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Abstract

Optic nerve head (ONH) neuroretinal rim thickness, quantified as minimum rim width (BMO-
MRW), is a sensitive measure for assessing early glaucomatous disease. The BMO-MRW is
sensitive to transient fluctuations in intraocular pressure (IOP), but the time course over which
BMO-MRW decreases and recovers with changes in IOP remains unknown. The goal of this study
was to investigate the dynamics of BMO-MRW changes over 2-hour periods of mild or moderate
IOP elevation, and subsequent recovery, in healthy non-human primate eyes. Eight non-human
primates were included in the study. For each animal, in two different sessions separated by at
least 2 weeks, the anterior chamber IOP of one eye was maintained at either 25 mmHg or 40
mmHg for 2 hours and, subsequently, at 10 mmHg for 2 hours. For the duration of anterior
chamber cannulation, optical coherence tomography (OCT) radial scans centered on the ONH
were acquired every 5 min and used to quantify BMO-MRW. An exponential decay or rise to
maximum function was used to determine the extent and rate of structural change. Additionally,
Bruch’s membrane opening (BMO) area, BMO height/displacement, and BMO-referenced
anterior lamina cribrosa surface depth (BMO-ALCSD) were computed from radial scans. A
circular scan was used to quantify retinal nerve fiber layer thickness (RNFLT) and circumpapillary
choroid thickness. The primary results demonstrated that the BMO-MRW changed over an
extended duration, while BMO displacement was rapid and remained stable with sustained IOP.
The mean maximum predicted BMO-MRW thinning following 2 hours of 10P elevation was
significantly related to pressure (34.2 + 13.8 pm for an IOP of 25 mmHg vs 40.5 + 12.6 pum for 40
mmHg, p = 0.03). The half-life for BMO-MRW thinning was 21.9 £ 9.2 min for 25 mmHg and
20.9 + 4.2 min for 40 mmHg, not significantly different between I0OP levels (p = 0.76).
Subsequently, after 2 hours of IOP at 10 mmHg, all animals exhibited partial recovery of BMO-
MRW with similar degrees of persistent residual thinning for the two 10P levels (21.5 £ 13.7 vs
21.0 £ 12.3 um, p = 0.88). Similar to BMO-MRW, choroid thickness exhibited gradual thinning
with IOP elevation and residual thinning following IOP reduction. However, there was no
significant change in BMO area or BMO-ALCSD in either experimental session. The RNFLT
gradually decreased over the duration of IOP elevation, with continued decreases following IOP
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reduction for the 40 mmHg session, resulting in total changes from baseline of —2.24 + 0.81 and
-2.45 + 1.21 um for 25 and 40 mmHg, respectively (p < 0.001). The sum of the results
demonstrate that the ONH neural tissue is sensitive to changes in 0P, the effects of which are
gradual over an extended time course and different for increased vs. decreased pressure.
Understanding the duration over which 10P influences BMO-MRW has important implications for
studies investigating the effects of IOP on the ONH. Additionally, individual variability in ONH
response to IOP may improve our understanding of the risk and progression of disease.
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intraocular pressure; optic nerve head; neuroretinal rim; minimum rim width; optical coherence
tomography; non-human primate

1. Introduction

Glaucoma is a group of optic neuropathies characterized by progressive vision loss and
structural changes to the optic nerve head (ONH) and retinal ganglion cell- (RGC-)
containing layers of the retina. Though the mechanism underlying glaucoma remains
elusive, intraocular pressure (IOP) is known to be a major risk factor for disease.

The ONH, a relative weak point in the posterior aspect of the globe, is susceptible to the
influence of IOP and has been described as the initial site of damage in glaucoma (Downs,
2015; Howell et al., 2007; Quigley et al., 1983). ONH parameters, quantified using optical
coherence tomography (OCT), have been shown to change early in disease. In fact, the ONH
minimum rim width (BMO-MRW), a measure of the neuroretinal rim, thins prior to other
RGC-containing layers such as the retinal nerve fiber layer (RNFL)(Chauhan et al., 2013;
He et al., 2014; Ivers et al., 2015; Patel et al., 2014; Reis et al., 2012). These findings
suggest that BMO-MRW may have utility in detecting early stages of disease. It has been
proposed that early BMO-MRW changes occur as a result of compression and/or stretching
of axon bundles within the ONH (Fortune et al., 2016b), but the temporal relationships
between BMO-MRW and IOP have not been well-defined. These relationships are necessary
to evaluate the general hypothesis that IOP-associated changes of the neuroretinal rim are
related to the health of the eye and are a harbinger for IOP susceptibility in glaucoma.

