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Abstract

Intraocular pressure (IOP) is an important risk factor for glaucoma, and the response of the ONH
and surrounding tissues to elevated 0P are often investigated to better understand
pathophysiology. In vivo structure including that of the optic nerve head (ONH) and surrounding
tissue of the eye are often assessed using optical coherence tomography (OCT). With advances in
OCT technology, both large vessels and capillaries can be imaged non-invasively (OCT
Angiography). Because a significant portion of retinal thickness is comprised of vasculature, the
purpose of the current study was to investigate OCT structural and vascular changes in healthy
non-human primate eyes with systematic graded increases and decreases in 10P. Six healthy
animals with no previous experimental intervention were used. The pressure in the anterior
chamber was adjusted from 10 mmHg to 60 mmHg and back to 10 mmHg in 10 mmHg steps
every 10 minutes. Using optical coherence tomography (OCT), retinal nerve fiber layer (RNFL)
thickness, minimum rim width (MRW), Bruch’s membrane opening (BMO) size and relative
height, anterior lamina cribrosa surface (ALCS) depth, choroidal thickness, and angiography
(OCTA) were quantified. With 10P challenge there were significant changes in all morphological
measures quantified (p<0.01) other than BMO size (p=0.30) and RNFL thickness (p=0.29).
Specifically, the position of the BMO was sensitive to both an increase and decease in IOP. The
inner retinal capillary density gradually decreased with increasing 10P, reaching statistical
significance when pressure exceeded 50 mmHg, but returned when IOP was reduced. The average
choroidal thickness around the ONH decreased for elliptical annuli 500-1000 pm and 1000-1500
pum, from the BMO, with increasing I0P (p<0.01). For the 1000-1500 um annulus, choroid
thickness did not return to baseline with 10P reduction. Similarly, the MRW decreased with
increase in IOP, but with pressure reduction did not return, and at the final 10 mmHg time point
was thinner than at baseline (p<0.01). The results from this experiment illustrate differences in
ONH neural rim tissue, RNFL and vessel density changes with acute IOP challenge. Overall,
vessel collapse could not completely account for changes in RNFL or ONH MRW thickness. The
study supports the hypothesis neural rim compression may be an important part of I0P-induced
damage.
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1.0 INTRODUCTION

The glaucomas are progressive optic neuropathies with characteristic losses of visual
function and structural alterations in the retina and optic nerve head (ONH). The
pathophysiology of glaucoma is not understood completely, but intraocular pressure (I0P)
has been identified as an important risk factor in all clinical forms (Anderson, 2003; Gordon
etal., 2002; Leske et al., 2004; Quigley and Addicks, 1980). High IOP seems integral to the
pathology of glaucoma, and the effects of IOP on posterior segment structures have been
studied and modeled in healthy and glaucomatous eyes using both /n vivoand ex vivo
preparations.

From early experiments that involved both acute and sustained elevation of IOP in a primate
model, the ONH was identified as the primary site for disturbances in axonal transport
(Anderson and Hendrickson, 1974; Quigley and Anderson, 1976; Quigley and Anderson,
1977). Subsequently, in enucleated eyes implanted with platinum wire, displacement of the
lamina was shown with increase in 10P (Levy and Crapps, 1984; Levy et al., 1981). As non-
invasive /n vivoimaging technologies evolved, the ONH and surrounding tissues have been
quantified with increasing precision and accuracy, and the effects of acute changes in IOP on
load bearing structures of the posterior segment investigated in healthy and disease eyes
(Burgoyne et al., 1995; Burgoyne et al., 1994; Fortune et al., 2009; Heickell et al., 2001;
Ivers et al., 2016; Morgan et al., 2002; Quigley and Pease, 1996; Sharma et al., 2017;
Strouthidis et al., 2011). These studies, along with histological evidence, have identified the
peripapillary connective tissue, lamina cribrosa, and neural tissue as structures susceptible to
IOP related stress (Burgoyne, 2011; Downs, 2015; Sigal et al., 2014).

Because OCT based peripapillary retinal nerve fiber layer (RNFL) thickness and ONH
neural rim tissue measures, sample a majority of the retinal ganglion cell (RGC) axons, they
are commonly used for the clinical diagnosis and management of glaucoma patients. In
principle glaucomatous RGC axonal loss should result in proportional losses of the two
measures, but ONH neural retinal rim measures have been shown to thin prior to RNFL in
both longitudinal and cross sectional studies (Fortune et al., 2013; He et al., 2014; Patel et
al., 2014). The discrepancy between ONH neural rim tissue thinning and that of RNFL could
be due to differences in axonal characteristics, glial tissue, extracellular matrix or
vasculature.

Recent advances in optical coherence tomography (OCT) imaging allow for non-dye based
angiography (OCTA) of the major retinal vasculature and capillary networks. Using OCTA
technology a decrease in peripapillary vascular density in both glaucoma patients and
glaucoma suspects has been shown (Akil et al., 2017; Chen et al., 2016; Lee et al., 2016,
2017; Rao et al., 2016; Suh et al., 2016; Yarmohammadi et al., 2016). Although OCTA does
not directly quantify flow, it provides useful insight to when blood flow has reduced beyond
the capability of OCTA algorithms to detect.

