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Abstract. Elevated intraocular pressure (IOP) is an important risk factor for glaucoma. However, the role of IOP
in glaucoma progression, as well as retinal physiology in general, remains incompletely understood. We dem-
onstrate the use of visible light optical coherence tomography to measure retinal responses to acute IOP eleva-
tion in Brown Norway rats. We monitored retinal responses in reflectivity, angiography, blood flow, oxygen
saturation (sO2), and oxygen metabolism over a range of IOP from 10 to 100 mmHg. As IOP was elevated,
nerve fiber layer reflectivity was found to decrease. Vascular perfusion in the three retinal capillary plexuses
remained steady until IOP exceeded 70 mmHg and arterial flow was noted to reverse periodically at high
IOPs. However, a significant drop in total retinal blood flow was observed first at 40 mmHg. As IOP increased,
the venous sO2 demonstrated a gradual decrease despite steady arterial sO2, which is consistent with increased
arterial-venous oxygen extraction across the retinal capillary beds. Calculated total retinal oxygen metabolism
was steady, reflecting balanced responses of blood flow and oxygen extraction, until IOP exceeded 40 mmHg,
and fell to 0 at 70 and 80 mmHg. Above this, measurements were unattainable. All measurements reverted to
baseline when the IOP was returned to 10 mmHg, indicating good recovery following acute pressure challenge.
These results demonstrate the ability of this system to monitor retinal oxygen metabolism noninvasively and
how it can help us understand retinal responses to elevated IOP. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including
its DOI. [DOI: 10.1117/1.NPh.6.4.041104]
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1 Introduction
Elevated intraocular pressure (IOP) is the best-characterized risk
factor for glaucoma, the second leading cause of blindness
worldwide,1 and lowering IOP can preserve vision for many
glaucoma patients.2 However, despite the success of IOP-
lowering drugs,3 the association of IOP with glaucoma and
the mechanisms by which elevated IOP damages the retina as
well as the optic nerve remain unclear and require further
investigation.4

Optical coherence tomography (OCT) enables noninvasive,
dye-less, and three-dimensional visualization of the retina.5

With this technique, nerve fiber layer (NFL) thickness was
found to be reduced in glaucoma patients6 as the result of neuro-
nal death.7 Subsequently, measurements by optical coherence
tomography angiography (OCTA)8 indicated that capillary den-
sity in the radial peripapillary capillary plexus is highly corre-
lated with NFL thickness.9 OCTA has also revealed that the
microvascular network near the optic disc is attenuated both
globally and focally in glaucoma patients.10 Moreover, the
detected densities of vascular plexuses in glaucoma were lower,
due to capillary dropout, in both the macular and the optic disc
regions compared to that in normal vascular plexuses.11,12

These findings indicate that the retinal vasculature is affected
in glaucoma patients. To further investigate retinal response to
elevated IOP, researchers have measured capillary perfusion and
retinal blood flow in the face of elevated IOP in rat eyes, using

infrared OCT systems.13,14 This revealed that, at IOP up to
60 mmHg, total retinal blood flow decreased, and capillary per-
fusion was unchanged. This suggests that, within this pressure
range, capillary transit is slowed, which should be accompanied
by increased oxygen extraction. However, this could not be
verified at that time with existing technology.

Visible light optical coherence tomography (vis-OCT)15–18

has been developed recently, which enables high-resolution
retinal images19–21 and functional measurement of oxygen sat-
uration,15,22–26 oxygen metabolism,27,28 as well as other tissue
features.29,30 In this study, we conducted acute IOP elevation
protocols in Brown Norway rats similar to those described
previously14 and imaged the retina with our recently established
vis-OCT system.25,31,32 Comprehensive retinal responses to
acute IOP elevation, which include retinal oxygen extraction
and oxygen metabolism, as well as structural reflectivity, angi-
ography, and blood flow are all provided with this modality.