Non-human primates (NHP) are an excellent model for studying ONH structural changes in
response to IOP and experimental glaucoma because their ONH anatomy is very similar to
that of humans. Studies in healthy NHP have demonstrated that exposure to short-duration
changes in 10P result in substantial changes to the neuroretinal rim (Patel et al., 2018;
Strouthidis et al., 2011). In our previous work, using 10 mmHg increments in 1OP at 10 min
intervals, significant changes in ONH BMO-MRW, Bruch’s membrane opening (BMO)
position, and choroid thickness were seen. While most of these structural measures returned
to baseline when 10P was returned to 10 mmHg, there was significant residual thinning of
BMO-MRW with 10P reduction (Patel et al., 2018). However, the short periods of IOP
challenge did not allow an assessment of neuroretinal rim tissue dynamics with modulation
of IOP. As a result, it is not known whether the full extent of neuroretinal rim thinning/
recovery was achieved, or if the rim tissue would continue to thin/recover over a longer
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period. Establishing the dynamics of neuroretinal rim change with short-term, sustained IOP
modulation has important implications for both glaucoma pathophysiology and clinical
practice. Therefore, the present investigations were undertaken to determine these effects
over 2-hour periods of mild and moderate 10P elevation, and subsequent IOP reduction, in
healthy NHP eyes.

2. Material and methods

2.1 Subjects

Eight healthy NHP (Macaca mulatta) were included in the study. The subjects included six
males and two females, ranging in age from 4.8 to 5.8 years (mean age 5.6 years). For each
subject, one eye was used in the study. Experimental procedures and animal care protocols
were approved by the Institutional Animal Care and Use Committee at the University of
Houston and adhered to the National Institutes of Health guidelines for the care and use of
laboratory animals.

2.2 Animal Preparation

Prior to all experimental sessions, animals were anesthetized via intramuscular injections of
ketamine (20-25 mg/kg) and xylazine (0.8-0.9 mg/kg), and were given a subcutaneous
injection of atropine sulfate (0.04 mg/kg). Hourly doses of ketamine (20-25 mg/kg/hr) and
xylazine (0.4-0.5 mg/kg/hr) were administered to maintain sedation. For the duration of
anesthesia, heart rate, partial pressure of oxygen, blood pressure, and body temperature were
continuously monitored as described previously (Patel et al., 2018).

Following administration of anesthesia, pupils were dilated with 1% tropicamide. The
eyelids and ocular surface were cleaned with 5% ophthalmic betadine (Alcon Laboratories,
Fort Worth, TX); following two minutes of betadine exposure, eyes were rinsed with sterile
balanced salt solution (BSS, Alcon Laboratories, Fort Worth, TX). Mouth and occipital bars
were used to stabilize the animal’s head, and a sterile speculum was used to keep the
experimental eye open. A plano gas-permeable contact lens was placed on the eye in order
to prevent corneal dehydration and maintain optical clarity. At the end of the experiment,
topical broad spectrum antibiotics (polymyxin B/trimethoprim and moxifloxacin) were
instilled in the eye to prevent infection.

2.3 Anterior Chamber Cannulation and IOP Control

The anterior chamber was cannulated using a 27G butterfly needle, approximately 0.5 mm
from the limbus. The needle was connected to a pressure control system, consisting of a
capacitive pressure transducer (Keller PR-41X, Keller America, Newport News, VA) and
syringe pump (Cole-Parmer, Vernon Hills, IL), via sterile microtubing filled with BSS. The
pressure transducer and syringe pump were placed at the same height as the cannulated eye.
The system was controlled through a MATLAB (The Mathworks, Natick, MA) program,
which sampled pressure at 5 Hz and adaptively altered the rate of the syringe pump inflow/
outflow to maintain 10OP. This system was calibrated as described previously (McAllister et
al., 2018).
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Two cannulation experiments, separated by at least 2 weeks, were performed on each animal
in order to assess ONH response to both mild (25 mmHg) and moderate (40 mmHg) IOP
elevations. A mild pressure elevation of 25 mmHg corresponds with the median 10P
elevation following induction of experimental glaucoma, and 40 mmHg was selected as a
moderate elevation at which there is no reduction in superficial vessel density (Patel et al.,
2018). For all experimental sessions, IOP was initially set to 10 mmHg and allowed to
stabilize for at least 15 minutes prior to IOP elevation. IOP was then maintained at either 1)
25 mmHg or 2) 40 mmHg for 2 hours, then at 10 mmHg for an additional 2 hours to assess
recovery of ONH structure. In order to assess possible effects of anesthesia on BMO-MRW
over time, a control cannulation experiment was performed on the contralateral eye of one
animal, with IOP maintained at 10 mmHg for approximately 2 hours.

