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Abstract

Purpose—To determine if retinal capillary filling is preserved in the face of acutely elevated 

intraocular pressure (IOP) in anesthetized rats, despite a reduction in total retinal blood flow 

(RBF), using optical microangiography/optical coherence tomography (OMAG/OCT).

Methods—OMAG provided the capability of depth-resolved imaging of the retinal 

microvasculature down to the capillary level. Doppler OCT was applied to measure the total RBF 

using an enface integration approach. The microvascular pattern, capillary density, and total RBF 

were monitored in vivo as the IOP was increased from 10 to 100 mm Hg in 10 mm Hg intervals 

and returned back to 10 mm Hg.

Results—In animals with mean arterial pressure (MAP) of 102 ± 4 mm Hg (n = 10), when IOP 

was increased from 0 to 100 mm Hg, the capillary density remained at or above 80% of baseline 

for the IOP up to 60 mm Hg [or ocular perfusion pressure (OPP) at 40 mm Hg]. This was then 

decreased, achieving 60% of baseline at IOP 70 mm Hg and OPP of 30 mm Hg. Total RBF was 

unaffected by moderate increases in IOP up to 30 mm Hg, beyond which total RBF decreased 

linearly, reaching 50% of baseline at IOP 60 mm Hg and OPP 40 mm Hg. Both capillary density 

and total RBF were totally extinguished at 100 mm Hg, but fully recovered when IOP returned to 

baseline. By comparison, a separate group of animals with lower MAP (mean = 75 ± 6 mm Hg, n 

= 7) demonstrated comparable decreases in both capillary filling and total RBF at IOPs that were 

20 mm Hg lower than in the initial group. Both were totally extinguished at 80 mm Hg, but fully 

recovered when IOP returned to baseline. Relationships of both parameters to OPP were 

unchanged.

Conclusion—Retinal capillary filling and total RBF responses to IOP elevation can be 

monitored non-invasively by OMAG/OCT and both are influenced by OPP. Retinal capillary 

filling was relatively preserved down to a perfusion pressure of 40 mm Hg, despite a linear 

reduction in total RBF.
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Introduction

Glaucoma, a leading cause of blindness, involves irreversible optic nerve damage (Quigley 

and Broman, 2006). Although many glaucoma risk factors have been identified, elevated 

intraocular pressure (IOP) is the best defined, and controlling IOP is the mainstay of 

contemporary glaucoma therapy (Sommer, 1989). To date, many studies have been 

conducted to evaluate the effect of increased IOP upon the retina and optic nerve head 

(ONH) (Strouthidis et al., 2011; Fortune et al., 2004; Vidal et al., 2006; Johnson et al., 2011; 

Kim et al., 1998; Yancey and Linsenmeier, 1989; Ruusuvaa and Palkama, 1974; Alm and 

Bill, 1972; Bui et al., 2005). Unfortunately, the underlying mechanisms of how IOP leads to 

glaucomatous optic nerve damage are still not fully understood (Morrison et al., 2005). It 

remains unclear whether the elevated IOP damages the ONH and retina directly (Zeimer, 

1989; Roberts et al., 2010), or whether the accompanying ischemic insult due to reduced 

ocular perfusion pressure exerts an additional effect (Pillunat et al., 1996, 1997; Liang et al., 

2009a). Animal models are necessary to study these mechanisms in more detail. Utilizing 

chronic IOP elevation in rats, experimental glaucoma has provided a useful tool for 

understanding the complex mechanisms that lead to the development and progression of 

glaucomatous optic nerve damage. (Morrison et al., 1997, 2005, 2008, 2011; Fortune et al., 

2011; Pang and Clark, 2007).

Several laboratories have also used short-term elevations in IOP, from 30 min to several 

hours, as a unique approach to determine ONH and retinal responses to IOP (Abbott et al., 

2014; Balaratnasingam et al., 2007, 2008; Sun et al., 2013). Others have combined 

experimental glaucoma with electroretinography (ERG) as a non-invasive test to measure 

the impact of short term IOP exposures on the ONH and retina, and have used this system to 

determine the effects of age, dietary restriction and mitochondrial abnormalities on their 

response (Kong et al., 2011, 2012). However, the exact contribution of ischemia to this 

response is currently unknown. Detailed assessment has shown that acute IOP elevation has 

a differential effect on the various components of the ERG, depending on the level of 

pressure (Bui et al., 2005). More recently, 90 minute variations were shown to not produce 

permanent ERG changes unless the IOP was higher than 60 mm Hg (Bui et al., 2013). 

