal vasculature was acquired with an intensified 

charge-coupled device camera attached to a slit lamp biomicroscope.  Since the incident 

laser beam was at an angle with respect to the imaging path, phosphorescence 

emissions of the Pd-porphine from the retinal vessels were depth-resolved.  

Phosphorescence lifetime was determined using a frequency-domain approach and 

converted to PO2 measurements using the Stern-Volmer relationship defined by PO2 = 
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(1/ κQ)·(1/τ-1/τ0), where κQ (mmHg-1·μs-1) is the quenching constant for the triplet-state of 

Pd-porphine, τ (μs) is the phosphorescence lifetime, and τ0 (μs) is the lifetime in a zero-

oxygen environment.(Lakowicz, et al. 1992; Shonat and Kight 2003)  Measurements of 

PO2 were obtained in a retinal sector, defined by a zone bounded by 2 major retinal 

arteries (PO2A) with a major retinal vein (PO2V) between the 2 arteries (Fig 16).  

Segmentation of each vessel lumen was performed using the semi-automated method 

proposed in Chapter III.  Three repeated measurements were obtained at nasal and 

temporal retinal sectors, within 3 optic disc diameters (~ 600 µm) from the edge of the 

optic nerve head.  A red-free retinal image was acquired for documenting the locations 

of the PO2 measurements.  Under both ventilation conditions, the laser power incident on 

the cornea was approximately 40 µW, which is safe for 1 hour of continuous viewing 

according to the American National Standard Institute for Safety Standards.(ANSI 2007)  

 

 

Fig. 16 Examples of cross-sectional vascular PO2 maps (shaded rectangles) 
superimposed on red-free retinal images in a rat under normoxia (A) and hypoxia 
(B).  Maps depict PO2 in retinal arteries (a) and veins (v) in the nasal (right) and 
temporal (left) sides of the optic disc.  Color bar displays PO2 in mmHg.  Figure 
reprinted from Teng, et al.(Teng, et al. 2013) 
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Quantification of OEF 

Based on retinal vascular PO2 measurements, the O2 content of blood was 

estimated as follows,  

22max22 POkSOHgbOcontentO                                            (2) 

where O2max is the maximum oxygen carrying capacity of hemoglobin (1.39 mLO2·g
-

1),(Crystal 2001) Hgb is the measured hemoglobin concentration of arterial blood (13.9 ± 

0.5 g·dL-1; N = 10), k is the oxygen solubility in blood (0.003 mLO2·dL-1·mmHg-1),(Crystal 

2001) and SO2 is the oxygen saturation.  Based on vascular PO2 and arterial blood pH 

measurements, SO2 was calculated from the Hill equation which models the oxygen 

dissociation curve and is defined as SO2 = (PO2/P50)
n/[1+ (PO2/P50)

n], where n is an 

empirical constant taken to be 2.6 in rat,(Cartheuser 1993) and P50 is the PO2 when SO2 

is 0.5 at a given pH.(Chen, et al. 2010) 

Inner retinal OEF was quantified in a retinal sector as follows, 
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                                                    (3) 

where mO2A is the mean arterial O2 content of the 2 major arteries, and O2V is the 

venous O2 content.  The mean arterial PO2 of the 2 major arteries (mPO2A) was also 

calculated. 

 

Data Analysis 

  

Repeatability of mPO2A, PO2V and OEF was determined by calculating the 

intraclass correlation coefficients (ICC) and the standard deviation (SD) of 3 repeated 

measurements obtained under normoxia at a retinal sector nasal to the optic disc.  

Repeated measurements of mPO2A, PO2V and OEF at each retinal sector were 
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averaged, and spatial variation was assessed by relating OEF measurements at nasal 

and temporal sectors using Pearson’s correlation.  In each rat, measurements of mPO2A, 

PO2V and OEF at nasal and temporal retinal sectors were averaged, and the mean 

values under normoxia and hypoxia were compared with paired Student’s t-test.  

Statistical significance was accepted at p < 0.05. 

 

Results 

 

Repeatability and Spatial Variation 

The ICCs and mean SDs (averaged over data in 10 rats) obtained from 3 

repeated mPO2A, PO2V and OEF measurements in nasal retinal sectors under normoxia 

are shown in Table III.  Measurements of mPO2A and PO2V were repeatable, with ICCs ≥ 

0.86 and mean SDs ≤ 3 mmHg.  Similarly, inner retinal OEF measurements were also 

repeatable (ICC = 0.83 and mean SD = 0.08).  As anticipated, measurements of OEF at 

nasal and temporal retinal sectors were correlated under normoxia (R = 0.71; p = 0.02; 

N = 10).  

 
 
 
 
TABLE III INTRACLASS CORRELATION COEFFICIENTS (ICC) AND MEAN 
STANDARD DEVIATIONS (SD), AVERAGED OVER DATA IN 10 RATS, BASED ON 3 
REPEATED MPO2A, PO2V AND OEF MEASUREMENTS IN THE NASAL SECTORS 
UNDER NORMOXIA.  TABLE REPRINTED FROM TENG, ET AL.(TENG, ET AL. 2013) 

 
 ICC SD 

mPO2A 0.86 3 mmHg 

PO2V 0.89 2 mmHg 

OEF 0.83 0.08 
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Systemic Physiological Status 

The systemic physiological status of the rats under normoxia and hypoxia is 

presented in Table IV.  PaO2 under hypoxia (34 ± 4 mmHg) was significantly lower as 

compared to normoxia (93 ± 8 mmHg) (p < 0.001; N = 10).  Due to controlled ventilation, 

PaCO2 under normoxia and hypoxia were similar (p = 0.76).  Arterial blood pH, blood 

pressure and heart rate decreased significantly under hypoxia (p ≤ 0.001). 