2.4 Optical Coherence Tomography

At least 2 weeks prior to scheduling any cannulation experiment, each animal was sedated to
obtain baseline optical biometry (Lenstar LS900, Haag-Streit, Koeniz, Switzerland) and
OCT scans (Spectralis, Heidelberg Engineering, Heidelberg, Germany). In order to quantify
ONH parameters, 12- or 24-line, 20-degree radial scans centered on the ONH (averaging of
20 frames; Fig. 1A) were acquired. Additionally, 12-degree circular scans centered on the
ONH (averaging of 100 frames; Fig. 1B) were obtained to quantify circumpapillary RNFL
and choroid thickness. Transverse retinal scaling for each subject was calculated using a
three-surface schematic eye as described previously (Patel et al., 2011).

For each cannulation experiment, the AutoRescan feature was used to acquire all scans at 5
min intervals for the duration of pressure control. Based on our previous observations of
structural change with IOP, BMO-MRW analysis was performed for all acquired scans (i.e.,
every 5 min), while all other OCT parameters were analyzed every 30 min. All OCT images
were exported in their raw format (*.vol) and analyzed using programs written in MATLAB.

2.5 Optic Nerve Head Analysis

For each radial B-scan, the internal limiting membrane (ILM) and Bruch’s membrane (BM)
segmentations were manually corrected for any segmentation errors. Following image
compensation, performed using the equation described by Girard et al. (Girard et al., 2011a),
the two points corresponding with the BMO location were selected for each B-scan. In
addition, the anterior lamina cribrosa surface (ALCS) was manually delineated on each B-
scan only in regions where it was clearly visible. All selected BMO points were used to
determine a best-fit ellipse, and BMO area was calculated as the area of this ellipse. The
BMO-MRW was quantified as the minimum distance from the BMO to the ILM (Fig. 1C).
BMO height/displacement was calculated as the minimum distance from a 12-degree BM
reference plane centered on the ONH, a location corresponding to that of the circular scan
path used for RNFL and choroid thickness, to the BMO (Fig. 1C). The ALCS depth (BMO-
ALCSD) was quantified as the minimum distance from a reference plane connecting the
BMO points to the selected ALCS points (Fig. 1C), only using the ALCS data within the
middle 50% of the BMO distance. In this two-dimensional approach, all selected ALCS
points (pixels) falling within the middle 50% of the BMO distance were weighted equally
towards determining global BMO-ALCSD.
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2.6 Circumpapillary RNFL and Choroid Analysis

For each circular scan, the boundaries of the ILM, BM, and RNFL were manually corrected
for segmentation errors (major retinal vessels were included in the RNFL segmentation), and
the choroid/sclera border was manually delineated on compensated B-scans (Girard et al.,
2011a). The mean circumpapillary RNFL and choroid thicknesses were calculated as the
average thickness between the ILM and RNFL, and BM and choroid/sclera borders,
respectively (Fig. 1D).

2.7 Statistical Analysis

Global values for each parameter were used for the analysis and are expressed as mean +
standard deviation. Statistical analysis was performed with GraphPad Prism 7 (GraphPad
Software, Inc., San Diego, CA). To assess the half-life and extent of neuroretinal rim change
during 1OP elevation and recovery, BMO-MRW (quantified every 5 min) as a function of
time was fit with exponential one phase decay (Eqn. 1) or one phase association (i.e., rise to
maximum, Eqn. 2) functions, respectively, where yj is the value of y when x (time) =0,
plateau is the value of y when x = infinity, and k is the rate constant. Maximum predicted
BMO-MRW change was calculated as yg — plateau (Eqgn. 1), half-life (decay) and half-time
(rise) were calculated as In(2)/k, and residual BMO-MRW thinning was calculated as [yq
(Egn. 1) — plateau (Eqn. 2)]. A paired t-test was used to determine differences in baseline
parameters and differences in parameters between the 25 and 40 mmHg experiments.