However, analysis of ocular blood flow indicates that retinal blood flow is more sensitive, 

demonstrating a reduction to well below 50% of baseline at this level of pressure (He et al., 

2012; Zhi et al., 2012a). He and colleagues have proposed that retinal function is maintained 

in the face of this reduced total blood flow by a compensatory increase in oxygen extraction 

(He et al., 2013). Anatomic support for this hypothesis depends on the ability to image and 

monitor retinal capillary filling.

Currently there is no technique available for retinal capillary visualization, other than 

adaptive optics scanning laser ophthalmoscopy (AOSLO) (Roorda et al., 2002; Pinhas et al., 
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2014). However, AOSLO requires complex adaptive optical systems and usually requires 

injection of fluorescent dye to image blood vessels. There are a number of methods used for 

studying retinal blood flow (RBF). Dye dilution (Ffytche et al., 1974) involves the use of 

tracing fluorescent dyes flowing in the retinal vessels to determine the flow velocity. 

However, the dye injection is not comfortable for patients, and this, in itself, may produce 

unpredictable side effects. Laser Doppler velocimetry (LDV) (Shepherd and Riedel, 1982) is 

a commonly used technique for flow velocity measurement in the retina; however, it does 

not provide sufficient spatial resolution. Laser speckle flowgraphy, which is based on the 

laser speckle phenomenon, has been used in monkeys to evaluate the relationship between 

systemic blood pressure and optic nerve head blood flow (Liang et al., 2009b), but it is not 

capable of providing a 3D map of the vasculature. Therefore, there is still a need for 

noninvasive techniques that can be used to obtain both volumetric visualization of the 

vasculature and absolute measurements of RBF with high resolution.

Optical coherence tomography (OCT) (Huang et al., 1991; Tomolins and Wang, 2005) is an 

established tool for measuring the peripapillary retinal nerve fiber layer (NFL) thickness, 

which is affected by glaucomatous damage (Kanamori et al., 2003; Schuman et al., 1995; 

Guedes et al., 2003). Current applications of OCT in experimental glaucoma have primarily 

focused on detecting structural changes in response to elevated IOP (Fortune et al., 2011; 

Abbott et al., 2014; Srinivasan et al., 2006; Ruggeri et al., 2007; Guo et al., 2010). Optical 

microangiography (OMAG) (Wang et al., 2007, 2010; An et al., 2010), an adaptation of 

Fourier domain OCT (FD-OCT), is a novel imaging modality that is capable of generating 

3D images of dynamic blood perfusion distribution within microcirculatory tissue beds. This 

ability to visualize detailed capillary networks and quantify the total retinal blood flow 

(RBF) in experimental glaucoma would help advance our understanding of the impact of 

elevated IOP on ocular blood flow. In our previous work (Zhi et al., 2011, 2012a), we 

evaluated the effect of elevated IOP on the structure and blood flow of the retina, choroid 

and ONH in rats using OMAG. Due to the limited system resolution, it was difficult to 

evaluate retinal capillary bed responses to increased IOP. To solve this problem, we have 

developed an ultra-high resolution OCT system for imaging the rodent retina. By applying 

ultra-high sensitive OMAG methods (An et al., 2010; Wang et al., 2010), we are now able to 

provide capillary resolution and depth-resolved retinal vascular perfusion maps in rodents 

(Zhi et al., 2012b, 2014).

A further limitation of our previous work (Zhi et al., 2011, 2012a) is that the effect of 

increased IOP upon RBF was only evaluated on selected retinal arteries and veins. We were 

unable to evaluate the total RBF. In order to quantify total blood flow, it is necessary to 

know a priori the Doppler angle of each vessel, which is susceptible to errors for the blood 

flow calculation. In this work, we utilize an en face Doppler OCT approach, originally 

proposed by Srinivasan et al. (2010) to measure the total RBF in rats. In this way, the flow 

can be calculated by integrating the axial blood flow velocity over the vessel area measured 

in an en face plane without knowing the blood vessel angle. This approach allows us to non-

invasively evaluate the effect of acutely elevated IOP on total RBF, as well as retinal 

capillary filling.
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Systemic blood pressure may also play an important role in glaucoma (Liang et al., 2009a; 

He et al., 2011). In these experiments, we now incorporate the monitoring of mean arterial 

blood pressure (MAP) throughout the process of IOP elevation. This allowed us to evaluate 

the effect of ocular perfusion pressure (OPP) (MAP-IOP), instead of IOP alone, on retinal 

blood flow and capillary filling in two groups of animals, representing distinct levels of 

MAP.