The non-human primate has similar structure to that of humans, with similar relationships
between ONH neural rim tissue and RNFL thickness (Patel et al., 2014), hence ideal for
investigations of structural change with 10P and experimental glaucoma. IOP in this
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experimental model often ranges between 25-45mmHg, and at these moderate to high 10Ps,
it is possible that capillary networks can be compressed adding variability to studies
investigating rates of change in nerve fiber layer and capillary densities. However, changes
in OCTA based peripapillary and ONH capillary density with IOP challenge remains
unknown in primate eyes. Hence, the purpose of the present study was to quantify both
structural and vascular changes, and the relationship between the two, in healthy non-human
primate eyes with systematic, controlled graded increase and return in IOP. Some of the
results of these studies have been presented in abstract form (Patel NB, et al. ISER/
BrightFocus Glaucoma Symposium 2017).

2.0 METHODS

2.1 Subjects

A total of six (five males and one female) rhesus monkeys (Macaca mulatta) with an average
age of 5.2 yrs were subjects in the study (Table 1). One randomly selected healthy eye of
each animal, with no prior experimental manipulation, was used for data collection and
analysis (4 right eyes and 2 left eyes). In addition to the cannulation experiment, each animal
was re-evaluated at least two weeks after the initial experiment to assess overall ocular
health. Experimental and animal care procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of the University of Houston. The use of
animals for these experiments confirmed to National Institutes of Health guidelines for the
care and use of laboratory animals.

2.2 Animal Preparation

Animals were anesthetized with an intramuscular injection of ketamine (20-25 mg/kg/hr)
and xylazine (0.8-0.9 mg/kg/hr), administered at hourly intervals, and treated with a
subcutaneous injection of atropine sulfate (0.04 mg/kg). Atropine sulfate was re-
administered if the heart rate fell below 75 beats per minute, at a dose of 0.02 mg/kg.
Throughout the experiment, body temperature was monitored and maintained at 37° Celsius
using a thermal blanket (TC 1000 temperature controller CWE, Ardmore, PA). Heart rate
and pulse were monitored continuously using a pulse oximeter, while blood pressure was
monitored every 5 minutes using an automated inflatable cuff (petMAP+11, Ramsey
Medical, Tampa, FL). The animal’s pupils were dilated with 1% tropicamide. To prevent
infection, 5% ophthalmic betadine (Alcon Laboratories, Fort Worth, TX) was applied to the
eyelids, instilled on the ocular surface, and subsequently washed off with sterile balanced
salt solution (BSS, Alcon Laboratories, Fort Worth, TX) after a period of two minutes. The
head of the animal was stabilized using mouth and occipital bars. A sterile eyelid speculum
was used to keep the eye open, and a plano power rigid gas permeable contact lens was
placed on the eye to prevent corneal dehydration and maintain optical clarity throughout the
experiment. Following anterior chamber cannulation and completion of data collection, the
contact lens and needle were removed, and topical antibiotics (polymyxin B/trimethoprim
and moxifloxacin) were instilled on the eye.
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2.3 10P Control

The anterior chamber was accessed using a 27G butterfly needle, inserted approximately 0.5
— 1 mm from the temporal limbus and extending up to 2 mm into the anterior chamber. The
needle was connected to a pressure control system with sterile microtubing filled with BSS.
The pressure control system (Fig 1) included a capacitive pressure transmitter (Keller
PR-41X, Keller America, Newport News, VA) coupled with a syringe pump (Cole-Parmer,
Vernon Hills, IL) that was monitored through a MATLAB (The Mathworks, Natick, MA)
program (5Hz sampling). To ensure accurate pressure control, the pressure sensor and
syringe pump were adjusted to the same height as the cannulated eye. For this experiment,
the initial IOP was set at 10 mmHg, and the eye was scanned after a 10 minute duration at
this pressure. Subsequently, the IOP was increased to 20 mmHg, and the eye was scanned
again after 10 minutes. This increase in pressure by 10 mmHg and scanning pattern was
continued up to 60 mmHg, after which the 1OP was decreased in 10 mmHg steps to the
baseline of 10 mmHg. At each setting, the eye was scanned after pressure had stabilized for
the 10 minutes.

2.4 Optical Coherence Tomography

All OCT scans were acquired using beta version software (SP-X1601), on the Spectralis
OCT?2 system (Heidelberg Engineering, Heidelberg, Germany). Prior to scan acquisition at
each pressure setting, a 20° vertical and horizontal section through the ONH was used to
align the optics of the system to minimize tilt of the b-scan. Two scan protocols were used
for ONH quantification, and all scans in each series were acquired using the auto-rescan
feature to minimize noise in measurement from variable centration. For ONH structural
analysis, a 24-line, 20° radial scan centered on the ONH, with averaging of 20 frames, was
acquired. The OCTA protocol included a 15x15°, 391-line raster scan, with averaging set at
30 frames, centered on the ONH. Prior to analysis and data export, all scans were excluded
from follow-up progression to minimize artifacts from auto-alignment of scans. Although
structural data were exported as *.vol files, these don’t contain angiography information,
which were saved as *.tif images.