 

TABLE IV THE SYSTEMIC PHYSIOLOGIC STATUS AND RETINAL VASCULAR PO2 
MEASUREMENTS UNDER NORMOXIA AND HYPOXIA.  MEAN AND SD OF 
MEASUREMENTS IN 10 RATS ARE LISTED.  ASTERISKS INDICATE STATISTICALLY 
SIGNIFICANT DIFFERENCES BETWEEN NORMOXIA AND HYPOXIA. TABLE REPRINTED 
FROM TENG, ET AL.(TENG, ET AL. 2013) 

 Normoxia Hypoxia p-value 

Systemic Physiologic Status    

PaO2 (mmHg) 93 ± 8 34 ± 4 < 0.001* 

PaCO2 (mmHg) 40 ± 5 41 ± 5 0.76 

 pH 7.38 ± 0.05 7.31 ± 0.05 < 0.001* 

Blood Pressure (mmHg) 113 ± 17 78 ± 22 0.001* 

Heart Rate (beats·min-1) 214 ± 36 162 ± 45 0.002* 

    

Retinal Vascular PO2    

mPO2A (mmHg) 44 ± 4 20 ± 4 < 0.001* 

PO2V (mmHg) 28 ± 5 11 ± 4 < 0.001* 

 

 

Retinal Vascular PO2 and OEF 
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Examples of cross sectional vascular PO2 maps obtained in the same rat under 

normoxia and hypoxia are shown overlaid on the corresponding red-free retinal images 

in Fig 16.  As expected, in both nasal and temporal sectors, mPO2A was higher than 

PO2V under both normoxia and hypoxia.  Both mPO2A and PO2V decreased under 

hypoxia as compared to normoxia. 

Measurements of mPO2A and PO2V averaged over all rats under normoxia and 

hypoxia are listed in Table IV.  Under normoxia, mPO2A and PO2V were 44 ± 4 and 28 ± 

5 mmHg, respectively (N = 10).  Under hypoxia, both mPO2A (20 ± 4 mmHg) and PO2V 

(11 ± 4 mmHg) decreased significantly as compared to normoxia (p < 0.001).  Mean 

measurements of inner retinal OEF under normoxia and hypoxia are shown in Fig 17.  

Mean inner retinal OEF was 0.46 ± 0.13 under normoxia and increased significantly to 

0.67 ± 0.16 under hypoxia (p < 0.001; N = 10). 

 

 

Fig. 17 Inner retinal oxygen extraction fraction (OEF) under hypoxia (0.67 ± 0.16) 
was significantly higher than under normoxia (0.46 ± 0.13) (mean ± SD; p < 0.001; 
N = 10).  Figure reprinted from Teng, et al.(Teng, et al. 2013) 
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Discussion 

Retinal ischemia is implicated in many retinal diseases that lead to visual 

impairment.  However, methods that can quantitatively assess the retinal tissue status in 

vivo under ischemia are limited.  One potential parameter is OEF, which indicates the 

adequacy of oxygen supply relative to the tissue’s metabolic demand.  In the current 

study, quantitative measurements of inner retinal OEF in rats based on retinal vascular 

PO2 imaging was demonstrated.  A significant increase in inner retinal OEF under 

systemic hypoxia was observed. 

Inner retinal OEF measurements in the current study were compared to 

calculated retinal and measured cerebral OEFs due to a lack of published retinal data.  

Based on oximetry studies in healthy subjects,(Geirsdottir, et al. 2012; Hammer, et al. 

2011; Hardarson, et al. 2006) the inner retinal OEF in human was computed to be 0.40, 

which is comparable to the current measurements of 0.46 in rats under normoxia.  

Additionally, inner retinal OEF measured under normoxia in the current study was in 

agreement with published cerebral OEFs (0.37 to 0.57).(Hoffman, et al. 1984; Ito, et al. 

2004; Johannsson and Siesjo 1975; Kobayashi, et al. 2012; Magata, et al. 2003; 

McPherson, et al. 1986) The current finding of increased inner retinal OEF under 

systemic hypoxia was similar to elevated inner retinal OEF in chronic systemic 

hypoxia(Traustason, et al. 2011) and central retinal vein occlusion,(Hardarson and 

Stefansson 2010) calculated from oximetry data in humans.  Moreover, this finding was 

also consistent with the response of cerebral OEF under hypoxia.(Hoffman, et al. 1984; 

Johannsson and Siesjo 1975; McPherson, et al. 1986) 

An increase in inner retinal OEF can occur due to either an increase in retinal 

MO2 or a decrease in DO2.  Under hypoxia, since MO2 is unlikely to increase, the 

observed increase in inner retinal OEF would occur due to a decrease in DO2 that can 

result from reductions in retinal blood flow and/or arterial blood oxygen content.(Wanek, 
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et al. 2013)  Although retinal blood flow could in principle be affected by systemic blood 

pressure and/or blood pH, it was not likely influenced by these factors under the 

experimental conditions.  Blood pressure remained within the autoregulatory 

range,(Davis, et al. 2008) even though it was reduced during hypoxia.  Likewise, a 

change in blood pH was not expected to alter blood flow, according to findings in the 

brain.(Harper and Bell 1963; Hermansen, et al. 1984)  On the other hand, hypoxia has 

been reported to increase retinal blood flow (Ahmed, et al. 2001; Nagaoka, et al. 2002; 

Pournaras, et al. 2008; Strenn, et al. 1997) which would tend to maintain DO2.  

Nevertheless, the compensatory increase in blood flow may not be adequate to maintain 

DO2, if the hypoxia is severe enough.  In that case, because of reductions in retinal 

arterial blood oxygen content, DO2 decreases thereby causing an increase in inner 

retinal OEF. 

One factor that likely affected the results was that oxygen contents in retinal 

veins were estimated from the oxygen dissociation curve using the arterial blood pH.  

Since blood pH is expected to be lower in veins than in arteries,(Gibbs, et al. 1942; 

Oshima, et al. 2002) the actual venous oxygen contents were likely lower due to a right 

shift of the oxygen dissociation curve.  As a result, the actual inner retinal OEF should 

have been higher than the reported values under normoxia.  The right shift of the oxygen 

dissociation curve would be expected to be even more prominent during hypoxia due to 

increased anaerobic metabolism.  Since OEF was underestimated under both ventilation 

conditions, this limitation likely did not affect the current finding of increased inner retinal 

OEF under hypoxia. 

Measurements of inner retinal OEF may provide information about the retinal 

tissue status during ischemic insult complimentary to retinal blood flow measurements or 

conventional diagnostic tests, such as fundus photography and fluorescein angiography.  