Materials and experimental methods

System setup and methodology

Fig. 1 shows the schematics of the custom-built high-speed SD-OCT system setup for in 

vivo imaging of the rat retina under elevated IOP. Briefly, the system was operated at a 

central wavelength of 840 nm with a spectral bandwidth of 42 nm, providing an axial 

resolution of approximately 7.2 µm in air. The custom-built spectrometer encloses a high-

speed CMOS line scan camera (Basler Sprint spL 4096–140 km), having 10 µm square 

pixels in two rows and 4096 pixels wide. In order to increase the camera speed, only 896 

pixels were utilized and the camera was read at an exposure time of 2.9 µs, which provided 

an ultra-fast line scan rate of 240 kHz. In the sample arm, we applied an objective lens (75 

mm focal length) and ocular lens (Ocular Instrument, Maxlight Standard 90D) combination 

that enables a large field of view and a lateral resolution (~10 µm, simulated results with 

Zemax) of the rat retina. The total depth range was measured to be ~2.5 mm in air. The 

power of the OCT beam at the cornea of the rat eye was ~1.2 mW. The measured signal to 

noise ratio (SNR) was ~100 dB at the focus spot of the sampling beam, which was ~0.5 mm 

below the zero delay line. The system had a 6 dB sensitivity roll-off at a depth of ~1.5 mm.

Ten adult brown Norway rats with an average body weight of ~ 300 g were used in this 

study. The rats were anesthetized with inhalational isoflurane (2.0%) mixed with pure 

oxygen and positioned in a custom-made holding stage with multi-dimensional adjustability. 

Under isoflurane anesthesia, the tail artery was cannulated and connected to a pressure 

transducer to monitor MAP throughout the entire experiment. In order to maintain a 

relatively moderate and stable MAP, we employed an active pump to evacuate expired 

isoflurane and CO2. The body temperature was kept at 37 °C by a homeothermic blanket 

control unit.

All animal procedures were approved by the Animal Care and Use Committee of the Oregon 

Health and Science University and the University of Washington. For each animal, the right 

eye was studied. The IOP was elevated unilaterally by cannulation of the anterior chamber 

with a 31 gage needle shortened to 5 mm and connected to a reservoir filled with balanced 

salt solution (BSS Plus, Alcon Laboratories Inc.) and to a calibrated pressure transducer 

(Fig. 1). Topical anesthetic (0.5% proparacaine hydrochloride, Alcon Laboratories Inc.) was 

instilled for added corneal anesthesia prior to cannulation. The height of the reservoir was 

adjusted in order to elevate IOP, as determined by the transducer, in 10 mm Hg increments, 

from 10 mm Hg (treated as baseline) to 100 mm Hg, which produced complete obstruction 

of ocular blood flow. IOPs were intermittently monitored indirectly for confirmation during 

cannulation with a rodent tonometer (Tonolab, iCare, Finland). IOP was then returned to 

baseline (10 mm Hg) so that reperfusion could be measured.
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After cannulation, the eye was carefully placed under the sample arm for OCT imaging. 

Before OCT imaging, the pupil was dilated with 1% tropicamide and 2.5% phenylephrine to 

allow the OCT beam access to the posterior segment and normal saline solution was applied 

to maintain corneal hydration during the experiment.

Data acquisition

At each IOP level, a 3-dimensional data volume with an en face area of ~2 × 2 mm2 that 

included the ONH and adjacent retina was first captured using the ultrahigh sensitive 

OMAG step scanning protocol (Wang et al., 2010), in which the raster scanning of the beam 

spot was performed to capture 512 A-lines within each B-frame (2D cross-sectional image) 

and 2000 B-frames for each C-scan (3D image). These 2000 B-frames were captured at 400 

cross-sections with 5 repeated B-frames captured at each cross-section. Using a frame rate 

of 360 frames per second (fps), the whole 3D data volume could be captured within 5.5 s. 