2.5 Ocular Biometry and Transverse Retinal Scaling

Prior to needle placement, ocular biometry, including corneal curvature, anterior chamber
depth, lens thickness, and axial length, were obtained using an optical biometer (Lenstar
LS900, Haag-Streit, Koeniz, Switzerland). Crystalline lens curvature was interpolated from
normative data (Qiao-Grider et al., 2007). These parameters were used to compute
individualized, three-surface schematic eyes, and the transverse retinal scaling (um/deg) was
calculated from the second nodal point to the retina. Additional details on scaling have been
described previously (Patel et al., 2017; Patel et al., 2011; Patel et al., 2014).

2.6 ONH and Choroid Analysis

Radial B-scans were exported as raw (*.vol) files, imported into MATLAB, and scaled to a
1:1 aspect ratio using the computed transverse scaling (Fig. 2E). Files were randomized such
that trained observers (FM and LP) analyzing the scans were not aware of the pressure at
which they were obtained. Borders of the inner limiting membrane (ILM) and Bruch’s

Exp Eye Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 5

membrane (BM) were manually corrected for segmentation errors. The choroid/sclera
border was manually segmented after each B-scan was compensated/enhanced (Girard et al.,
2011). The compensated images were also used to manually identify the anterior lamina
surface, and only for portions of the scan where this surface was visible. Subsequently, the
location and dimension of the Bruch’s membrane opening (BMO) was determined by
marking the two corresponding locations on each radial B-scan. Specifically, BMO area was
quantified using a best-fit ellipse to the marked points. BMO height was calculated as the
perpendicular distance from the BMO points to a reference defined by the best fit plane to
points 2mm from the center of the BMO aligned to the BM (i.e. 2 mm radius circular plane,
Fig. 3). To quantify anterior lamina cribrosa surface (ALCS) depth, a thin plate spline was
first fit to the lamina points to estimate the surface within the BMO region, assuming no
focal regions of loss between sampled scans or in areas under major vessel shadows. The
average perpendicular distance from a plane fit the BMO points to the ALCS thin plate
spline fit was used to calculate the BMO-ALCS depth. Because greater change in ALCS
position has been previously reported using a more distal reference (Strouthidis et al., 2011),
the ALCS position was also quantified using a 4 mm diameter reference plane centered on
the BMO and aligned to the choroid/sclera junction (Sclera-ALCS). The minimum
neuroretinal rim width (MRW) was quantified as the shortest distance from the BMO
opening to the ILM on each radial b-scan, and average MRW was used for analysis. Choroid
thickness was determined using the BM to choroid/sclera segmentation. A thickness map
using these data was generated using linear interpolation, and subsequently average
thickness for annular bands at eccentricities corresponding to; 1) BMO to 500 um, 2) 500
um to 1000 um from the BMO, and 3) 1000 pm to 1500 um from the BMO, were quantified
(Fig 2D).

2.7 Retinal Nerve Fiber Layer Analysis

For peripapillary RNFL quantification, an elliptical scan path 550 um from the BMO was
interpolated from the 15x15°, 391-line raster scan acquired for OCT angiography (Fig.
2A&B). This distance was selected based on previous work, which showed this eccentricity
to be best related to the standard circular scan, and accounted for the elliptical nature of the
ONH (Patel et al., 2011). In brief, the locations of BMO points on the radial scan scanning
laser ophthalmoscope (SLO) image were registered (i2k retina, DualAlign LLC, Clifton,
NY) to the raster scan, from which a 550 pm-eccentricity scan path was used to interpolate a
B-scan 1536x496 pixels in dimension. Using these methods, the initial 10mmHg scan data
for each subject were used to determine the baseline scan path location, which was
subsequently transferred through image registration to all raster scans for that subject.
Although the first scan was not randomized, all subsequent scans in the series were analyzed
in random order. A custom algorithm was used to segment the RNFL, and segmentation
errors that were most common around major vessels were manually corrected by a trained
observer (NP). Using the raster scan SLO image and B-scan shadows as a guide, the borders
of each major vessel were marked, and the circular region corresponding to each vessel was
subsequently subtracted from the RNFL thickness. Specifics for the scan interpolation and
segmentation methodology have been presented previously (Patel et al., 2011; Patel et al.,
2014).
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2.8 OCT Angiography
OCT angiography scans were acquired using beta version software (SP-X1601) on the
Spectralis OCT2 system. The research module uses decorrelation-based algorithms to
identify motion within the tissue based on acquisition of consecutive B-scans. A 150 um-
thick slab referenced to the ILM was projected, exported as tag image file format (TIFF)
images, contrast adjusted (0 to 255), and used for analysis. Thereafter, using a Frangi filter
(Frangi et al., 1998), vessels were accentuated and subsequently binarized using Otsu’s
thresholding (Fig 4). Vascular density was quantified as a ratio of white to black pixels in
three annular zones; 1) within the BMO, 2) BMO to 500 um, and 3) 500 to 1000 um (Fig.
4D). For the most, the annulus corresponding to BMO to 500 pm included vessels from the
superficial vascular plexus, while the outer annulus also included vessels in the deep
vascular plexus.