An acute increase in retinal OEF indicates a state of misery perfusion, in which DO2 
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declines, and thereby support for MO2 becomes precarious.  If DO2 remains reduced 

chronically, irreversible anoxic damage may develop, leading to decreases in retinal MO2 

and OEF.  Therefore, while OEF is elevated, retinal tissue may still remain 

viable,(McLeod 2012) thus potentially providing a window of opportunity for successful 

intervention, as has been demonstrated in cerebral tissue.(Durukan and Tatlisumak 

2007; Fisher 1997; Heiss, et al. 1998)  In the current study, inner retinal OEF was 

assessed under 2 ventilation conditions to establish a normal baseline and demonstrate 

a response to a severe hypoxic challenge.  Additional studies that assess inner retinal 

OEF in response to varying levels of inspired oxygen may help establish a threshold at 

which OEF begins to increase due to maximized blood flow compensation.  

Furthermore, future studies are needed to provide knowledge of OEF response in 

experimental animal models of retinal vascular deficiency that may eventually be 

translated for clinical management of patients.   

In summary, a method for quantitative measurement of inner retinal OEF in rats 

was demonstrated.  In addition, OEF was observed to increase under acute systemic 

hypoxia.  The method can be extended to provide a global assessment of inner retinal 

OEF by measuring O2 contents in all major retinal blood vessels.  Quantification of inner 

retinal OEF has potential value for providing information about the retinal energy 

metabolism under challenged physiological and pathological conditions. 
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VI. RESPONSE OF INNER RETINAL OXYGEN EXTRACTION FRACTION TO LIGHT 

FLICKER 

 

Introduction 

Stimulation of the retinal tissue with light flicker increases the inner retinal energy 

metabolism.(Bill and Sperber 1990; Wang and Bill 1997)  This increase in energy 

metabolism is compensated by an augmented supply of oxygen and glucose due to 

increased blood flow in a process known as functional hyperemia.(Newman 2013; Riva, 

et al. 2005)  Impaired functional hyperemia, as demonstrated by attenuated vasodilation 

during light flicker, has been reported in diabetic retinopathy(Bek, et al. 2008; Garhofer, 

et al. 2004b; Hammer, et al. 2012; Lasta, et al. 2013) and glaucoma,(Garhofer, et al. 

2004a; Riva, et al. 2004) suggesting an incomplete compensatory blood flow response 

to increased energy metabolism.  However, since no clinical methods are available for 

measurements of inner retinal energy metabolism, it is unknown if changes in oxygen 

metabolism and delivery (product of blood flow and arterial oxygen content) are matched 

in health and disease.   

The relative changes of inner retinal oxygen metabolism (MO2) and oxygen 

delivery (DO2) during light flicker can be quantified by measurement of inner retinal 

oxygen extraction fraction (OEF), which is defined by the ratio of MO2 to DO2.(Pittman 

2011)  Without direct measurements of either MO2 or DO2, inner retinal OEF can be 

derived from measurements of arterial and venous oxygen levels based on Fick’s 

principle.(Pittman 2011; Teng, et al. 2013)  During light flicker, if OEF remains 

unchanged, then changes in MO2 and DO2 are matched, while an increase or decrease 

in OEF with light flicker would indicate either under or over compensation of MO2 by 

DO2, respectively.   
50 
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In this chapter, the hypothesis that inner retinal OEF remains unchanged with 

light flicker, under both systemic normoxia and hypoxia was tested.  The rationales for 

formulating this hypothesis are as follows.  Under normal physiology (normoxia), the 

increase in MO2 with light flicker should be matched by an increase in DO2 due to 

vasodilation, thus resulting in no change in inner retinal OEF.  Under a severe hypoxic 

challenge, even without light flicker, both MO2 and DO2 are significantly 

reduced.(Wanek, et al. 2013)  With light flicker, no increase in DO2 is expected due to 

hypoxia-induced maximized vasodilation and since the tissue under hypoxia is already 

deficient of oxygen, MO2 is unlikely to increase.  Consequently, inner retinal OEF is not 

expected to change with light flicker under hypoxia.  To test this hypothesis, the 

response of OEF to light flicker was measured in rats under systemic normoxia and 

hypoxia by vascular oxygen tension (PO2) imaging.  

 

Materials and Methods 

Animals 

Ten Long Evans pigmented rats (weight 444 ± 99 g, mean ± SD; N = 10) were 

used in this study.  Rats were cared for in compliance with the ARVO Statement for the 

Use of Animals in Ophthalmic and Vision Research.  Anesthesia was induced with 

intraperitoneal injections of ketamine (100 mg·kg-1) and xylazine (5 mg·kg-1), and 

maintained with supplemental doses of ketamine (20 mg·kg-1) and xylazine (1 mg·kg-1).  

The body temperatures of rats were maintained at 37ºC using a heated animal holder.  

Blood pressure and heart rate were monitored continuously with a data acquisition 

system (Biopac Systems, Goleta, CA) linked to a pressure transducer connected to a 

catheter placed in a femoral artery. 
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Rats were ventilated first with room air (21% oxygen, normoxia) and then with 

10% oxygen (hypoxia) through an endotracheal tube connected to a small animal 

ventilator (Harvard Apparatus Inc., South Natick, MA).  Blood was drawn from the 

femoral arterial catheter to measure systemic arterial oxygen tension (PaO2), carbon 

dioxide tension (PaCO2), and pH with a blood gas analyzer (Radiometer, Westlake, OH) 

and determine hemoglobin (Hgb) concentration with the use of a hematology system 

(Siemens, Tarrytown, NY).  Rats were maintained normocapnic by adjusting the 

respiratory minute volume and performing blood gas analysis 5 minutes after each 

adjustment until PaCO2 was within the range of 35 to 45 mmHg. 

An oxygen sensitive molecular probe, Pd-porphine (Frontier Scientific, Logan, 

UT), was dissolved (12 mg·mL-1) in bovine serum albumin solution (60 mg·mL-1) and 

administered (20 mg·kg-1) through the femoral arterial catheter typically 10 minutes prior 

to imaging.  The pupil was dilated with 2.5% phenylephrine and 1% tropicamide.  During 

imaging, a glass cover slip and 1% hydroxypropyl methylcellulose were applied to the 

cornea to minimize the refractive power and prevent dehydration.   