2 Method

2.1 Animal Preparation

Adult Brown Norway rats (17 weeks old) were included in this
study. Seven eyes were randomly chosen (four left eyes and
three right eyes from seven animals). Animals were anesthetized
with 5% isoflurane initially for 10 min and 2.5% isoflurane
during the imaging session, mixed with 100% O2. Following
stabilization in a custom-made imaging stage with multidimen-
sional manipulation, the animal was positioned with the eye*Address all correspondence to Yali Jia, E-mail: jiaya@ohsu.edu

Neurophotonics 041104-1 Oct–Dec 2019 • Vol. 6(4)

Neurophotonics 6(4), 041104 (Oct–Dec 2019)

https://doi.org/10.1117/1.NPh.6.4.041104
https://doi.org/10.1117/1.NPh.6.4.041104
https://doi.org/10.1117/1.NPh.6.4.041104
https://doi.org/10.1117/1.NPh.6.4.041104
https://doi.org/10.1117/1.NPh.6.4.041104
https://doi.org/10.1117/1.NPh.6.4.041104
mailto:jiaya@ohsu.edu
mailto:jiaya@ohsu.edu


facing vertically (Fig. 1). The pupil was dilated with a 1%
tropicamide ophthalmic solution. To keep the cornea moist,
sterile irrigating salt solution (Alcon Laboratories Inc.) was
applied to the eye every other minute. Body temperature was
maintained with a 38.5°C water-warming blanket. Exhaust gas,
including isoflurane, was removed by a vacuum pump to avoid
carbon dioxide accumulation and was collected by an anesthesia
gas filter (OMNICON F/air, Bickford) before releasing to the
open air.

To regulate IOP, the anterior chamber was cannulated with a
31-gauge needle and connected to a reservoir filled with bal-
anced salt solution (BSS PLUS, Alcon Laboratories Inc.).
The height of the reservoir was adjustable to increase and
decrease IOP (Fig. 1), which was monitored by a calibrated
pressure transducer (Harvard Apparatus, Model 724436). Mean
arterial blood pressure was continuously monitored by noninva-
sive CODA tail-cuff tonometry (Kent Scientific, Torrington,
Connecticut).

For each imaging session, IOP was increased, starting at
10 mmHg (baseline), in 10-mmHg increments up to 100 mmHg,
which was empirically comparable to the measured mean
arterial pressure.14 At each IOP level, 3 min were allowed for
stabilization before acquiring images. Following 100 mmHg,
IOP was returned to baseline, to ascertain recovery from the
acute IOP elevation.

All experimental procedures complied with the Association
for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. The pro-
tocols were approved by the Institutional Animal Care and
Use Committee (IACUC) of the Oregon Health & Science
University (OHSU).

2.2 Image Acquisition

A previously reported fiber-based 50-kHz vis-OCT prototype,31

custom-built by the Center for Ophthalmic Optics and Lasers at
OHSU, was used in this study. To analyze sO2, the system wave-
length spans from 510 to 610 nm, covering the high absorption
contrast region of hemoglobin. The incident power on the cor-
nea was 0.8 mw. A GPU-based real-time interface for visualiz-
ing structural and angiographic OCT was used to assist image
acquisition.33 The axial resolution was calibrated as 1.2 μm in
tissue with a maximum sensitivity of 89 dB.

At each IOP level, a volumetric raster scan was acquired for
angiography and sO2 analysis and three sets of dual-circular
scans were acquired for total retinal blood flow measurement.

The volumetric raster scan was taken in a 2.2 × 2.2-mm2 field
of view. In the fast transverse (X) scanning direction, 512 axial
scans were sampled to form a B-scan. Three consecutive
B-scans were captured before moving to the next slow axis
(Y) position for motion contrast in OCTA. A total of 512 Y posi-
tions were sampled. The dual circular scans (r1 ¼ 0.6 mm,
r2 ¼ 0.8 mm) around the optic disc consisted of 4096 A-lines
for each circle with 30 repetitions. The dual circular scan
transected all retinal major arteries and veins. The whole experi-
ment for full IOP regulation on a single rat was completed
within ∼45 min.