2.9 Statistical Analysis

For each retinal or ONH parameter, global/average measures were computed and used for
comparison. A one-way repeated measures ANOVA was used to determine statistical
differences for each measure as a function of IOP. When significant (p<0.01), parameters for
increasing IOPs were compared to the baseline value at 10 mmHg, while for decreasing
IOPs, measures were compared to those at 60 mmHg in order to assess recovery.
Additionally, to determine if each metric had returned to baseline, the initial and final scans
at an IOP of 10 mmHg were compared. To account for multiple comparisons, Sidak
correction was applied. Linear regression methods were used to compare relationships
between structural and vascular density measures, and for similar metrics quantified at
varying eccentricities. All statistical analyses were performed in GraphPad Prism 7
(GraphPad Software, Inc, La Jolla, CA). To illustrate morphological change, the average
difference (+ standard error) from the 10 mmHg measure was plotted (Fig 5&6) using
SigmaPlot 13.0 (Systat Software, Inc, San Jose, CA).

3.0 RESULTS

Each of the six monkeys in this study maintained good systemic and eye health during the
experimental session and subsequent recovery period. Subject age, biometry and range of
mean arterial pressure are listed in Table 1. Individual mean arterial pressures at each 10P
setting are presented in the supplemental table. Data for the means, standard deviations, and
repeated measures ANOVA of each parameter quantified are illustrated in Table 2.

3.1 RNFL thickness

The mean peripapillary RNFL thickness with major retinal vascular removed, for a scan path
550 um from the BMO was 114.27 ym + 5.12 pm at the initial 10 mmHg pressure setting.
With transient increase in IOP, RNFL thickness reduced by 1.56 + 1.26 um at 60 mmHg IOP
(Fig. 5A), but was not statistically significant (p=0.21). Similarly, there was no change in the
major vascular contribution to the RNFL comparing baseline 10 mmHg contribution
(12.68%) to that at 60 mmHg (12.74%, p>0.9). At the follow-up scan session, RNFL
thickness (115.12 + 5.28 um) was not statistically different than that quantified at the initial
10 mmHg time point (p=0.93).
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3.2 ONH morphology

Of the five ONH parameters analyzed, three, i.e., MRW (Fig. 5B), BMO height (Fig. 5D),
and Sclera-ALCS (Fig. 5F), demonstrated statistically significant change with short-term
IOP challenge, while two, i.e., BMO opening size (Fig. 5C), and BMO-ALCS (Fig. 5E) did
not. On average, with each incremental increase in IOP, there was posterior movement of the
BMO height, with approximately the same return towards baseline as IOP was decreased
(Fig 5D, p<0.01). However, it is important to note that while 4 of the 6 animals showed this
incremental change (maximum change = 69 pm), 2 animals only had < 22 ym change and
was non-incremental in nature. The BMO height returned towards baseline with decrease in
IOP, and at the final 10mmHg scan, extended past that measured at the initial 10 mmHg
(mean = 7.7 um, range = —6.8 — 22.3um) for all but one animal. However, this overshoot of
the BMO position was not statistically significant (p=0.80).

The BMO-ALCS depth, did not change with either increase or decrease in IOP (p=0.21).
However, a greater than 10 um increase in depth was noted for 3 animals, while 2 showed a
decrease of at least 10 um, and one animal did not have any significant change. In contrast,
the Sclera-ALCS, which includes the change in BMO height minus any change in choroid
thickness, showed a significant increase in depth with IOP increase that returned to baseline
when IOP was returned to 10 mmHg. Unlike BMO height, the average Sclera-ALCS at the
final 10 mmHg setting did not extend past that measured at the initial 10 mmHg. Similar to
BMO height, there was a non-incremental increase in depth for the same two animals.

There was a statistically significant reduction in the MRW referenced to the BMO (p<0.01)
with change in IOP (Fig. 5B). As IOP was increased, there was a decrease in MRW with
maximum reduction at 60 mmHg (mean difference from baseline = 29.58 + 8.2 um, p<0.01).
However, when 10P was returned towards 10 mmHg, the MRW did not show a significant
rebound and was statistically different from measurements at 60 mmHg (maximum mean
difference from 60 mmHg = 5.25 pym, p=0.20). MRW did, however, return to its initial
baseline value at the follow-up scan session (mean difference = —3.8 + 2.8 um, p=0.82).
Hence, these data demonstrate a longer time course for recovery of MRW with lowered IOP
than could be determined from these experiments.

3.3 Choroidal Thickness

The 10P effects on choroidal thickness varied with distance from the BMO of the ONH
(Table 2, Figs.63A-C). The choroidal thickness in the annular zone from the BMO to an
eccentricity of 500 um (Fig. 6A) showed a mild reduction with IOP increase up to 60 mmHg
(mean difference = 6.0 = 7.6 um), which rebounded to the 10 mmHg baseline with pressure
reduction. Although a statistically significant change was noted on ANOVA, none of the
compared measures reached significance (Fig 6A) when multiple comparisons were
accounted for. A similar trend was seen for choroidal thickness quantified for the annulus
between 500-1000 um (Fig. 6B, p<0.01), however the relative changes in thickness were
greater than the BMO-500 um zone (e.g. at 60mmHg mean difference from 10mmHg = 12.6
+ 6.3um). In contrast, choroidal thickness in the annular zone between 1000-1500 pm
showed larger thickness changes, which were significant for IOP levels greater than 30
mmHg (Fig. 6C, p<0.01). For comparison, at 60mmHg, the mean difference from 10mmHg

Exp Eye Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 8

was 17.3 £ 7.9 um. Though the choroidal thickness at this location increased during the IOP
lowering phase of the challenge, it did not returned to baseline by the 10 mmHg time point
(mean difference = 13.8 pm, p<0.01).