(exponential decay): y = (yo — plateau) * e ** + plateau Equation 1

(exponential rise): y = yo + (plateau,,, — yo) * (1—e~¥¥) Equation 2

One-way ANOVA with repeated measures was used to determine whether OCT parameters
(quantified every 30 min) changed over time, comparing: 1) time points during IOP
elevation to baseline, 2) time points during IOP reduction to the final time point of IOP
elevation, and 3) endpoint to baseline; a Sidak multiple comparisons correction was applied.
Linear regression analysis was performed to determine relationships between maximum
predicted BMO-MRW change, baseline BMO-MRW, half-life, and other OCT parameters as
described below. For all analyses, the significance level was 0.05.

3. Results

All animals maintained good systemic health during the experiments and throughout the
duration of the study, and no adverse ocular events occurred as a result of cannulation. For
each animal, experimental sessions were separated in time by at least 2 weeks. There was no
significant difference in baseline BMO-MRW (p = 0.22) or baseline RNFL thickness (p =
0.72) between the first and second experimental sessions, suggesting that neither elevating
IOP for 2 hours nor cannulation results in permanent ONH structural effects.

Exp Eye Res. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pardon et al. Page 6

3.1 Optic Nerve Head Parameters

Global MRW was quantified every 5 min in order to determine dynamic changes in
neuroretinal rim structure with 2-hour mild or moderate IOP elevation and subsequent
reduction. All animals demonstrated a gradual thinning of the neuroretinal rim with I0OP
elevation that tended to approach an asymptote after 2 hours. The animals with the greatest
and least changes in BMO-MRW with IOP elevation are shown in Figure 2. The control
experiment, performed on the contralateral eye of the animal with the greatest BMO-MRW
change, demonstrated comparatively minimal decrease in BMO-MRW when IOP was
maintained at 10 mmHg (Fig. 3). For the entire group of animals, best-fit exponential decay
functions demonstrated a maximum predicted BMO-MRW change of 34.2 + 13.8 and 40.5 +
12.6 um for the 25 and 40 mmHg experiments, respectively. Though the degree of BMO-
MRW thinning differed substantially between animals, it was significantly greater with the
higher pressure setting (p = 0.029). Mean half-life was 21.9 £ 9.2 min for 25 mmHg and
20.9 + 4.2 min for 40 mmHg and did not significantly differ between the two pressures (p =
0.76).

When 0P was changed to 10 mmHg for an additional 2 hours, all animals exhibited some
recovery of neuroretinal rim thickness. Rather than reach baseline BMO-MRW values, the
BMO-MRW initially increased rapidly then approached a plateau. Best-fit exponential rise
to maximum functions revealed similar amounts of residual BMO-MRW thinning for the 25
and 40 mmHg experiments, with residual thinning of 21.5 £ 13.7 and 21.0 £ 12.3 um,
respectively (p = 0.88). Likewise, there was no significant difference in half-time between
the two sets of experiments (p = 0.40). Individual parameters for exponential decay and rise
to maximum functions are shown in Table 1. For both the 25 and 40 mmHg experiments,
there was a strong relationship between maximum predicted BMO-MRW change and
residual BMO-MRW thinning (R = 0.92 and 0.79, p = 0.0001 and 0.003, respectively; Fig.
4A). Likewise, there was a relationship between maximum predicted BMO-MRW change
and baseline BMO-MRW (R? = 0.62 and 0.55, p = 0.020 and 0.035; Fig. 4C). The
relationship between maximum BMO-MRW change and half-life was not statistically
significant (p > 0.07) (Fig. 4B).