We then captured another 3D dataset covering a region of ~1 × 1 mm2 around the ONH 

using the Doppler OCT scanning protocol with dense A-scan (2000 A-lines per B-frame) for 

phase-resolved Doppler OCT analysis to determine the axial blood flow velocity. In this 

case, the camera acquisition rate was reduced to 140,000 A-scans per second, resulting in a 

frame rate of 56 fps. The system has a real time preview function to make sure the ONH was 

placed near the center of the imaging area. Between each IOP elevation and data acquisition, 

there was a 2 minute interval to allow stabilization before data acquisition. The whole time 

period for a series of experiments was about 30 min when IOP was increased from 10 to 100 

mm Hg in 10 mm Hg intervals and returned back to 10 mm Hg.

Depth-resolved microvasculature imaging with OMAG and quantification

The 3D OMAG data were post-processed using the ultrahigh sensitive OMAG algorithm 

(An et al., 2010; Wang et al., 2010; Yousefi et al., 2011). Breifly, at each cross-section, the 

five phase-compensated complex signals of B-frames were subtracted subsequently and then 

averaged (four times) to obtain the cross-sectional blood flow image. This was applied to all 

of the 400 cross-sections to generate concurrent 3D structural and blood flow movies.

The rodent retina consists of three layers of vascular networks (Zhi et al., 2014; Cuthbertson 

and Mandel, 1986): retinal arteries and veins along with the radial peripapillary capillaries 

within the NFL and ganglion cell layer (GCL), the intermediate capillary networks within 

the inner plexiform layer (IPL), and the deep capillary networks within the outer plexiform 

layer (OPL).To better show this retinal vessel distribution and quantify the microvascular 

response to elevated IOP, we investigated the microvascular maps in these different layers. 

To do so, a semi-automated retinal layer segmentation algorithm developed by our research 

group (Yin et al., 2014) was used to segment individual retinal layers from the OCT cross-

sectional structural images using a two double line model. The segmentation was first 

applied on structural images and then directly transferred to blood flow images.

To better quantify the capillary response to the elevated IOP, the capillary density of the 

OPL was calculated as the pixel number occupied by capillaries over the total pixel number 

on the binarized image (Reif et al., 2012). We chose to quantify the OPL but not IPL 

because the tailing effect from superficial vessels was less pronounced in the OPL capillary 
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bed. Percentages of capillary vessel density at each IOP level, normalized to the baseline (10 

mm Hg), were then calculated and plotted. Using MAP, OPP was calculated at each pressure 

level and then capillary density, again normalized to baseline, was plotted vs OPP.

Measurement of total retinal blood flow rate by en face Doppler OCT

We utilized an en face Doppler OCT approach proposed by Srinivasan et al. (2010) to 

measure the total RBF. This was calculated by integrating the axial blood flow velocity over 

the vessel area measured in an en face plane without knowing a priori the blood vessel 

angle. Since the entire retinal blood flow in the rat eye is supplied by the central retinal 

artery (CRA) and is collected by the central retinal vein (CRV), the total RBF rate could be 

calculated as either the sum of all major retinal arteries or the sum of all major retinal veins. 

For this study, we calculated total RBF as the average of arterial and venous blood flow rate 

using the same approaches we developed for total RBF rate measurement in our mouse 

study (Zhi et al., 2012b). The effect of acutely elevated IOP on total RBF was evaluated, as 

well as the changes in total RBF versus OPP.

Results

OMAG/OCT provides unprecedented details of the rat retinal vasculature

This OMAG/OCT system provided high resolution cross-sectional imaging of the rat retina 

(Fig. 2A), which illustrates all the physiological retinal layers. Three dimensional rendering 

of the imaged retina (Fig. 2B) was obtained using 3D visualization software. Fig. 2C shows 

the OCT fundus image, (similar to the image captured by 2D cameras), where limited detail 

of the retina, e.g., optic nerve head and some large retinal vessels, but not capillary vessels. 

To better show the details of the retina at different depths, we segmented the retina into 

different physiological layers. The innermost layer was the nerve fiber layer (Fig. 2D), 

giving ability to visualize optic nerve fiber bundles.