The average choroid thickness at baseline was greater for the annulus furthest from the
BMO and least for that closest to the BMO (p<0.01, Table 2). To investigate if the
proportion of choroid change was similar for all three annuli, data were normalized to the
initial 10mmHg thickness for each annulus, and a percentage change calculated for each
pressure step. The percent choroid thickness was related for each of the three annular zones
as illustrated in figure 7. However, the slopes of the functions fit to the grouped data were
significantly different (p<0.01), suggesting a greater percentage change for the BMO-500um
annulus, with decreasing percentage change with increasing eccentricity.

3.4 OCT Angiography

The effect of elevated IOP on OCT angiography, of a 150 um slab referenced to the ILM, are
illustrated for all six subjects in Fig 8, and the quantified vessel density data presented in
Figs. 6D—F. Overall, vessel density was greater within the BMO, and decreased with
increase eccentricity (p<0.01). The vessel density inside the BMO decreased, reaching
statistical significance when 10P exceeded 50 mmHg (p<0.01, Fig. 6D), and vessel density
recovered to baseline when 10P was returned to 10 mmHg. This trend was similar for the
annular zones from BMO-500 pum (Fig. 6E, p<0.01) and 500-1000 um (Fig. 6F p<0.01). As
OCT angiography is dependent on blood flow through vasculature, change in vessel density
was also plotted as a function of ocular perfusion pressure (OPP), calculated as (MAP —7) —
IOP (Fig 9). The 7mmHg adjustment to the MAP was to account for the difference in height
of where blood pressure was measured and the eye. For a large portion of the OPP range,
vessel density was constant. Although there is significant intra and inter subject variability,
and a clear breakpoint could not be clearly ascertained for any of the three eccentricities (Fig
9), vessel density, based on a two segment linear fit, only decreased when OPP fell below; 1)
51.0 + 14 mmHg within the BMO (p<0.01), 2) 43.0 £ 7.5 mmHg for the BMO - 500um
annulus (p<0.01), and 3) 41.0 = 6.0 mmHg for 500-1000um annulus (p<0.01).

Because vessel density is a normalized metric, no additional data transformation was
performed to compare changes in density in the three regions with IOP. Change in vessel
density for the three zones analyzed were linearly related as illustrated in figure 10. The
slope of the best fit linear function for the grouped data for each comparison were not
significantly different from each other (p=0.92), or from 1 (BMO-500 um as a function of
BMO, p=0.15, 500-1000 pm as a function of BMO, p=0.26, and BMO-500 um as a function
of 500-1000 pm, p=0.56).

As vessel compression could result in tissue thinning, the relationship between; 1) BMO
vessel density and MRW, and 2) 500-1000 pm vessel density and RNFL thickness was
investigated. To compare similar measures, both MRW and RNFL were normalized and
expressed as percentage change from baseline measures. Overall, there was no significant
relationship between change in vessel density and either MRW (p=0.07) or RNFL thickness
(p=0.52, Fig. 11).
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4.0 DISCUSSION

Objective measures of the ONH and surrounding tissues provide important information on
assessing optic neuropathies. While the pathophysiology of glaucoma is not yet understood,
elevated 0P is a significant, and only modifiable risk factor. The present study was
undertaken in order to determine the effects of short-duration graded increases and
subsequent reductions of IOP on the ONH and surrounding tissues using OCT imaging in
healthy eyes of non-human primates. The principal findings were that several structural and
vascular parameters showed I0P-related changes, and in some cases the tissue responses to
increased 10P were different from those seen on IOP return. In general, the results of the
investigation are important for understanding of the clinical biomarkers of glaucoma, with
respect to whether they are affected by the immediate pressure environment during
measurement or if they are more reflective of the stage of neuropathy, irrespective of the IOP
at the time of assessment.

Among the ONH parameters, the BMO size showed minimal change with acute increase and
subsequent return in IOP. This finding is similar to that seen in other /7 vivo imaging studies
in human and non-human primate eyes (Jiang et al., 2015; Sharma et al., 2017; Strouthidis et
al., 2011). However, it is likely that the BMO size does not reflect directly on underlying
collagenous scleral canal opening, which has been shown to expand in ex vivo histological
studies in healthy primate eyes with higher set pressures, and for longer durations (Yang et
al., 2009).

Although the anterior lamina surface (ALCS) can be visualized with some certainty in non-
human primates, the methods used for this study were not sufficient to visualize the
posterior surface and hence quantify lamina thickness. As is typical, the ALCS depth was
first referenced to the BMO plane, which is separated from the scleral opening by a thin
layer of choroid, and didn’t change with acute 10P challenge (data not shown, mean
thickness BMO-100 um annulus = 39.3 £ 18.0 um, p=0.15). On average there was no change
in the BMO-ALCS depth with short duration change in pressure, but there was variability in
the depth response, with an increase in BMO-ALCS depth noted for half the subjects. This
finding is similar to that noted in other human and non-human primate studies (Agoumi et
al., 2011; Fazio et al., 2016; lvers et al., 2016; Strouthidis et al., 2011), and the direction of
BMO-ALCS change has been proposed to reflect on the lamina and peripapillary scleral
rigidity (Sigal et al., 2011).