 

Retinal Stimulation by Light Flicker 

  Under each systemic oxygenation condition (normoxia and hypoxia), imaging 

was performed first under continuous light illumination (before flicker) and then under 

flickering light (during flicker).  For light flicker stimulation, a filter with a transmission 

wavelength of 568 ± 5 nm was placed in front of the illumination housing of a slitlamp 

biomicroscope.  A shutter attached to a solenoid was placed in the light path to flicker 

light at a frequency of 10 Hz.  The light wavelength and flickering frequency were 

selected based on previous studies that showed a maximal or near maximal vascular 

response under these conditions.(Shakoor, et al. 2006; Shih, et al. 2011)  The time-

averaged light powers before and during flicker were matched by doubling the light 



53 

 

 

 

intensity during flicker.  Imaging was performed before and 2 minutes after the initiation 

of light flicker.  

 

Retinal Vascular Oxygen Tension Imaging 

Retinal vascular PO2 was measured with an optical section PLI system 

developed by Shahidi et al.(Shahidi, et al. 2006)  In brief, using a laser line as the 

excitation light source, phosphorescence emission lifetimes were measured by a 

frequency-domain approach, and converted to PO2 values using the Stern-Volmer 

relationship.(Shonat and Kight 2003)  Since the incident laser was projected at an angle 

with respect to the imaging path, depth-resolved PO2 measurements were obtained in 

major retinal arteries and veins.  The laser power at the cornea was approximately 40 

µW, which is safe for 1 hour of continuous viewing according to the American National 

Standard Institute for Safety Standards.(ANSI 2007)  A red-free retinal image was 

acquired for documenting the locations of PO2 measurements.  Vascular PO2 images 

were obtained at a nasal and a temporal sector relative to the optic disc.  Each sector 

was bounded by 2 major arteries with a major vein between them.  In each sector, 3 

repeated images were acquired. 

 

Oxygen Extraction Fraction 

Based on Fick’s principle,(Pittman 2011) inner retinal OEF was quantified in a 

retinal sector as proposed in Chapter V, using the following equation,  
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where O2A is the mean arterial O2 content of 2 major arteries and O2V is the venous O2 

content.  The O2 contents were calculated as O2max* Hgb * SO2 + k * PO2, where O2max is 

the maximum oxygen carrying capacity of Hgb (1.39 mLO2·g
-1),(Crystal 2001) k is the 
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oxygen solubility in blood (0.003 mLO2·dL-1·mmHg-1),(Crystal 2001) and SO2 is the 

vascular oxygen saturation.  The vascular SO2 was estimated based on the measured 

vascular PO2 and blood pH, using an oxygen dissociation curve in rat.(Cartheuser 1993; 

Chen, et al. 2010)  Arterial and venous SO2 were estimated from the mean PO2 in 2 

major arteries (PO2A) and the venous PO2 (PO2V) between the 2 arteries, respectively.  

Because O2V cannot exceed O2A, inner retinal OEF ranges from 0 to 1, following the 

equation above.  

 

Statistical Analysis 

Three repeated measurements of retinal oxygenation parameters (PO2A, PO2V, 

and OEF) were averaged for each sector.  Values in nasal and temporal sectors were 

then averaged in each rat.  A two-way repeated measures analysis of variance (ANOVA) 

was used to determine the effects of light flicker (before and during) and systemic 

oxygenation condition (normoxia and hypoxia) on each retinal oxygenation parameter.  

Statistical significance was accepted at P < 0.05.  

 

Results 

 

Systemic Physiological Status 

The systemic physiological status of rats under normoxia and hypoxia are shown 

in Table IV.  As expected, the systemic PaO2 under hypoxia was significantly lower as 

compared to that under normoxia (P < 0.01; N = 10).  Since the ventilation was 

controlled, systemic PaCO2 was not different under the two systemic oxygenation 

conditions (P = 0.76).  However, under hypoxia, arterial blood pH, blood pressure and 

heart rate decreased significantly (P < 0.01). 
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Retinal Oxygenation Parameters 

Retinal oxygenation parameters before and during light flicker, and their 

differences (during minus before) under normoxia and hypoxia are listed in Table V.  

There was a significant effect of light flicker on PO2V (P < 0.01; N = 10), but not on PO2A 

(P = 0.71).  During light flicker, PO2V decreased on average by 1.3 mmHg and 1.2 mmHg 

under normoxia and hypoxia, respectively.  As expected, there were significant effects of 

systemic oxygenation on both retinal PO2A and PO2V (P < 0.01), as reported in chapter 

V. 

 

 

TABLE V  RETINAL OXYGENATION PARAMETERS (MEAN ± SD; N = 10) BEFORE 
AND DURING LIGHT FLICKER AND THEIR DIFFERENCE (DURING MINUS 
BEFORE) UNDER TWO SYSTEMIC OXYGENATION CONDITIONS (SOC), 
NORMOXIA (N) AND HYPOXIA (H). 

 SOC 
Before  

Flicker 

During 

Flicker 
Difference 

ANOVA P-Value 

Flicker SOC 
Flicker 

x SOC 

PO2A (mmHg) N 44 ± 4 44 ± 4 0.1 ± 1.9 0.71 <0.01 0.92 

 H 19 ± 4 20 ± 3 0.1 ± 0.7    

PO2V (mmHg) N 28 ± 5 27 ± 4 -1.3 ± 1.0 <0.01 <0.01 0.80 

 H 11 ± 4 10 ± 5 -1.2 ± 1.8    

OEF N 0.46 ±0.13 0.50 ±0.11 0.05 ± 0.04 0.02 <0.01 0.52 

 H 0.67 ±0.16 0.74 ±0.14 0.07 ± 0.11    

 

 

Measurements of inner retinal OEF in individual rats before and during light 

flicker under normoxia and hypoxia are plotted in Figure 18.  During light flicker, OEF 
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increased in 8 of 10 rats and in 9 of 10 rats under normoxia and hypoxia, respectively.  