2.3 Data Processing

Postprocessing was performed in the MATLAB platform. The
recorded interferometric fringe was processed by DC subtrac-
tion, lambda-to-k resampling, and dispersion compensation suc-
cessively. After that, the dataset was applied by fast Fourier
transform to retrieve the depth-resolved structural informa-
tion.34 Retinal layers were segmented by searching the bounda-
ries automatically and correcting with manual assistance.35

The OCTAs were generated with the split-spectrum ampli-
tude decorrelation algorithm (SSADA) on the volumetric raster
scans.8 The vascular/capillary plexuses were then generated by
projecting the flow signal within specific slabs. For the super-
ficial vascular plexus (SVP), a slab containing the NFL and gan-
glion cell layer (GCL) was used. For the intermediate capillary
plexus (ICP) and deep capillary plexus (DCP), slabs correspond-
ing to the inner and outer boundaries, respectively, of the inner
nuclear layer (INL) were used. The en face images of the vas-
cular plexuses were enhanced by a Gabor filter, and then a
Frangi multiscale vessel filter36 was used to delineate the vessel
binary mask. The vessel density was calculated as the percent-
age of area occupied by vascular pixels.

The procedure of measuring sO2 was detailed in our previous
report.25 Briefly, oxygen saturation is the concentration ratio
of oxygenated hemoglobin to total hemoglobin and can be
expressed as sO2 ¼ CHbO2∕ðCHbO2 þ CHbÞ, where CHbO2 and
CHb indicate the concentration of oxygenated and deoxygenated
hemoglobin, respectively. To obtain sO2, we fit the obtained
OCT spectrum at the posterior vascular pixels25,37 to a model15,38

[Eq. (1)] that contains the absorption features and concentrations
of oxygenated and deoxygenated hemoglobin

EQ-TARGET;temp:intralink-;e001;326;283ODðz;λÞ ¼ ln

�
Iðz;λÞ
I0ðλÞ

�

¼−2d½CHbO2
εHbO2

ðλÞþCHbεHbðλÞ�þA lnðλÞþB:

(1)

Here, the spatial- and depth-resolved optical densityODðz; λÞ is
defined as the logarithm of the ratio of the reflected intensity
spectrum Iðz; λÞ to the source spectrum I0ðλÞ, where Iðz; λÞ can
be calculated by short time Fourier transform spectroscopic
analysis to the preprocessed interferometric fringe. Here, d is
the accumulated absorption length in depth for the selected ves-
sel posterior voxels; A and B are the wavelength-independent
constants, and the extinction coefficients ε are taken from the
literature.39

The blood flow F (μL∕min) for each major vessel was deter-
mined from dual circular scans according to40

EQ-TARGET;temp:intralink-;e002;326;86F ¼ ν × S: (2)

Fig. 1 Experimental setup of intraocular pressure elevation in rats.
The rats were stabilized in a customized head holder with inhalation
gas delivery. A vertically oriented light beam illuminated the eye.
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Here, the blood flow velocity ν (mm∕s) distribution can be
calculated from ν ¼ fsλ0Δφ∕½4πn cosðθÞ�, where Δφ is the
Doppler phase shift between ultrahigh sampling density adja-
cent A-lines in the B-scan corrected with automated phase
unwrapping.41 Vessel Doppler angle θ (rad) was calculated
from the vessel position shifts between the inner circular scan
and the outer circular scan. Given the sampling rate fs ¼
50 kHz, center wavelength λ0 ¼ 565 nm, and refractive index
n ¼ 1.4, the blood flow velocity can be calculated as ν ¼ 1.6 ×
Δφ∕ cosðθÞ ðmm∕sÞ. Mean blood flow velocity ν̄ can then be
obtained by averaging over the vessel region within entire pul-
satile periods. The vessel cross-sectional area S perpendicular to
the flow direction is calculated as S ¼ π½H sinðθÞ∕2�2 with the
diameter H determined by the axial span of the vessel region.

Oxygen metabolic rate is defined as the oxygen consumption
of the tissue over time, which can be deduced from the differ-
ence between oxygen content supplied by arteries and that car-
ried away by veins per unit time.27,32,40 In the inner retina, the
oxygen demand is supplied by the retinal circulation, where, in
the rat eye, all major arteries and veins enter the eye ventral
to the optic disc.13,42 Thus, the retina oxygen metabolic rate
rMRO2 ðg∕minÞ can be quantified as

EQ-TARGET;temp:intralink-;e003;63;510rMRO2 ¼ 4WO2

WHbO2

CHbTðsO2a × TRBFa − sO2v × TRBFvÞ;

(3)

where WO2 and WHbO2 are the molecular weights of O2

(32 g∕mol) and oxygenated hemoglobin (68;000 g∕mol), re-
spectively. The total hemoglobin concentration in blood CHbT

is 150 g∕L for rats. The sO2 and TRBF are the measured oxygen
saturation and total retina blood flow with subscripts a and v
denoting the arteries and veins, respectively. The difference
of oxygen transported in by the arteries and transported out
by the veins is considered as the amount consumed by retinal
metabolism.