All other ONH parameters were quantified every 30 min. Mean values for OCT parameters
quantified every 30 min are shown in Table 2, and changes in these parameters from baseline
are depicted in Figure 5. There was a trend for BMO area to increase over time for the 40
mmHg experiments, however, this increase from baseline was minimal (0.018 + 0.021 mm?)
and there was no significant change in BMO area over the 4-hour period for either set of
experiments (p > 0.07; Fig. 5C). Similarly, BMO-ALCSD did not significantly change
during either experiment (p > 0.05; Fig. 5E). As in previous studies, some subjects
demonstrated an increase in BMO-ALCSD with elevated IOP whereas other subjects
exhibited a decrease in BMO-ALCSD (Agoumi et al., 2011; Fazio et al., 2016; Ivers et al.,
2016; Strouthidis et al., 2011; Yang et al., 2009)(Fig. 6). While the lamina cribrosa can be
displaced posteriorly in response to elevated IOP exerting an outward force on the globe,
anterior displacement can occur if the elevated IOP results in sufficient scleral expansion due
to hoop stress, essentially pulling the lamina taught and inward (Sigal et al., 2011a; Sigal et
al., 2011b). Though there was no significant change in BMO area or BMO-ALCSD when
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considering the mean data, it is possible that individual animals demonstrate changes in
these parameters that are associated with structural changes in the neural rim tissue. For
example, an animal with an increase in BMO area may exhibit a greater extent of BMO-
MRW thinning as a result of the same number of axons being spread over an increased area
compared with an animal in which BMO area did not change. Likewise, greater posterior
movement of the BMO-ALCSD could result in greater strain and stretching of RGC axons,
manifesting as greater BMO-MRW thinning. To better understand whether these
mechanisms may contribute to the observed neuroretinal rim thinning, we investigated
relationships between maximum change in BMO-MRW and maximum change in BMO area
and BMO-ALCSD. Additionally, since it is possible that a greater change in BMO area or
BMO-ALCSD may be associated with a shorter half-life for BMO-MRW change,
relationships between half-life and maximum change in BMO area and BMO-ALCSD were
assessed. There was no significant relationship between maximum change in BMO-MRW or
half-life and either of these parameters (p > 0.38). Although BMO area did not significantly
change, it is possible that the scleral canal expands posterior to the BMO in response to
elevated IOP. Though such changes are not currently quantifiable using OCT, they would
likely impact axon configuration at the neuroretinal rim and, therefore, BMO-MRW
measures.

Contrary to BMO-MRW, BMO height changed rapidly with IOP modulation and remained
stable when IOP was held constant (Fig. 5D). During IOP elevation, all time points
demonstrated a significant increase in BMO height magnitude (i.e., posterior BMO
deflection) compared to baseline for both sets of experiments (p < 0.01); this change was
approximately 22.0 £ 10.4 um for 25 mmHg and 27.2 £ 16.3 um for 40 mmHg. When 10P
was reduced to 10 mmHg, BMO height rapidly changed to approximately baseline values.
All time points at 10 mmHg demonstrated a smaller magnitude (i.e., more anterior) BMO
height compared with the final time point of IOP elevation for both sets of experiments (p <
0.005). There was no significant difference between baseline and endpoint BMO height with
either mild or moderate IOP elevation (p > 0.15). A greater posterior displacement of the
BMO with IOP elevation could signify a peripapillary sclera that is more compliant and
therefore an ONH that is more susceptible to structural change with 10P. Since change in
BMO height was found to occur rapidly, it is possible that animals with a larger change in
BMO height may exhibit more rapid thinning of the neuroretinal rim (i.e., a shorter half-
life). The relationship between maximum change in BMO-MRW and maximum change in
BMO height was not statistically significant (p > 0.17). Though there was a significant
relationship between half-life and BMO height for the 25 mmHg experiment (R2 = 0.53, p =
0.04; Fig. 4D), this relationship was not significant for the 40 mmHg experiment (p = 0.44).

3.2 Circumpapillary Retinal Nerve Fiber Layer Thickness

Retinal nerve fiber layer thickness demonstrated a gradual reduction from baseline over the
4-hour period (Fig. 5B). For both the 25 and 40 mmHg experiments, RNFL thickness was
significantly reduced from baseline at both 1.5 and 2 hours of 10P elevation (p < 0.05).
Following pressure reduction to 10 mmHg, there was no further change in RNFL thickness
for the 25 mmHg experiments (p = 0.30). However, there was continued thinning of the
RNFL for the 40 mmHg experiments at all four time points of IOP reduction (p < 0.05). At
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endpoint, RNFL thickness was significantly reduced from baseline (p < 0.001), with mean
reductions of 2.24 + 0.81 and 2.45 + 1.21 um for the 25 and 40 mmHg experiments,
respectively. Since BMO-MRW and RNFL consist of the same population of RGC axons,
we investigated the relationship between maximum change in BMO-MRW and maximum
change in RNFL thickness and determined that there was no significant relationship (p >
0.50).