There were significant main effects of both light flicker and systemic oxygenation on 

OEF (P ≤ 0.02; N = 10).  However, the interaction effect was not significant (P = 0.52), 

indicating similar responses of OEF to light flicker under both systemic oxygenation 

conditions.  Before light flicker, mean inner retinal OEF measurements were 0.46 and 

0.67 under normoxia and hypoxia, respectively.  During light flicker, inner retinal OEF 

increased to 0.50 (11%) and 0.74 (10%) under normoxia and hypoxia, respectively. 

 

 

Fig. 18 Measurements of inner retinal OEF in individual rats before and during 
light flicker under systemic normoxia and hypoxia.  During flicker, OEF increased 
in 8 of 10 rats and in 9 of 10 rats under normoxia and hypoxia, respectively.  Inner 
retinal OEF before light flicker have been previously published.(Teng, et al. 2013) 

 

Discussion 

Measurement of inner retinal OEF provides information about the matching of 

oxygen metabolism and delivery.  The reported finding of increased inner retinal OEF 
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during light flicker under both normoxia and hypoxia indicates MO2 was under 

compensated by DO2. 

Under normoxia, the response of inner retinal OEF to light flicker indicates the 

increase in MO2 was not matched by an increase in DO2.  In agreement with findings of 

the present study, under compensation of MO2 by DO2 during light flicker has been 

shown by a decrease in inner retinal or optic nerve head PO2 in rats and cats,(Ahmed, et 

al. 1994; Buerk, et al. 1998; Buerk and Riva 2002; Lau and Linsenmeier 2012) and an 

increase in arteriovenous PO2 difference in spontaneously breathing rats.(Shakoor, et al. 

2006)  Conversely, in humans, light flicker caused an increase in retinal venous SO2, 

while arterial SO2 did not change,(Hammer, et al. 2011) thereby suggesting over 

compensation of MO2 by DO2.  The different findings of these studies are likely 

attributable to variations between species and experimental protocols.  Nevertheless, 

these studies investigated functional hyperemia in healthy retinas.  Therefore, in both 

rats and humans, compensation by DO2 should be sufficient to maintain the normal 

increase in MO2 and energy dependent neural activity induced by light flicker.  The 

current finding of increased OEF coupled with the known increase in blood flow (and 

DO2) confirms MO2 increases with light flicker. 

Under hypoxia, inner retinal OEF increased with light flicker, contrary to the 

proposed hypothesis that OEF would remain unchanged which was based on the 

following line of reasoning.  Under this severe hypoxic challenge, inner retinal MO2 was 

previously found to be reduced to approximately one third of that under 

normoxia,(Wanek, et al. 2013) thus the tissue was already deficient in oxygen and MO2 

would not be able to increase with light flicker.  Furthermore, vasodilation was likely 

maximized due to hypoxia, thus precluding an increase in DO2.  As a result, with no 

change in MO2 and DO2, OEF was expected to remain unchanged.  Nonetheless, inner 

retinal OEF was found to increase with light flicker, which is most likely attributed to an 
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increase in MO2, since DO2 is unlikely to decrease with light flicker.  The question then 

arises as to how oxygen extraction and MO2 could increase with light flicker, given the 

existing oxygen deficiency in the retina under hypoxia.  One explanation could be that 

even under systemic hypoxia, tissue near blood vessels may still be adequately supplied 

with oxygen and thus could respond to light flicker with increased MO2, whereas tissue 

farther away from blood vessels is unable to respond to light flicker because of hypoxia.  

According to Fick’s laws of diffusion, with an increase in MO2, the oxygen gradient from 

the vessel wall into the tissue would steepen, thereby increasing both the rate of oxygen 

loss from blood and OEF.(Tsai, et al. 2003)  Simultaneously, the lower oxygen content of 

blood under hypoxia coupled with the steeper oxygen gradient with light flicker will cause 

less tissue to be oxygenated, and thus exacerbate overall tissue hypoxia. 

Although the response of inner retinal OEF to light flicker were similar under 

normoxia and hypoxia, the corresponding increases in MO2 may have been different.  

Under hypoxia, compensation by DO2 was likely lower due to maximized vasodilation, 

hence a given increase in OEF would result from a smaller change in MO2.  The light 

flicker-induced increase in MO2 can be estimated based on Fick’s principle (MO2 = 

OEF*O2A*blood flow).(Pittman 2011)  Under normoxia, the measured increase in OEF 

(0.46 to 0.50) and unchanged O2A (unchanged PO2A), along with a previously reported 

increase in blood flow (9.9 to 13.5 µL/min),(Shih, et al. 2013) yielded an estimated light 

flicker-induced MO2 increase of 48%.  This value is in agreement with an estimated 37% 

increase in MO2 based on PO2 and blood flow measurements at the optic nerve head in 

cats.(Buerk and Riva 2002)  Under hypoxia, based on the measured increase in OEF 

(from 0.67 to 0.74), unchanged O2A (unchanged PO2A), and a presumed negligible 

change in blood flow, the light flicker-induced MO2 increase was estimated to be 10%.  

The smaller increase in MO2 under hypoxia as compared to that under normoxia 

indicates systemic hypoxia suppressed the ability of MO2 and, presumably, energy 
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dependent neural activity, to respond to light flicker.  The estimation of a reduced MO2 

response to light flicker agrees with a previous report of attenuated electrical activity in 

the cat retina under a similar systemic hypoxic condition.(Kang Derwent and 

Linsenmeier 2000)  

 In conclusion, the finding of increased inner retinal OEF substantiates that inner 

retinal MO2 is increased with light flicker, and that this increase may be attenuated due 

to limited oxygen availability under hypoxia.  With impaired functional hyperemia under 

hypoxia, changes in OEF are expected to be dominated by alterations in MO2 in 

response to light flicker.  Overall, inner retinal OEF can be used for quantitative 

assessment of functional hyperemia with respect to the relative changes of oxygen 

delivery and metabolism under physiologic and pathologic conditions. 

https://docs.google.com/document/d/1IT3ZRIoZAuRTRVfHb2LEmnfh4nkD7rR9NWYjcplPwkY/edit#heading=h.3o7alnk
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VII. RETINAL VASCULAR PO2 LONGITUDINAL GRADIENTS 

Introduction 

Retinal metabolic function depends on an adequate delivery of oxygen by the 

chorioretinal vasculature and metabolism of oxygen by the retinal tissue.  Abnormalities 

of oxygenation of the retinal tissue have been implicated in the development of many 

retinal diseases, such as retinal vascular occlusion, diabetic retinopathy, retinopathy of 

prematurity and glaucoma.(Arjamaa and Nikinmaa 2006; Cringle and Yu 2010; Flammer, 

et al. 2002; Wangsa-Wirawan and Linsenmeier 2003; Yoneya, et al. 2002)  Additionally, 

retinal hypoxia is known to be a factor in the development of tissue damage and 

neovascularization.(Walshe and D'Amore 2008)  Since oxygen tension (PO2) changes in 

the retinal microvasculature are thought to reflect local tissue oxygen metabolism, 

measurements of PO2 in and along retinal vessels may serve as useful parameters for 

evaluation of retinal metabolic function and understanding of local physiologic and 

pathologic oxygen dynamics. 