Microvascular maps in the three different retinal layers as well as the choroid were obtained 

as shown in Fig. 2 (E–H), from which different vascular patterns are observed. The retinal 

arteries and veins, along with peripapillary capillaries, exist within the NFL and GCL, where 

they are arranged alternately and radiate in spoke-like fashion towards the retinal periphery 

(Fig. 2E). Dense, intermediate capillary networks are well distributed and observed in the 

IPL, where they supply the inner retina (Fig. 2F). The OPL consists of capillary networks 

and post-capillary venules (Fig. 2G) that supply nutrients to the outer retina. The choroidal 

vasculature (Fig. 2H) is mainly made up of large vessels, although smaller blood vessels 

were also observed around the ONH. Details of the dense capillary network of the 

choriocapillaris were beyond the resolution of the current system.

OMAG can visualize and quantify the effect of elevated IOP on retinal capillary beds

The mean tail arterial blood pressure, which was treated as MAP, was monitored throughout 

each experiment. The MAP over all experiments ranged from 95 to 120 mm Hg (mean = 

102 ± 4 mm Hg (± SEM, n = 10)), indicating negligible variation in MAP over the entire 

measurement session.
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Figs. 3 and 4 illustrate OMAG microangiograms, showing the response of the NFL/GCL, 

IPL and OPL of the rat retinal microvasculature around the optic disc to step-wise increases 

in IOP. Qualitatively, no change was observed in vessel appearance when the IOP was 

increased from 10 mm Hg to approximately 60–70 mm Hg. Above this level, the density of 

the capillaries and the diameters of major arteries and veins appeared to decrease, a process 

that was particularly obvious above 80 mm Hg IOP. For all layers, vessel appearance 

returned to normal once IOP was returned to 10 mm Hg.

In order to better evaluate the effects of elevated IOP on retinal capillary bed filling, the 

capillary density of the outer plexiform layer (OPL), where the tailing effect from overlying 

larger retinal vessels appears the least, was quantified using the OMAG images. OPL 

capillary density remained at or above 80% of baseline up to IOP 60 mm Hg. (Fig. 5A) 

Above 60 mm Hg, capillary density decreased, reaching 60% of normal at IOP 70 mm Hg 

and zero at 100 mm Hg, confirming our qualitative assessment of the microangiography 

images in Figs. 3 and 4.

OPL capillary density was then analyzed as a function of OPP. A polynomial fitting applied 

to these data gave a curve (Fig. 5B) mathematically relating OPL capillary density to 

perfusion pressure (R2 = 0.95), showing less than 20% reduction in capillary density as long 

as OPP was greater than 40 mm Hg. With OPP lower than 40, capillary density decreased 

abruptly, reaching 60% of normal at 30 mm Hg perfusion pressure and zero as OPP neared 

zero.

Based on these results, the capillary bed filling of the rat retina remained above 80% of 

baseline up to an IOP of 60 mm Hg, or perfusion pressure greater than 40 mm Hg. Capillary 

density was reduced to less than 60% of baseline when IOP exceeded 70 mm Hg, 

corresponding to an OPP of less than 30 mm Hg. Capillaries showed no filling at 100 mm 

Hg (OPP = 0), and totally recovered when the IOP was returned to baseline.

Effect of elevated IOP on total retinal blood flow

Assessment of total RBF in 7 of these animals was achieved through Doppler OCT analysis 

(Fig. 6). Qualitatively, the signal for arteries (mostly red) and veins (mostly green) appeared 

to decrease gradually as IOP increased from 10 to 100 mm Hg (Fig. 6A), as compared to 

companion microangiograms of NFL/GCL and OPL (Fig. 6B top and bottom, respectively). 

We found that the major arterial branches exhibited labored pulsation with the cardiac cycle 

as indicated by the white arrows in Fig. 6A. This process was particularly obvious above 70 

mm Hg, as the blood flow direction changed between red and green with the cardiac cycle.

The relative change of total RBF in response to sequential IOP elevation is shown in Fig. 7. 