3 Results
The blood pressure was recorded every 5 min throughout the
experiments. The mean systolic (BPs) and diastolic (BPd) blood
pressure for this group of rats was measured as 102� 1 and
77� 4 mmHg, respectively. The heart rate was 321� 20 beats∕
min. No systemic blood pressure or heart rate changes were
found with IOP elevation.

Overall, the observed retinal vascular responses were similar
to a previous report.14 The capillary filling was well maintained
at IOPs lower than 70 mmHg. At IOPs above 70 mmHg, the
diameters of major vessels were significantly reduced and the
capillaries were progressively unperfused and invisible in all
vascular plexuses. These responses were reversible, as the major
vessels and capillaries were reperfused when the IOP returned to
the 10-mmHg baseline (B10 column in all figures). Additional
features, such as arterial flow reversal and increased oxygen
extraction compensation during periods of reduced blood flow,
were revealed in this study.

To quantitate the retinal responses to acute IOP elevation, we
will present results for reflectivity, angiography, blood flow,
oxygen saturation, and oxygen metabolism sequentially. Unless
specified otherwise, the values were measured on all eyes with
standard deviations calculated over the entire population. Paired
sample t-test was used to assess the significance of the measured
metrics at each IOP level compared to the baseline.

3.1 Reflectivity

As shown in Fig. 2, the boundaries of the different retinal layers
became vague and hard to distinguish at higher IOPs. In addi-
tion, the reflectivity of retinal layers was largely reduced at
high IOP levels, especially for the NFL. In normal conditions,
the NFL is highly reflective and has extraordinary reflectance
amplitude shown by structural OCT. However, as shown in the
volumetric visualization [Fig. 2(c)], the brightness of the NFL
layer diminished as IOP increased. To remove the effect of
potential defocus and aberrations due to tissue bending at IOP ≥
40 mmHg and to examine the dynamic changes of NFL more
objectively, we calculated the relative reflectance (the mean
reflectance of the NFL normalized by the mean reflectance of
the entire retina). This decreased from 1.41� 0.22 at IOP ¼
10 mmHg to 0.99� 0.45 and 0.72� 0.49 at IOPs of 70 and
100 mmHg, respectively, and returned to 1.52� 0.19 with
IOP back to 10 mmHg.

3.2 Angiography

To visualize the responses of vascular perfusion clearly, retinal
layers were segmented and en face images of SVP, ICP, and
DCP were obtained by projecting the specific slabs described
in Sec. 2.3. Figure 3 illustrates that capillary perfusion was well
maintained for all three plexuses until IOP exceeded 70 mmHg.
Above this, perfusion decreased dramatically, becoming invis-
ible at 90 and 100 mmHg.

To quantitate the vascular perfusion during IOP elevation,
vessel density was calculated as the percentage of the field of
view covered by microvasculature. At IOP ¼ 10 mmHg base-
line, the vessel densities were 21%� 1%, 14%� 2%, and
19%� 2% for SVP, ICP, and DCP, respectively. Overall, vessel
densities were reduced at high IOPs and recovered when the
IOP returned to 10 mmHg [Fig. 4(a)].

The vessel densities were normalized by baseline values to
minimize population variation [Fig. 4(b)]. The normalized ves-
sel densities remained at low IOPs and were significantly
affected for IOPs greater than or equal to 70 mmHg (p-value
< 0.05 at IOP ≥ 70 mmHg), consistent with a previous report.14

From visual inspection of en face images in Fig. 3, it is clear that
the vascular perfusion diminished quickly and the capillaries
were hardly seen at IOP levels beyond 70 mmHg. Nonzero ves-
sel densities calculated at these high IOP levels were likely due
to the enhanced flow artifacts (background noise) by the vessel-
ness filter36 used before generating vascular binary images.