Retinal tissue PO2 across the retinal depth (Birol, et al. 2007; Cringle and Yu 

2010; Wangsa-Wirawan and Linsenmeier 2003; Yu and Cringle 2001) and vascular PO2 

and oxygen saturation (SO2) in major retinal blood vessels have been quantified 

previously.(Hardarson, et al. 2006; Shahidi, et al. 2009; Shonat and Kight 2003; Wilson, 

et al. 2005b)  However, limited data have been published on the assessment of PO2 or 

SO2 longitudinal gradients along major retinal vessels,(Buerk, et al. 1993; Hardarson, et 

al. 2006; Shakoor, et al. 2006) and none in smaller order retinal vessels.  In other 

tissues, while PO2 in blood vessels of different size and radial PO2 profiles outward from 

the vessel have been measured,(Intaglietta, et al. 1996; Pittman 2005; Tsai, et al. 2003) 

PO2 or SO2 longitudinal gradients along blood vessels were reported only in arterioles of 

the hamster’s dorsal skinfold,(Torres Filho, et al. 1996) and capillaries of the rat’s brain 

60 
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(Vovenko 1999) and hamster’s retractor muscle.(Ellsworth, et al. 1988; Stein and 

Ellsworth 1992) 

In this chapter, a method for measurement of vascular PO2 and gPO2 in the 

retinal microvasculature of rats using three-dimensional (3D) optical section 

phosphorescence lifetime imaging (PLI) was demonstrated.  The repeatability of 

vascular PO2 and gPO2 measurements was established and has been previously 

published.(Teng, et al. 2012)  Measurements of gPO2 were validated by its response to 

hypercapnia. 

 

Materials and Methods 

Animals 

Fourteen male Long Evans pigmented rats (450 - 650 g) were used in this study.  

The animals were treated in compliance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research.  Rats were either ventilated with room air 

(21% O2) to achieve normocapnia (N = 8) or spontaneously breathing 30% oxygen to 

induce elevated PaCO2 or hypercapnia (N = 8).  Blood gas analysis was performed with 

a blood gas analyzer (Radiometer, Westlake, OH, USA) on arterial blood drawn from the 

femoral artery.  Systemic arterial PO2 (PaO2) in both groups of rats were maintained 

within the normal range (80 to 100 mmHg).(Pilbeam and Cairo 2006) 

The rats were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) 

intraperitoneally.  Anesthesia was maintained by supplemental injections of ketamine (20 

mg/kg) and xylazine (1 mg/kg) as needed.  Pd-porphine (Frontier Scientific, Logan, UT), 

an oxygen sensitive molecular probe, was dissolved (12 mg/mL) in bovine serum 

albumin solution (60 mg/mL) and injected intravenously (20mg/kg).  Body temperature 
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was maintained at 37ºC using an animal holder with a copper tubing water heater.  The 

pupils were dilated with 2.5% phenylephrine and 1% tropicamide.  One percent 

hydroxypropyl methylcellulose and a glass cover slip were applied to the cornea to 

eliminate the cornea’s refractive power and to prevent corneal dehydration. 

 

Instrumentation 

The optical section PLI system has been described previously.(Shahidi, et al. 

2009) In short, a laser beam was focused to a vertical line, and projected at an oblique 

angle on the retina after intravenous injection of the Pd-porphine solution.  An optical 

section phosphorescence image of the retina was acquired with an intensified charge-

coupled device camera attached to a slit lamp biomicroscope.  Since the incident laser 

and imaging axis were not coaxial, structures at various retinal depths were laterally 

displaced in the section image according to depth.  The laser line was scanned 

horizontally across the retina in small steps.  For each step, a set of 10 phase delayed 

phosphorescence images was acquired by incrementally delaying the modulated 

intensifier of the imaging camera with respect to the modulated intensity of the laser 

beam.  Imaging was performed at temporal or nasal areas within 3 disc diameters (600 

µm) from the edge of the disc.  During imaging, the laser power incident on the retina 

was approximately 40 µW, which is safe for 1 hour of continuous viewing according to 

the American National Standard Institute for Safety Standards.(ANSI 2007) 

 

Image Processing and Analysis 

Dedicated software algorithms were developed with Matlab (The Mathworks Inc, 

Natick, MA, USA) to reconstruct 3D retinal vascular PO2 volumes from the acquired 
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phosphorescence section images.  First, phosphorescence lifetimes and PO2 values 

were obtained from the 10 phased delayed phosphorescence section images.(Lakowicz, 

et al. 1992; Shahidi, et al. 2009; Shonat and Kight 2003)  Second, PO2 section images 

were stacked contiguously to form a 3D vascular PO2 volume with a voxel size of 8 by 8 

by 10 µm3 with no gaps or overlaps.  Third, the PO2 volume was flattened with respect to 

the curvature of the retina.  A 3D phosphorescence volume was also generated with the 

same reconstruction process from the zero-phase delayed phosphorescence images. 

To ensure the reliability of PO2 measurements, voxels that did not fit well (R2 < 

0.9) to the theoretical relationship between phosphorescence intensity and phase delay 

were excluded.  Exclusion of data based on fitting error is a standard method used with 

the phosphorescence lifetime imaging technique.(Shahidi, et al. 2009; Shonat and 

Johnson 1997)   The remaining noise was reduced by filtering the data based on 

physiological validity of the calculated PO2 values.   In each animal, PO2 measurements 

between 0 and the systemic PaO2 were included, and the mean upper tenth percentile of 

the feeding arterial PO2 was used as an upper limit for PO2 in the smaller blood vessels.  