Total RBF was not affected at the lower levels of IOP elevation (<30 mm Hg). (Fig. 7A) 

However, above 30 mm Hg, total RBF decreased almost linearly with the increase of IOP, 

reaching 50% of baseline at 60 mm Hg. Fig. 7B shows the relationship between total RBF 

and OPP when IOP was increased in 10 mm Hg increments. Total RBF did not change as 

long as the perfusion pressure was above 80 mm Hg. Below 80 mm Hg, total RBF decreased 

linearly to zero, reaching 50% of baseline at OPP 40 mm Hg (R2 = 0.96).
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Effect of reduced MAP on retinal capillary filling and total RBF

The level of MAP can also influence retinal and ONH blood flow. In order to determine if 

OMAG/OCT can detect similar relationships in retinal capillary filling and total RBF, we 

performed measurements in 7 additional animals. In these, we used an identical isoflurane 

anesthesia, with the exception that the removal of expired gas was passive, leading to an 

F/air canister (A.M. Bickford, Inc. Wales Center, NY), without active suction. This resulted 

in a lower MAP, ranging from 65–80 mm Hg (mean = 75 ± 6 mm Hg), presumably due to 

systemic buildup of CO2 (Srinivasan et al., 2010). At this lower pressure, the effect of 

increasing IOP from 10 mm Hg to 100 mm Hg, and then back to 10 mm Hg, on retinal 

capillary filling was also measured.

Fig. 8 shows quantification of OPL capillary density and total RBF vs IOP and OPP in these 

animals. Compared to Fig. 5A, an IOP of only 40 mm Hg, as opposed to 60 mm Hg, was 

sufficient to reduce capillary density below 80% of baseline and 50 mm Hg, rather than 70, 

reduced it to 60% of baseline (Fig. 8A). IOP appeared to have a greater effect on capillary 

density than in animals with higher pressure, by an amount nearly equal to the difference in 

MAP (25 mm Hg) between these two groups. Fig. 8B illustrates density vs OPP. Here, the 

relationship between density and perfusion pressure was essentially the same as that shown 

for Fig. 5B, with capillary filling not falling below 60% until perfusion pressure dropped 

below 30 mm Hg.

The effect of IOP on total RBF was also determined in animals with reduced MAP. Fig. 8C 

indicates that, similar to animals with higher MAP (Fig. 7A), total RBF decreased linearly, 

except that this decrease was noted to begin at just above IOP 10 mm Hg, as opposed to 30 

mm Hg, with an IOP of 40 mm Hg, rather than 60 mm Hg, reducing TBF to 50% of 

baseline. Total RBF vs perfusion pressure also decreased linearly (Fig. 8D). There was also 

a linear relationship between total RBF and OPP similar to that observed in animals with a 

higher MAP (Fig. 7B), with total RBF reduced to 50% of baseline levels at an OPP of 40 

mm Hg.

Increased IOP therefore has a greater impact upon retinal capillary filling in animals with 

lower MAP, consistent with the observations of He et al. (2012). This suggests that OPP is 

the principal determinant of blood flow change rather than IOP itself. Maintaining a normal 

systemic blood pressure is therefore important when studying the effect of IOP on blood 

flow within the retina as well as the optic nerve head.

Discussion

In our previous work (Zhi et al., 2012a; An et al., 2010), we utilized a SLD light source 

centered at 1300 nm in order to increase the penetration of light into the ONH. However, 

this impairs resolution and limits the capability of the system to resolve detailed retinal 

capillary networks. In order to improve resolution, we elected to use the central wavelength 

of light source at 1300 nm, which improved the axial resolution to ~7 µm. In addition, the 

lateral resolution was also improved to ~10 µm. Another modification was to improve the 

field of view (3 × 3 mm2) by using an ocular lens in the sample arm. The improved 

performance and resolution enabled better visualization of the retinal capillary beds within 
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three different retinal layers (NFL/GLC, IPL and OPL), and allowed us to quantitatively 

assess the response of capillaries to elevated IOP.

All measurements were compared against systemic blood pressure. Liang et al. (2009a) 

showed that elevated IOP reduced blood flow in the optic nerve head of non-human 

primates only when systemic blood pressure was reduced. He et al. (2012) also 

demonstrated this effect at a functional level. They showed that retinal ganglion cell 

function, as determined by the scotopic threshold response (STR) of the electroretinogram, 

was less susceptible to an IOP challenge with high MAP compared to low MAP. In the 

current work, monitoring MAP during the entire process of IOP elevation provided us with 

an opportunity to investigate how different levels of systemic blood pressure would affect 

the response of retinal capillary density and total retinal blood flow to an IOP elevation 

challenge. The relationship of both parameters to IOP was affected by an amount equal to 

the difference in systemic blood pressure, so that their relationship to OPP was unchanged. 

This is also in agreement with the findings of He et al., using laser Doppler flowmetry, 

which, in the rat, more generally documents flow in the choroid as well as the retina (He et 

al., 2012).