3.3 Blood Flow

Arteries and veins were differentiated by their opposite flow
directions in relation to the optic disc. Doppler OCT frames with
reversal of arterial flow were found to appear at IOP of 50 mmHg
occasionally and were more frequent at higher IOPs. The reversal
could be appreciated by comparing the blood flow velocity dis-
tributions from a vein and an artery at IOP ¼ 10 mmHg and
IOP ¼ 70 mmHg (Fig. 5). Venous blood flow velocities dropped
evenly at all frames and remained negative at IOP ¼ 70 mmHg.
However, arterial blood flow velocities were positive at baseline
in all frames, but decreased and reversed to negative at IOP ¼
70 mmHg in 15 frames (black boxes) out of the total 30 frames.

The blood flow for all major retinal vessels was calculated
from the dual circular Doppler scans, as described in Sec. 2.3.
The total retinal blood flow (TRBF) for arteries and veins was
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summed up in all major arteries and veins, respectively. The
TRBF at IOP ¼ 10 mmHg was measured at 8.37� 0.69 μL∕
min for arteries and −8.58� 0.86 μL∕min for veins [Fig. 6(a)],
where positive and negative values indicate flow into and out
of the retina, respectively. At high IOP levels, the blood flow
was suspended as TRBF approached zero. Owing to the pres-
ence of flow reversal in most arteries at IOPs of 70 and
80 mmHg, current frame rate (∼12 Hz) was not considered able
to fully sample this highly irregular dynamic pattern. Therefore,
arterial TRBF for these two time points were not included.

Furthermore, TRBF was not measurable at IOPs of 90 and
100 mmHg because absent blood flow prevented identification
of vessel cross sections.

Retinal blood flow response to IOP elevation was also
revealed by TRBF values normalized to their baselines. As
shown in Fig. 6(b), normalized TRBF was set to 1.0 at baseline
IOP ¼ 10 mmHg and remained unaffected at IOPs <40 mmHg
(p-value < 0.05 for arteries at IOP ≥ 40 mmHg; p-value < 0.05
for veins at IOP >40 mmHg). At 60 mmHg, the normalized
TRBF dropped to <0.5, even though capillary perfusion

Fig. 2 Reflectivity of the retinal NFL is reduced with acute IOP elevation, as demonstrated by sequential
darkening in (a) B-scans, (b) en face images (2.2 × 2.2 mm2), and (c) volumetric visualization. Each B-
scan was averaged by three repeated frames. The white dashed line in (b) indicates the position of B-
scans in (a). NFL, nerve fiber layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexi-
form layer; ONL, outer nuclear layer; EZ, ellipsoid zone; RPE, retinal pigment epithelium; CH, choroid;
SVP, superficial vascular plexus; ICP, intermediate capillary plexus; and DCP, deep capillary plexus.
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(Fig. 4) was unaffected at this pressure. When IOP returned to
10 mmHg, the normalized TRBF recovered to 0.98� 0.03 and
1.00� 0.4 for arteries and veins, respectively. This retinal blood
flow response to elevated IOP was also consistent with a pre-
vious report.14

3.4 Oxygen Saturation

The identification of arteries and veins by level of oxygen sat-
uration agreed with that as determined by the direction of blood

flow in all eyes. The sO2 in all arteries and veins within each eye
was then averaged as the measured arterial and venous sO2 level
in that eye. The sO2 was not measurable at IOPs of 90 and
100 mmHg due to insufficient vascular filling. As shown in
Fig. 7, the arterial sO2 remained nearly 100% at all IOP levels,
whereas venous sO2 decreased with higher IOPs (p-value
< 0.05 at IOP ≥ 40 mmHg).

The oxygen extraction A-V sO2, calculated as the difference
between arterial sO2 and venous sO2, increased from 13%� 2%
at baseline to 34%� 8% at IOP ¼ 80 mmHg (Fig. 8).