3.3 Circumpapillary Choroid Thickness

Changes in circumpapillary choroid thickness with 1OP modulation followed a similar
pattern to changes in BMO-MRW, with a gradual decrease in choroid thickness during IOP
elevation and residual choroidal thinning following 10P reduction (Fig. 5F). During IOP
elevation, choroid thickness was significantly reduced from baseline at all time points (p <
0.05); at 2 hours of IOP elevation, a greater degree of thinning occurred with moderate 0P
elevation (20.4 = 7.2 um) than with mild 10OP elevation (13.4 = 4.9 um, p = 0.02). Following
IOP reduction to 10 mmHg, there was no further change in choroid thickness for the 25
mmHg experiments (p = 0.26). There was, however, a significant recovery of choroid
thickness for the 40 mmHg experiments at all subsequent time points (p < 0.05). For both
sets of experiments, there was a significant reduction in choroid thickness at endpoint
relative to baseline (p < 0.002); this difference was similar for the 25 and 40 mmHg
experiments, with residual thinning of 12.1 + 4.4 and 10.7 £ 5.8 um, respectively. Our
finding that changes in circumpapillary choroid thickness mirror changes in the BMO-MRW
lead to the question of whether the observed BMO-MRW thinning is related to changes in
choroid thickness. The relationship between maximum change in BMO-MRW and
maximum change in circumpapillary choroid thickness, however, was not statistically
significant (p > 0.80).

4. Discussion

The present study demonstrated that the neuroretinal rim, quantified as minimum rim width
(BMO-MRW), thins gradually over a prolonged time course when IOP is elevated and held
at a mild-to-moderate level and approaches an asymptote with approximately two hours of
IOP elevation. In addition, the neuroretinal rim does not return to baseline, but rather
approaches an asymptote, with two hours of relatively low IOP. Our results also show that
the pressure-induced neuroretinal rim changes are not related to deflection of the lamina or
BMO size/position, nor are they mirrored by RNFL thickness.

Rather than symmetrically returning to baseline within the two hours following lowering of
IOP, the neuroretinal rim exhibited residual thinning in all animals. The BMO-MRW did,
however, recover to baseline values at later follow-up scan sessions, suggesting that the
thinning cannot be attributed to axonal loss. It is possible that RGC axons are stretched
and/or compressed in the presence of elevated 10P; in fact, this has been hypothesized to
play a key role in the pathophysiology of glaucoma (Fortune et al., 2016b). All RGC axons
pass through the lamina cribrosa, and displacement of the lamina would presumably result in
stress to and/or stretching of RGC axons. Posterior displacement of the ALCS is one of the
earliest signs of glaucomatous damage, occurring prior to RNFL thinning and concurrently
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with a decrease in BMO-MRW (He et al., 2014; lvers et al., 2015; Strouthidis et al., 2011).
While this supports the notion that axonal stretching may occur early in disease, a significant
change was not found for BMO-ALCSD with short-term 10P modulation in healthy eyes,
nor was a relationship observed between maximum change in BMO-ALCSD and either
maximum change in BMO-MRW or half-life. Therefore, while axonal compression cannot
be ruled out, it seems unlikely that the observed decrease in BMO-MRW in the present study
was a result of axonal stretching from displacement of the lamina. Our finding that some
subjects exhibit posterior ALCS displacement in response to IOP elevation whereas others
show anterior displacement is consistent with previous studies (Agoumi et al., 2011; Fazio et
al., 2016; lvers et al., 2016; Strouthidis et al., 2011; Yang et al., 2009) and can be explained
by individual differences in ocular biomechanical responses to competing translaminar
pressure difference and hoop strain forces. The parameter BMO-MRW is an anatomical
measure of neuroretinal rim thickness and does not estimate stresses or strains to ONH
tissue. Though our findings suggest that neuroretinal rim tissue exhibits viscoelastic
properties in response to 0P, this was not assessed in the present study. However, there is
active research measuring stress/strain responses of the ONH, lamina, and peripapillary
sclera in post-mortem eyes and /n vivo, which will further enhance our understanding of
tissue responses to IOP (Beotra et al., 2018; Boote et al., 2019; Downs, 2015; Fazio et al.,
2019; Girard et al., 2016; Tran et al., 2017).