There is a complex interplay between OPP and ocular blood flow (He et al., 2012). 

Autoregulation of blood flow within the lower range of IOP elevation (less than 30 mm Hg) 

is likely to be responsible for the observed stability of total RBF as well as retinal capillary 

density in this range. Larger retinal vessels do not receive neural innervation and therefore 

require local vascular changes to maintain constant blood flow in the context of varying 

OPP. The caliber of retinal arterioles changes with alterations in OPP with an increase 

leading to vasoconstriction (Jeppesen et al., 2007) and reduction leading to vasodilatation 

(Nagel and Vilser, 2004). Studies in human subjects suggest that these autoregulatory 

mechanisms controlling RBF break down at a threshold IOP above 30 mm Hg (Riva et al., 

1986; Schulte et al., 1996) which parallels our observations of total RBF in this study.

Our data also show that capillary filling in the OPL (and, qualitatively, the NFL/GCL and 

IPL as well) is more resistant than total RBF to a reduced OPP. We found a linear reduction 

in total RBF when the OPP fell below 80 mm Hg, whereas capillary density in the OPL was 

maintained above 80% of normal as long as OPP was above 40 mm Hg. This is consistent 

with our previous report, using a 1300 nm system, where we noted that ONH perfusion did 

not begin to substantially decrease until IOP exceeded 60 mm Hg (Zhi et al., 2012a), while 

retinal blood flow decreased linearly once IOP exceeded 30 mm Hg. However, in that study 

we did not have the ability to assess retinal capillary filling.

He and colleagues (He et al., 2012) noted a similar relationship between OPP and different 

components of the ERG, in which neither the b-wave nor the STR showed substantial 

reductions until OPP was below 60 and 40 mm Hg, respectively, in animals with MAP 

comparable to those studied here. Later, it was found that IOP elevations of 90 min did not 

produce permanent changes in any ERG parameter until IOP exceeded 60 mm Hg, 

corresponding to an OPP of 40 mm Hg (Bui et al., 2013). In order to explain the apparent 

divergence between retinal function and blood flow, this group subsequently proposed a 

model whereby preserved function with the increase of IOP is accomplished by the increase 
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of oxygen extraction (He et al., 2013). The ability to visualize individual retinal capillary 

beds in the current study provides anatomic support for this hypothesis, since the persistent 

density of capillaries observed here in the face of reduced total retinal blood flow would 

suggest that red blood cell transit will be slowed, which would allow greater oxygen 

extraction.

At present, our system does not provide the ability to detect such subtle changes in capillary 

flow. OMAG has ultra-high sensitivity to blood flow, allowing the detection of slow flow 

down to 4 µm/s (Brownian motion level) (An et al., 2010). As long as there is flow, even in 

capillaries, it will be imaged by OMAG. Only when RBCs stop flowing will capillaries 

disappear in the flow image. Thus, it is possible that decreases in capillary flow speed/flux, 

which would allow increased oxygen extraction, may occur but not be evident from the 

angiography image. A method of quantifying RBC flow speed and flux within retinal 

capillaries would be necessary to resolve this issue. OCT has been utilized to measure the 

RBC velocity and flux of capillaries within cerebrovascular networks in mouse brains (Lee 

et al., 2013) and future work will develop similar techniques utilizing OCT to measure the 

capillary RBC flow speed/flux within the rodent retina and determine the effect of increased 

IOP (and reduced OPP) on this important parameter.

The results of this study have a direct bearing on glaucoma, since ischemia has long been 

suspected to contribute to optic nerve damage in this disease (Alm and Bill, 1972; Pillunat et 

al., 1996, 1997; Liang et al., 2009a). Recent work has shown that OCT angiography of the 

optic disk (Chen et al., 2015; Jia et al., 2014) and peripapillary retinal nerve fiber layer may 

provide sensitive clinical measures of glaucoma severity. Our current findings show that, in 

rats, retinal capillary filling, similar to previous studies in the ONH (Zhi et al., 2012a) is 

preserved at IOPs as high as 60 mm Hg in animals with normal blood pressure. This 

strongly suggests that current efforts to model this disease using acute IOP elevations to this 

range for several hours (Abbott et al., 2014; Morrison et al., 2014) are unlikely to produce 

optic nerve damage via purely ischemic mechanisms.