Fig. 3 En face images (2.2 × 2.2 mm2) showing retinal vascular perfusion responses to acute IOP eleva-
tion. (a) SVP en face images were generated from the slabs containing NFL and GCL with first-15-maxi-
mum projection. (b) ICP en face images were generated from the slabs adjacent to the inner boundary of
the INL with first-15-maximum projection. (c) DCP en face images were generated from the slabs adja-
cent to the outer boundary of the INL with first-15-maximum projection.
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Moreover, this increase seemed to be nonlinear, with increments
of 1%, 2%, 3%, 3%, 3%, 5%, and 5% as IOP levels increased
from 20 to 80 mmHg. Restoration of A-V sO2 was also observed
as IOP returned to baseline.

3.5 Oxygen Metabolism

Total retina oxygen metabolic rate was calculated as 276�
15 ng∕min at baseline and remained ∼250 ng∕min until IOP
exceeded 40 mmHg (Fig. 9). At IOPs of 50 and 60 mmHg, the
arterial blood flow reversal, mentioned above, began to appear
sporadically in some frames in some vessels. These reversals,
which contributed to the significantly decreased arterial blood
supply in Fig. 6(b), produced a reduced calculated oxygen
metabolism at these IOP levels, despite the increased oxygen
extraction (Fig. 8). However, response to acute IOP elevation

differed among subjects, which caused a large variation in cal-
culated oxygen metabolism. The measurements at IOPs of 70
to 100 mmHg were not obtainable due to the lack of blood flow
and oxygen saturation results.

4 Discussion
Existing studies offer a nuanced view of retinal function and its
disruption in response to elevated IOP. Different regions, such
as the NFL,43 ganglion cell,44 lamina cribrosa,45 and retinal pig-
ment epithelium,46 respond uniquely to acutely elevated IOP.
Furthermore, the effects may differ with age.47,48 Different met-
rics, such as retinal layer thickness,49 retinal capillary density,14

birefringence,50 or gene expression,51 can be affected to different
degrees by IOP elevation. We believe that vis-OCT, which has
the ability to provide structural information, as well as data on
perfusion of major retinal vessels and capillary beds and total

Fig. 4 The (a) actual and (b) normalized to baseline (10 mmHg) vessel densities of the three vascular/
capillary plexuses SVP, ICP, and DCP at all IOP levels.

Fig. 5 Arterial flow reversal at IOP ¼ 70 mmHg shown by a series of Doppler OCT (30 frames within
2.4 s) of a representative artery, compared to the constant flow direction in a vein. Doppler OCT images
with arterial flow reversal are annotated with black boxes. Red: positive blood flow. Blue: negative
blood flow.
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retinal blood flow, oximetry, oxygen extraction, and oxygen
metabolism, offers several advantages that may help in under-
standing these phenomena.

Our vis-OCT system provided an opportunity to compare
capillary bed filling to TRBF over a range of IOPs, revealing
that capillary filling was maintained up to an IOP of 70 mmHg,
despite a reduction in TRBF. This is in agreement with prior
work using a different system,14 where the authors proposed
that this would result in slowing of red blood cell transit
through capillaries, a situation that may allow greater oxygen
extraction. It was suggested that this could help explain electro-
physiological observations from other groups in which several
components of the electroretinogram (ERG) were unaffected by
IOPs up to 70 mmHg, leading to the proposal that this mainte-
nance of function was accomplished by increased oxygen
extraction.52–54 Our study using vis-OCT, which has the capabil-
ity of measuring blood oxygen content, provides strong support

for this possibility, showing a nonlinear increase in oxygen
extraction within this pressure range.

The higher resolution of vis-OCT, accompanied by close
examination of Doppler scans, has allowed us to document, for
the first time, the reversal of arterial flow. This reversal started
on single B-scan frames of some arteries at IOP ¼ 50 mmHg

and occurred frequently at IOPs of 70 and 80 mmHg. Given the
mean systolic and diastolic blood pressures of 102� 1 mmHg

and 77� 4 mmHg, we suspect that this reversal may be due to
the negative ocular perfusion pressure OPP (OPP = BP-IOP)
during diastole. This is consistent with prior observations that
the IOP threshold for reducing retinal capillary filling is lower
in animals with lower systemic blood pressure14 and that
reduced systemic blood pressure can increase the risk of produc-
ing glaucoma in nonhuman primates.55 In terms of the arterial
TRBF at IOPs of 70 and 80 mmHg, we suspect that the frame
rate of the current system was not sufficient to fully reveal these

Fig. 6 Response of actual (a) and normalized (b) TRBF to the acute IOP elevation. Data points for arterial
flow on IOPs of 70 and 80 mmHg were not recorded due to the impact of flow reversal. Data points on
IOPs of 90 and 100 mmHg were not available due to severe perfusion loss. TRBF decreased as IOP was
elevated and recovered as IOP was returned to 10 mmHg.