The BMO exhibited posterior deflection with elevated 10P that returned to baseline
following IOP reduction, as has been described previously (Patel et al., 2018; Strouthidis et
al., 2011). This change in BMO location occurred rapidly with change in IOP and remained
stable while pressure was held constant, in contrast to BMO-MRW which changed gradually
over a prolonged period of time. It is possible that posterior deflection of the BMO is the
result of an increase in axial length with 1OP elevation. Though axial length was not
measured in the present study due to time constraints, data from 7 healthy animals in our lab
suggests that axial length increases approximately 60 um when IOP is elevated in graded
steps from 10 to 40 mmHg over a period of 10 min and decreases when 1OP is then returned
to 10 mmHg (data not shown). It is therefore likely that there was some degree of axial
globe elongation and subsequent shortening in our longer-duration experiments. While the
axial position of the BMO changed rapidly with IOP, there was no observed lateral
expansion of the BMO with elevated 10P. The finding that there is no significant change in
BMO area with transient IOP elevation is in accordance with other studies (Burgoyne et al.,
1995; Patel et al., 2018; Sharma et al., 2017; Strouthidis et al., 2011). We hypothesized that
individual changes in BMO size and/or anterior-posterior position may be associated with
the extent/rate of BMO-MRW change (due to redistribution of axons over a larger area or a
more compliant sclera, respectively), however, these relationships were not statistically
significant. Though the BMO area did not change, it is possible that the scleral canal
expands posterior to the BMO in response to IOP-induced hoop stress. Expansion of the
scleral canal would presumably cause axons to be displaced posteriorly and laterally, thereby
resulting in thinning of the BMO-MRW. Though scleral expansion posterior to the BMO
could not be quantified using OCT, previous studies in post-mortem human and monkey
eyes describe scleral expansion at increased levels of IOP (Bellezza et al., 2003; Ma et al.,
2019).
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In addition to RGC axons, the ONH is composed of vasculature, glial tissue, and
extracellular matrix. It has previously been shown that peripapillary superficial vessel
density, derived from OCT angiography, remains unchanged in healthy eyes up to 40 mmHg,
the highest I0OP setting in the present study (Fortune et al., 2019; Patel et al., 2018).
Additionally, it was determined to be improbable that the degree of BMO-MRW thinning
observed with graded increases in 10P was a result of changes in blood vessel caliber (Patel
et al., 2018). The finding that there was a similar degree of residual thinning for both the 25
and 40 mmHg experiments suggests that a common component of the neuroretinal rim is
temporarily altered/depleted for both mild and moderate IOP elevations. One possibility is
that extracellular fluid is reduced following sustained short-term 10P elevation. However,
previous calculations by Burgoyne et al. have estimated that loss of extracellular fluid would
only result in a 5 um change to the surface of the optic disc, substantially less than the
approximately 20 um of residual thinning exhibited (Burgoyne et al., 1995). Though the
exact cause of neuroretinal rim thinning with IOP elevation is unknown, we hypothesize that
the thinning reflects changes to the extracellular environment. Astrocytes are the primary
glial cell type in the ONH and provide structural and physiological support to RGC axons.
Previous studies have demonstrated that astrocytes have mechanosensitive properties that
allow them to respond to changes in IOP (Beckel et al., 2014; Choi et al., 2015), as well as
aquaporin channels that are involved in fluid exchange with the extracellular space
(Goodyear et al., 2009; Nagelhus et al., 1998). It is possible that the observed neuroretinal
rim thinning with elevated 10P is multifactorial and may reflect a combination of astrocyte
remodeling, redistribution of extracellular fluid, and changes in axon distribution resulting
from posterior scleral expansion, though this remains to be investigated.

The anatomy of the peripapillary choroid is thought to influence biomechanics of the ONH
(Feola et al., 2018). In the present study, we determined that circumpapillary choroid
thickness followed a similar pattern as BMO-MRW with IOP elevation and subsequent
reduction; this result is in agreement with previous studies that have demonstrated thinning
of the choroid with acute IOP elevation and thickening of the choroid following 10P
reduction (Akahori et al., 2017; Hata et al., 2012; Kara et al., 2013; Usui et al., 2013; Wang
et al., 2016). Though it is not clear why there was a significant recovery of choroid thickness
for the 40 mmHg experiments but not for the 25 mmHg experiments, a greater rebound for
the higher pressure elevation was also observed for neuroretinal rim recovery. However,
there was no significant relationship between maximum change in circumpapillary choroid
thickness and maximum change in BMO-MRW.

Previous studies have reported a small, but significant, reduction in RNFL thickness with
acute elevations in 10OP (Fortune et al., 2009). The current study also observed a significant
decrease in RNFL thickness with elevated 10P, however, the continued RNFL thinning
during a period of reduced 10P was unexpected. It is possible that the small degree RNFL
thinning may reflect diurnal variations rather than an effect related to IOP. Though not
statistically significant for global measures, decreases in RNFL thickness from morning to
evening have previously been reported in healthy humans (Ashraf and Nowroozzadeh, 2014;
Sharifipour et al., 2016). It is also possible that the thinning of the RNFL could be a
secondary effect of anesthesia, which cannot be accounted for. There was no relationship
between RNFL and BMO-MRW change, supporting previous findings that thinning of these
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two structures occurs independently (Fortune et al., 2016a; Fortune et al., 2016b; He et al.,
2014; Patel et al., 2018; Patel et al., 2014).