Overall, 96 and 85% of the measurements were retained from large and small retinal 

blood vessels, respectively.  As expected, a higher percentage of data were excluded 

from the smaller blood vessels because their size led to a lower phosphorescence signal 

as compared to retinal arteries and veins. 

The retinal vessels were segmented based on the semi-automated as proposed 

in Chapter IV using the phosphorescence volume.  In brief, for each vessel, a 3D binary 

volume was generated by manual segmentation.  Along each blood vessel, upstream 

and downstream locations were manually selected based on the extent of the imaged 

retinal area, which was contingent upon the curvature of the eye and dilation of the pupil.  

A centerline along the vessel was identified using distance transformations (Borgefors 
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1996; Zhou and Toga 1999) between vessel upstream and downstream locations.  The 

centerline was then smoothed with cubic smoothing spline functions,(De Boor 2001) 

resulting in an average distance of 7 µm between centerline points.  For visualizing three 

dimensional volumes, images were rendered with Paraview software.(Kitware Inc, 

Clifton Park, NY, USA). 

From the PO2 volumes generated in each rat, 3 types of blood vessels were 

selected consisting of a major retinal artery and vein pair, and a smaller blood vessel 

(microvessel) between them.  These microvessels had diameters less than half of the 

major blood vessels, and had lengths of 100 µm or more. 

 

Data Analysis and Statistics 

A mean PO2 (mPO2) was calculated in each blood vessel by averaging PO2 

measurements over the segmented vessel.  PO2 at each centerline point along the 

vessel was calculated by averaging PO2 over a cross-sectional area perpendicular to the 

centerline.  Linear regression analysis was performed on PO2 measurements along the 

vessel centerline and the slope of the best fit line was defined as PO2 longitudinal 

gradient (gPO2). 

Reproducibility of measurements was assessed by determining intraclass 

correlation coefficient (ICC) and absolute difference between 2 repeated measurements 

in 8 sets of vessels.  Two-way analysis of variance (Pinheiro, et al. 2007) was performed 

to determine the effects of PaCO2 (as between subject factor) and vessel type (as within 

subject factor) on mPO2 and gPO2.  Post hoc pair-wise comparisons (Bonferroni) were 

performed to determine measurement differences between vessel types and the effect of 

hypercapnia within each vessel type.  Statistical significance was accepted at P < 0.05. 
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Results 

Systemic Physiologic Status 

Systemic arterial PaO2, PaCO2 and blood pH measurements in rats under 

normocapnia and hypercapnia are shown in Table VI.  As expected, the hypercapnic 

group had a significantly higher PaCO2 as compared to that in the normocapnic group.  

Consequently, the arterial pH in the hypercapnic group was lower as compared to that in 

the normocapnic group (P = 0.01).  The means of PaO2 between the two groups were 

not statistically different (P = 0.55). 

 

 

TABLE VI MEAN SYSTEMIC PHYSIOLOGICAL PARAMETERS IN NORMOMCAPNIC 
AND HYPERCAPNIC GROUPS. 

 
  PaO2 PaCO2 pH 

Normocapnia (N = 8) 89 ± 7 39 ± 7 7.39±0.04 

Hypercapnia (N = 8) 91 ± 5 62 ±10 7.29±0.06 

P-value 0.55 <0.01 0.01 

 

 

Reproducibility 

Mean PO2 measurements in arteries, microvessels and veins were reproducible 

(ICC > 0.86; p < 0.01; N = 8).  Mean absolute differences of mPO2 in arteries, 

microvessels and veins were 1.5, 3.1 and 1.2 mmHg (N = 8), respectively.  PO2 gradient 

measurements in retinal microvessel and veins were reproducible (ICC > 0.88; p < 0.01; 
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N = 8).  Mean absolute differences of gPO2 in microvessels and veins were 0.56 and 

0.29 mmHg/100µm, respectively.  The ICC of gPO2 measurements in retinal arteries 

was relatively low (ICC = 0.58; p = 0.04; N = 8), therefore retinal arterial gPO2 

measurements were excluded from further analysis. 

Vascular PO2  

An example of a 3D phosphorescence volume obtained in one rat is shown in Fig 

19a.  Vessel segmentations and centerlines of a microvessel and vein are displayed in 

Fig 19b.  The segmented vascular PO2 volume is shown in Fig 19c.  

 

Fig. 19 (a) An example of a three dimensional phosphorescence volume of the 
retinal microvasculature in one rat. (b) Segmented artery (A), microvessel (M) and 
vein (V) and their corresponding centerlines (red solid lines). (c) Segmented 
vascular PO2 volume; color bar shows PO2 measurements in mmHg. Figure 
reprinted from Teng, et al.(Teng, et al. 2012) 

 

Mean mPO2 measurements in retinal arteries, microvessels and veins under 

normocapnia and hypercapnia are shown in Fig. 20.  Under normocapnia, mean mPO2 

in arteries, microvessels and veins were 39 ± 6, 30 ± 4 and 20 ± 4 mmHg, respectively.  

While under hypercapnia, mean mPO2 in arteries, microvessels and veins were 38 ± 6, 

31 ± 6 and 27 ± 4 mmHg, respectively.  The effect of vessel type on mPO2 was 

significant (P < 0.01), while the effect of PaCO2 on mPO2 was insignificant (P = 0.38).  
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However, there was a significant interaction effect between vessel type and PaCO2 (P < 

0.01), and as a result post hoc pair-wise comparisons were performed.  Under both 

normocapnia and hypercapnia, mean mPO2 of arteries was significantly higher than 

those of microvessels and veins (P < 0.01).  Similarly, mean microvessel mPO2 was 

significantly higher than those in veins (P < 0.01) under both normocapnia and 

hypercapnia.  The effect of PaCO2 was only significant on venous mPO2, under 

hypercapnia, venous mPO2 was higher than that under normocapnia (P = 0.02). 
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Fig. 20 Measurements of mPO2 (Mean ± SD bar) in retinal arteries, microvessels 

and veins under normocapnia () and hypercapnia ().  The effect of vessel type 
on mPO2 was significant (P < 0.01), while the effect of PaCO2 on mPO2 was 
insignificant (P = 0.38).  However, there was a significant interaction effect 
between vessel type and PaCO2 (P < 0.01).  Asterisks indicate significant pair-wise 
differences (P < 0.01) observed based on the post hoc comparisons. 