With short-duration increases in 10P, there was also a posterior shift in the BMO location,
referenced to a 4 mm diameter plane (BMO Height), which then returned towards baseline
with IOP. Although there are differences in how images were analyzed, this finding is
similar in magnitude to that previously reported in this species for measures stabilized at 10
mmHg for 30 minutes and 45 mmHg for 60 minutes (Strouthidis et al., 2011). In that study,
the investigators also showed a decrease in ALCS depth when referenced to a plane 1500 um
from the centroid of the neural canal opening and aligned to the BM. However, when
referenced to a plane aligned to the BM, the posterior deflection in ALCS depth with
increase in IOP also includes choroidal thickness, which is variable between individuals, has
diurnal variation, changes with age, and is known to decrease with increase in IOP
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(Johnstone et al., 2014; Song et al., 2016; Wang et al., 2016). In order to mitigate
fluctuations in choroidal thickness, when a scleral reference was used, the Sclera-ALCS
depth increased with 10P and showed recovery when 10P was returned to 10 mmHg. These
findings suggest that in addition to BMO-ALCS, which is known to change with IOP
challenge in early glaucoma (lvers et al., 2016), a scleral reference, which has been proposed
by others (Johnstone et al., 2014), and as described in the current work, might also provide
useful information.

Peripapillary RNFL thickness and ONH neuroretinal rim (NRR) parameters have been
shown to have good correspondence with retrobulbar axon counts, and are often used to
assess the retinal ganglion cell (RGC) content of the eye (Cull et al., 2012; Fortune et al.,
2016a). In addition, a short-duration stepwise increase and return of IOP should not result in
significant loss of RGCs, as is evident from the similar measures for both RNFL and MRW
at the initial 20 mmHg time point and at follow-up. Although a statistically significant
reduction in RNFL thickness with acute increase in IOP has been reported (Fortune et al.,
2009), this was not seen in the present study. However, it is noteworthy that in the previous
work, 0P was increased for a longer duration (45 mmHg for 60 min), and a 1.6 pm
decrease in RNFL thickness was shown at 1120 pm from the center of the ONH. This
reduction is similar to the 1.56 pm reduction observed in the current study at 60 mmHg for
elliptical scans 550 pym from the BMO.

In the healthy primate eye approximately 14% of the peripapillary RNFL thickness is from
major retinal vasculature (Hood et al., 2008; Patel et al., 2014; Patel et al., 2010), and about
7.5% from peripapillary capillaries (Henkind, 1967; Scoles et al., 2009; Yu et al., 2014). In
the current study, short duration increase in 10P did not result in a change in major retinal
vascular contribution to the RNFL thickness, as determined on the OCT structural scans (Fig
2B). Although individual vessel diameters were not quantified on OCTA images, the finding
on OCT thickness measures correspond to similarities in the major vessel appearance at 10
and 60 mmHg on OCTA images (Fig 8). In contrast, at higher pressures, capillary networks
were not clearly visible, as is illustrated by the decrease in vessel density at 60 mmHg.
Decrease in capillary density could be a reflection of reduction of flow below detection by
the OCTA system, or collapse of the capillaries. While change in vessel density was not
related to RNFL thickness, if capillaries have collapsed at higher pressures, a corresponding
reduction in RNFL thickness would have also been expected. Specifically, the average
reduction of 9.8% vessel density at 60 mmHg should have resulted in about 7.2 um loss of
thickness, based on 7.5% RNFL capillary, and 12.7% constant major retinal vessel
contribution. However, loss of capillaries in these experiments does not represent complete
loss of a vessel, but likely only lumen collapse. Assuming a lumen size of 5 um, the walls of
an average capillary would have to be 3.4 um to achieve the observed 1.54 um change in
RNFL thickness. Specifically, in this case, the capillary lumen would constitute 18% of the
vessel cross sectional area, corresponding to approximately 1.5 pm average thickness (i.e.,
114 pm RNFL x 0.075 capillary contribution x 0.018 vessel lumen size). It is also possible
that a decrease is thickness is not seen because of axonal swelling, or the support provided
by columnar nature of neural tissue in the retina. To determine the exact response of
capillaries to IOP challenge, and their relationship to surrounding axonal bundles, higher
resolution adaptive optics imaging is needed (Musial et al., 2017; Scoles et al., 2009).
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The ONH NRR measure, MRW has good sensitivity for glaucoma detection (Chauhan et al.,
2013; Danthurebandara et al., 2016). In addition, longitudinal studies in the non-human
primate suggest thinning of the NRR precedes that of RNFL thickness (Fortune et al.,
2016a; He et al., 2014; Patel et al., 2014). In contrast to RNFL, the MRW thinned as
pressure was increased, and a subsequent rebound was not seen when IOP was returned to
10 mmHg. The MRW thinning with increase in IOP was similar to that previously observed
in both human and non-human primates (Ivers et al., 2016; Sharma et al., 2017; Strouthidis
etal., 2011). In fact, when added to the deflection of the BMO height or Sclera-ALCS depth,
the results correspond to those previously reported for the mean position of the disc (MPD)
using other imaging methodologies (Burgoyne et al., 1995; Coleman et al., 1991; Heickell et
al., 2001; Levy et al., 1981). In addition, studies where IOP was increased to 45 mmHg for
47 min and the eye imaged 2, 47, and 92 min after returning the IOP to 10 mmHg, the MPD
did not return to baseline in 7 of the 10 normal eyes studied (Burgoyne et al., 1995), which
in principal, correspond to the findings from the present study where the BMO height
returns to baseline but the MRW does not.