Fig. 7 The measured sO2 overlaid with en face images (2.2 × 2.2 mm2) of retinal vessels at each IOP
level. Note that the measurements at IOP ¼ 90 and 100 mmHg were not available due to severe
nonperfusion.
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irregular arterial flow patterns along the cardiac cycles. Thus,
a higher speed OCT system that can provide a frame rate of
>100 Hz (considering a cardiac cycle of ∼5 Hz for rats) will
be needed to objectively measure the effect of flow reversals
on arterial TRBF.

Retinal oxygen metabolism was determined by considering
the difference of transported oxygen between arteries and veins.
This relies on the assumption that the retina is in steady state
and TRBF in arteries and veins are approximately equal. While
this is satisfied in most situations, reversal of arterial blood
flow occurs at higher levels of acute IOP elevation, contributing
to a reduction in calculated oxygen metabolism so that, by
70 mmHg, this calculation is not reliable. This is consistent with
reports that exposure to elevated IOP for 90 min does not pro-
duce irreversible alterations in the ERG or morphological evi-
dence of retinal damage until the pressure equals or exceeds

70 mmHg.54 However, it is unclear what the physiological
impact is, if any, of the wide fluctuations in metabolism seen
at levels of 50 and 60 mmHg.

Since the oximetry measurements performed here are limited
to major retinal arteries and veins, the resulting metabolism
calculations are at best a reflection of average retinal perfor-
mance and do not provide insights into possible variations in
different regions or layers of the retina. Given that retinal
damage in human glaucoma and in glaucoma models can be
regional,51,56–58 and that the inner retina is preferentially
affected, improvements in vis-OCT that will allow us to perform
quantitative OCT angiography, velocimetry, and oximetry23,59 at
the capillary level will be needed in order to develop a more
accurate understanding of how IOP affects oxygen metabolism,
particularly in these intermediate pressure ranges. In addition,
an alternate way to verify the activation of other bypass path-
ways of oxygen supply for the inner retina is to measure the
oxygen pressure (PO2) axial profile with microelectrodes.60

We could then compare the measured PO2 axial profile in these
extreme conditions with that measured in normal conditions to
see if there is any change in depth distributions.

The findings in this study are based on an acute IOP elevation
protocol. It would be important to know if these results were
duplicated in an animal model undergoing longer periods of
controlled IOP elevation. In addition, these observations on
the retinal vasculature do not specifically address events within
the optic nerve head, the site of initial glaucomatous injury,
although earlier OCTA work indicates that perfusion responses
in response to IOP in these two regions may be similar.13

Regardless, chronic glaucomatous injury, which damages retinal
ganglion cells, may significantly affect the vascular responses
and tissue oxygenation within the retina. Further study of these
effects may provide important insights into how retinal suscep-
tibility to IOP can be affected in patients with chronic glaucoma.

5 Conclusion
We imaged rat retinas with acute IOP elevation using a vis-OCT
system, monitoring structural reflectance, angiographic vascular
perfusion, and retinal blood flow, as well as quantitative mea-
surements of retinal oxygen extraction and oxygen metabolism
to characterize the retinal responses to elevated IOP. A trend
toward decreasing TRBF was observed with increasing IOP.
To compensate, retinal blood oxygen extraction was found to
increase in order to maintain retinal oxygen demand. Our find-
ings confirm previous reports and provide new insights into
retinal responses to acute IOP elevation, which will improve
our understanding of the effect of elevated IOP on the retinal
vasculature.
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Fig. 9 Calculated retinal response of oxygen metabolism rate to
acute IOP elevation. The measurements at IOPs of 70 to 100 mmHg
were not attainable due to the lack of blood flow or oxygen saturation
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