 

PO2 Longitudinal Gradients 

An example of PO2 measurements as a function of distance along a retinal 

microvessel is shown in Fig. 21.  The slope of the best fit line to the PO2 measurements 

(gPO2) was -3.65 mmHg/100µm.  Mean gPO2 measurements are shown in Fig 22.  
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Under normocapnia, mean gPO2 in microvessels and veins were -5.0 ± 1.0 and 0.0 ± 0.5 

mmHg/100µm, respectively.  While under hypercapnia, mean gPO2 in microvessels and 

veins were -3.6 ± 0.8 and -0.2 ± 0.4 mmHg/100µm, respectively.  The effect of vessel 

type on gPO2 was significant (P < 0.01), while the effect of PaCO2 on gPO2 was 

insignificant (P = 0.06).  However, there was a significant interaction effect between 

vessel type and PaCO2 (P = 0.01).  Based on the pair-wise post hoc comparisons, under 

both normocapnia and hypercapnia, mean gPO2 measurements in microvessels were 

significantly steeper (more negative) than those in veins (P < 0.01).  The effect of PaCO2 

was significant on microvessel gPO2; where under hypercapnia, microvessel gPO2 was 

less steep than that under normocapnia (P = 0.01). 

 

 

Fig. 21 PO2 measurements plotted as a function of distance along a retinal 
microvessel in one rat.  The best fit regression line and corresponding linear 
equation are displayed.  Error bars represent standard errors of the means of 6 to 
12 measurements.  Figure reprinted from Teng, et al.(Teng, et al. 2012) 
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Fig. 22 Measurements of gPO2 (Mean ± SD bar) in retinal microvessels and veins 

under normocapnia () and hypercapnia ().  The effect of vessel type on gPO2 
was significant (P<0.01), while the effect of PaCO2 on gPO2 was insignificant 
(P=0.06). However, there was a significant interaction between vessel type and 
PaCO2 (P=0.01).  Asterisks indicate significant pair-wise differences (P ≤ 0.01) 
observed based on the post hoc comparisons.  Dashed line indicates a gPO2 of 0 
mmHg/100µm. 

 

Discussion 

Longitudinal changes in PO2 along retinal blood vessels are indicative of retinal 

tissue oxygen extraction and are expected to be related to the retinal metabolic function.  

In this chapter, a method for measuring mPO2 and gPO2 in retinal arteries, microvessels 

and veins of rats was established.  This is the first study to report quantitative and 

reproducible measurements of PO2 in retinal blood vessels that are approximately 20 µm 

in diameter. 

In the current study, microvessel gPO2 measurements were negative under both 

normocapnic and hypercapnic conditions.  The negative gPO2 obtained in these 

microvessels are in agreement with the progressively reduced mPO2 measured in the 

retinal arteries, microvessels and veins, indicative of oxygen extraction by the tissue 

across the retinal microvasculature.  Furthermore, although retinal capillaries are 
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commonly thought to be the primary site for oxygen delivery, the substantial oxygen loss 

along the observed retinal microvessels indicates oxygen extraction by the retinal tissue 

occurs not only at the capillary level.  PO2 measurements in retinal arteries were more 

variable because of the lower sensitivity of the Pd-porphine dye at high PO2.(Shonat and 

Kight 2003)  This variability coupled with the presumed small change in PO2 along retinal 

arteries,(Buerk, et al. 1993; Liu, et al. 2009) limited measurements of retinal arterial 

gPO2.  The magnitude of retinal venous gPO2 was relatively small and its sign was 

variable.  This finding concurs with reported oxygen flux measurements in the vitreous of 

cats, showing the direction of oxygen flux to be either going inward or outward from the 

veins.(Buerk, et al. 1993)  Additionally, diffusional shunting directly from retinal arteries 

to veins may also contribute to variations in venous gPO2.(Riva, et al. 1986) 

 Validation of the gPO2 measurements was carried out by measuring the 

response of gPO2 to hypercapnia.  Since hypercapnia has been shown to increase 

retinal blood flow,(Harris, et al. 1995; Venkataraman, et al. 2008) according to Fick’s 

principle,(Boulpaep 2005) gPO2 is expected to decrease (less negative) assuming a 

minimal change in oxygen metabolism as found in the brain.(Chen and Pike 2010; 

Davis, et al. 1998; Jain, et al. 2011; Kim, et al. 1999; Stefanovic, et al. 2004) As 

expected, mean microvessel gPO2 under hypercapnia was significantly less negative as 

compared to that under normocapnia.  Furthermore, the downstream venous mPO2 

correspondingly increased, which further validates the observed effect of hypercapnia on 

gPO2.  On the contrary, the effect of hypercapnia on venous gPO2 was found to be 

insignificant.  Since diffusion of oxygen between the vessel and tissue occurs regardless 

of vessel types,(Buerk, et al. 1993; Tsai, et al. 2003) the effect of hypercapnia on both 

microvessel and venous gPO2 should be similar.  However, the relatively small 
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magnitude of venous gPO2 likely hindered the ability of the current method to detect a 

significant hypercapnic effect on venous gPO2. 

In summary, a method for quantitative measurements of mPO2 and gPO2 in 

retinal microvasculature of rats was established.  The steepness of the retinal 

microvessel gPO2 indicates substantial oxygen loss along their lengths, similar to the 

expected oxygen loss from retinal capillaries.  Since the retinal capillary network is 

anastomotic, its branching and ensuing short vessel segments hinders reliable 

quantification of gPO2 by any existing technique.  Therefore, retinal microvessels may 

serve as a valuable surrogate for studying retinal oxygen transport.  In future studies, 3D 

PO2 imaging of multiple retinal areas to increase the microvessel sample size will allow a 

comprehensive assessment of retinal oxygen dynamics in response to physiological 

challenges or pathological conditions. 
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