The reduction of the NRR tissue thickness observed could be from; 1) axonal stretching, 2) a
reduction in axonal diameter, 3) changes in the extracellular environment, 4) thinning of the
glial columns or 5) compression of vasculature. Because there was not a significant change
in the BMO-ALCS depth, it is unlikely that the MRW observation is from axonal stretching.
It is also unlikely that MRW thinning is a result of vessel compression, as large changes in
rim tissue thickness are noted in regions with or without major vasculature, and vascular
data from OCTA do not correspond. In fact, we were unable to model realistic vessel density
and caliber changes that would correspond to the thinning noted, as done for RNFL
thickness. Additionally, based on previous studies in which I0OP was elevated to 30 mmHg
below mean arterial pressure and maintained for several hours, the axons of the prelaminar
region had normal morphology (Quigley and Anderson, 1976). Although we are unable to
ascertain the precise reason for MRW thinning, we hypothesize that it is a result of astrocyte
compression and changes in the extracellular environment. Specifically, although glial cells
have regional differences in elasticity, they have been shown to be ‘softer’ than neural cells
(Luetal., 2006; Lu et al., 2013). Overall, the thinning of the MRW with short-term changes
in 0P as observed in this study are important to consider especially when using this metric
to estimate RGC content in the eye as is done for structure function relationships. In
addition, these findings support the hypothesis that IOP effects on the ONH NRR should be
considered for glaucoma pathophysiology (Fortune et al., 2016b).

The vasculature of the ONH and surrounding tissue is often separated into regions supplied
by the central retinal artery and by the posterior ciliary arteries. Specifically, the nerve fiber
layer/radial peripapillary capillaries and superficial ONH tissue are supplied by branches of
the central retinal artery, while the prelaminar tissue, lamina, and choroid are supplied by the
posterior ciliaries (Cioffi and Van Buskirk, 1994; Hayreh, 1969; Henkind, 1969; Onda et al.,
1995). OCTA algorithms allow for non-invasive imaging of ocular vasculature, and although
blood velocity is typically not computed, vessels with active flow can be identified. Using
OCTA, several investigators have shown either reduced flow or loss of radial peripapillary
capillaries in glaucoma and glaucoma suspect patients (Akil et al., 2017; Chen et al., 2016;
Lee et al., 2016; Rao et al., 2016; Yarmohammadi et al., 2016). In normal, healthy non-
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human primate eyes, blood flow is known to have a transient decrease for ~4 seconds when
IOP is increased up to 40 mmHg (Liang et al., 2010; Wang et al., 2014). In human subjects,
using Doppler imaging, although systolic velocity is still present, diastolic velocity in the
central retinal artery approaches 0 cm/s at approximately 45 mmHg (Guidoboni et al., 2014;
Harris et al., 1996). In the present study, superficial vessels in each of the three annular
zones showed a reduction in vessel density when the OPP decreased below 51.0+14.0mmHg
within the BMO and 43.0+7.5mmHg for the immediate peripapillary annulus. In principal,
these findings are in agreement with previous studies that have investigated blood flow as a
function of IOP and MAP (Jiang et al., 2018; Wang et al., 2015; Zhi et al., 2015). While
OPP in the present study included individual variability in MAP, the decrease in vessel
density reached statistical significance only when IOP exceeded 50 mmHg, and quickly
recovered when 10P dropped below 40 mmHg. Because capillaries as imaged with OCTA
decrease in density only when IOP is relatively high, it may be sensitive to investigate if
early changes in vessel density precede axonal loss in early experimental neuropathy.
However, individual differences and short term fluctuations in MAP need to be taken into
account.

An acute increase in 0P in human subjects has been shown to result in a decrease in
choroid thickness (Song et al., 2016; Wang et al., 2016). In the current study, choroid
thickness measured in 500 pm annular zones decreased with increase in 10P. Although there
was an increase of thickness with reduction in IOP, only the BMO-500 um annulus returned
to baseline with lowering of IOP to 10 mmHg. Also, while thickness change increased with
eccentricity from the BMO, the percentage change in thickness was greater closer to the
BMO. While OCTA of deeper vasculature was not quantified, 500 um slabs aligned to the
top edge of the BM was used to objectively assess choroidal vasculature (Fig 12). Although
there is significant variability between subjects, the visibility of choroidal vasculature
improved with increase in IOP. We believe this increase in vessel appearance is likely a
reflection of a loss of choriocapillaries signal and reduced shadowing from superficial and
deep vascular plexus. In addition, with increase in 10P, there was loss of OCTA signal in the
peripapillary region, which resembled choroidal microvascular dropout that has been
reported in glaucoma patients with peripapillary zone beta atrophy (Lee et al., 2017; Suh et
al., 2016). Along with changes in choroid, deeper slab angiography images show significant
signal in the optic nerve head region. While this signal might represent vasculature in the
lamina region, it is likely that it also includes projection artifacts from the superficial
vasculature.