Conclusion

The effect of elevated IOP on the retinal capillary bed filling and total RBF has been 

evaluated by OMAG/OCT. OMAG allows the imaging of the retinal capillary 

microvasculature within different retinal layers, permitting noninvasive monitoring of the 

response to elevated IOP, and Doppler OCT is able to measure the total retinal blood flow. 

We demonstrated that reduced systemic blood pressure can modify the retinal blood flow 

susceptibility to IOP elevation by reducing OPP. The results show that both total RBF and 

capillary beds were not affected at the lower levels of IOP elevation (<30 mm Hg) and 

higher levels of OPP (>60 mm Hg), which may represent vascular autoregulation of ocular 

blood flow. However, differing sensitivity to a reduction in OPP was seen between the 

retinal capillaries and total blood flow within the large caliber vessels suggesting the 

involvement of discrete autoregulatory mechanisms so that capillary patency and flow is 

maintained over a wide range of OPP.
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Fig. 1. 
Schematic of the setup utilizing a high-speed spectral domain OCT system for in vivo 

imaging of a rat eye under controlled intraocular pressure. SLD: superluminescent diode; 

PC: polarization controller; CMOS: line scan camera.
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Fig. 2. 
Details of the rat retina visualized by OMAG/OCT. (A) Cross-sectional OCT structure 

image, illustrating all the retinal layers, NFL: nerve fiber layer, GCL: ganglion cell layer, 

IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: 

outer nuclear layer, OLM: outer limiting membrane, IS/OS: inner/outer segment, RPE: 

retinal pigment epithelium. (B) 3D volume rendering of the retina structure. (C) OCT fundus 

image. (D) Projection view of NFL, showing the nerve fiber bundles. (E–H) Depth-resolved 

detailed microangiogram with OMAG, showing microvasculature/capillaries within 

NFL/GCL (E), capillary network within IPL (F), capillary network within OPL (G), and 

vasculature within choroid (H).
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Fig. 3. 
Response of micro-vessels/capillaries to elevated IOP within the (A) NFL/GCL and (B) IPL. 

In both, vascular filling does not show qualitative changes until IOP exceeds 60–70 mm Hg.
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Fig. 4. 
The response of capillaries within OPL to elevated IOP. The capillary density appears 

relatively stable until IOP exceeds 60–70 mm Hg.
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Fig. 5. 
(A) OPL capillary density vs IOP shows that density is relatively preserved up to 60 mm Hg 

but begins to decrease sharply above this level, reaching approximately 60% of normal at 70 

mm Hg. Data are shown as mean ± SD (N = 10). Reducing IOP to baseline (10 mm Hg) 

fully restores capillary density. (B) Capillary density plotted against OPP indicates that 

capillary density does not decrease below 60% until ocular perfusion pressure is less than 30 

mm Hg.
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Fig. 6. 
(A) Phase-resolved Doppler flow images for total RBF measurement under stepwise 

increased IOP. Red means flow towards the reader (artery) and green means flow away from 

the reader (vein). White arrows show the pulsatile flow in the retinal arterioles. (B) 

Microangiograms of NFL/GCL (top) and OPL (bottom) capillary pattern responses to IOP 

elevation (for comparison with total RBF). (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 
(A) Total RBF decreases with the increase of IOP, beginning at 30 mm Hg (* indicates 

significant change compared to prior IOP level). Data are shown as mean ± SD (N = 7). (B) 

Change in total RBF with the decrease of ocular perfusion pressure shows a linear decrease 

once perfusion pressure falls below 80 mm Hg (left of the dashed vertical line). Red line 

indicates linear fit of individual data points.
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Fig. 8. 
Relationship of OPL capillary density and total RBF to IOP (A and C, respectively) and to 

OPP (B and D, respectively) in animals with reduced MAP. Both parameters show greater 

sensitivity to a given level of IOP (A and C) as opposed to animals with higher blood 

pressure, by an amount approximately equal to the difference in MAP between these two 

groups (20 mm Hg). For both parameters, their relationships to OPP appear unchanged by 

reduced MAP. (B) Capillary density is preserved at or above 80% of baseline until perfusion 

pressure falls below 40 mm Hg, followed by a rapid decrease to zero. (D) Total RBF begins 

a linear decrease once OPP falls below 80 mm Hg, reaching 50% of normal at 

approximately 40 mm Hg. (N = 7). (C. * indicates significant change compared to prior IOP 

level).
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