There are several limitations to this study. Although blood pressure was monitored for all
subjects, there were differences between animals, and ideally, mean arterial pressure should
have been kept constant across animals, and measured using an arterial line. Cannulation
experiments have to be done on sedated animals, and the effects of anesthesia on ocular
physiology cannot be completely accounted for. IOP was only allowed to equilibrate for 10
minutes prior to scanning the eye at each pressure setting. Even though significant changes
were seen in morphology, because of the short duration of 10OP stabilization at each setting,
maximum change was not captured. All animals in this study were healthy, young adults,
and age- or disease-associated differences could not be investigated.
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In conclusion, the findings from this study demonstrate that there are differences in how the
morphology of the ONH and surrounding tissues respond to IOP challenge. Specifically,
while the BMO height and Sclera-ALCS measures were sensitive to each pressure increase,
they also returned towards baseline when IOP was reduced. In contrast, OCTA vessel
density only decreased at higher 10P levels, and returned to baseline as IOP was reduced,
while the pressure-induced thinning of the MRW rebounded over a prolonged period of
time. In addition, vessel compression could not completely account for the changes seen in
either RNFL or MRW.
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Highlights

There are differences in how the tissues of the optic nerve head (ONH) and
cicumpapillary tissue respond to gradient increases and decreases in IOP.

Optical coherence tomography vessel density decreases gradually, reaching
statistical significance only when IOP is greater than 50 mmHg, but returns to
baseline when I0P is decreased.

The ONH minimum rim width decreases with increase in IOP and does not
return to baseline when IOP is reduced.

There is no significant change in the peripapillary RNFL thickness with acute
IOP increase, followed by return.

Changes in vessel density were not related to those of RNFL or MRW.
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Figure 1.
Components and setup used for IOP control.
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Figure 2.

2 45 0 5 0 5 10

BMO-500 um, Change in Vessel Density (%)

A. 20° IR-SLO image with BMO points (yellow markers) and best fit ellipse (red). The
green ellipse illustrates the scan path for the B-scan used for RNFL analysis in B.
Interpolated B-scan with RNFL borders segmented. RNFL thickness was calculated after
removing major retinal vasculature (blue). C. 20° IR-SLO image with 24 line radial scan D.
30° IR-SLO image with choroid thickness map. The green, yellow and blue ellipses
correspond to eccentricities from the BMO of 500pum, 1000um, and 1500pm. E. Enhanced
horizontal radial b-scan (red line in C) through the ONH illustrating the segmentation for
ILM, BM, choroid, and lamina, and reference points for the BMO and 4mm plane.
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A. 20° OCT b-scan illustrating the three reference planes used; 1) BMO, 2) 4mm diameter
plane aligned to the BM and centered on the BMO, and 3) 4mm diameter plane aligned to
the choroid/sclera junction and centered on the BMO. B. SLO image with BMO points
indicated (red). The green points correspond to locations on radial b-scans where the lamina
was visible and marked on radial b-scans. C. Spline surface fit to the lamina points marked

in B, and confined to the BMO.
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Figure 4.
A 20° SLO image with 15x15° OCT angiography slab, 150 pm thick, referenced to the ILM.

B. OCT angiography slab following accentuation using a Frangi filter. C. Threshold image
used for calculating vessel density. D. The three ellipses correspond to the best fit to the
BMO, an eccentricity of 500 pm from the BMO, and an eccentricity of 1000 um from the
BMO.
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* ALCS
a0 |200pm BMO

Figure 5.
The plots illustrate the mean difference + standard error from the initial L0mmHg IOP

setting for ONH structural features. Measures from the ascending I0P phase were compared
to that at 10mmHg, and a statistically significant difference is noted by an *. Measures from
the descending 10P phase were compared to those at 60mmHg and statistically significant
differences are noted by t. A difference in the two 10mmHg measures is marked with
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Figure 6.
The plots illustrate the mean difference + standard error from the initial 1L0mmHg IOP

setting for vascular (choroid and OCTA) features. Measures from the ascending 10P phase
were compared to that at 10mmHg, and a statistically significant difference is noted by an *.
Measures from the descending 10P phase were compared to those at 60mmHg and
statistically significant differences are noted by T. A difference in the two 10mmHg
measures is marked with +
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Figure 7.
Relationship of normalized change in choroid thickness for the three annular zones. Each

subject is represented by a different shape and shade of gray. The solid line fits are for
individual animals, and the dashed blue line represents the best fit for the grouped data.
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The top row illustrates a 150 um OCT angiography slab aligned to the ILM at 10mmHg for

all animals. The bottom row are identical slabs at 60mmHg pressures.
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Relationship of change in vessel density for the three annular zones. Each subject is
represented by a different shape and shade of gray. The solid line fits are for individual
animals, and the dashed blue line represents the best fit for the grouped data.
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Figure 11.
A. Scatterplot illustrating percentage change in RNFL thickness as a function of change in

vessel density in the same region. B. Scatterplot illustrating percentage change in MRW as a
function of change in vessel density in the region of the BMO.
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The top row illustrates a 500 um OCT angiography slab aligned to the BM at 10mmHg for
all animals. The bottom row are identical slabs at 60mmHg pressures.
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