The finding that the extent/rate of BMO-MRW thinning with IOP elevation is not related to
deflection of the lamina, BMO size or position, or RNFL thickness suggests that
neuroretinal rim response to IOP is an independent parameter that can provide additional
information regarding ONH susceptibility to IOP. There was a considerable degree of inter-
individual variability in the extent of BMO-MRW thinning with IOP elevation and rebound
of structure following IOP reduction. Individual differences in ONH response to IOP have
been described previously and may reflect differences in the biomechanical properties of
ONH and peripapillary structures, such as the lamina cribrosa and sclera (Burgoyne et al.,
1995; Strouthidis et al., 2011). Previous models have suggested that material properties of
these structures, particularly the peripapillary sclera, play an important role in determining
ONH response to acute changes in 10P (Sigal et al., 2009). Scleral stiffness has been shown
to increase with age and disease process (Coudrillier et al., 2015a; Coudrillier et al., 2015b;
Coudrillier et al., 2012; Downs et al., 2005; Fazio et al., 2014; Girard et al., 2009, 2011b).
While biomechanical properties were not assessed in the present study, it stands to reason
that in the presence of elevated 0P, compression of neuroretinal rim tissue against a stiffer
sclera would result in a greater magnitude of neuroretinal rim thinning (and less neuroretinal
rim recovery) compared with a more compliant sclera. We found that animals with a greater
maximum change in BMO-MRW also tended to exhibit greater residual thinning, whereas
animals with lesser degrees of BMO-MRW thinning tended to demonstrate a more robust
rebound. Whether the former is related to increased scleral stiffness, and potentially
increased risk of glaucomatous damage with elevated 10P, remains to be investigated.

Several human studies have investigated changes in ONH structure with acute I10P
elevations using ophthalmodynamometry in healthy and glaucomatous eyes, though longer
duration studies are needed to fully investigate neuroretinal rim properties. In one study,
BMO-MRW was found to decrease in glaucomatous but not healthy eyes following IOP
elevation (Sharma et al., 2017). Another study demonstrated a greater degree of prelaminar
tissue thinning in healthy eyes compared with glaucomatous eyes (Agoumi et al., 2011).
Both studies involved very brief elevations of IOP of approximately 2—3 minutes, which may
explain their conflicting results. This duration may be too short to be meaningful, as the
half-life for BMO-MRW thinning in NHP is approximately 20 minutes. Therefore, it is
anticipated that longer durations of 0P elevation will reveal significant reductions in
neuroretinal rim thickness in both healthy and glaucomatous eyes, and that the dynamics of
thinning will differ based on disease status and/or risk of disease. If such differences in
neuroretinal rim behavior are observed, assessment of neuroretinal rim response to sustained
IOP elevation and/or reduction with IOP-lowering medications could potentially be used
clinically to identify individuals at a high risk of developing glaucoma and/or glaucoma
patients with a higher risk of progression for whom more aggressive treatment (i.e., a lower
target IOP) may be indicated. According to the results of the current study, exposure to
longer durations of mild-to-moderate 10P elevation should be safe, as there was no
significant difference in BMO-MRW or RNFL thickness between the first and second
experimental sessions.
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There are several limitations to the present study. The use of anesthesia was required to
perform cannulation experiments, and it is possible that this influenced ocular physiology;
however, a control experiment in one animal agrees with previous shorter-duration findings
that there is minimal change in neuroretinal rim structure over time when animals are
anesthetized and I0OP maintained at 10 mmHg (Strouthidis et al., 2011). Though at least 15
min were allowed for the eye to equilibrate at 10 mmHg prior to increasing IOP, it is
possible that a longer duration would have led to more stable baseline measures, particularly
if a given animal had a higher pre-cannulation 10P. Since each eye was only tested once, the
repeatability of BMO-MRW thinning and recovery with IOP modulation remains unknown;
this will be important to establish if neuroretinal rim dynamics have potential applications
for glaucoma risk assessment. However, based on a previous study in which change in mean
position of the disc with IOP modulation was investigated and repeated (Burgoyne et al.,
1995), the findings are expected to be repeatable on subsequent cannulations. Additionally,
we were not able to assess the width of the scleral canal using our methods and were
therefore unable to determine whether neuroretinal rim thinning is associated with scleral
canal expansion. While there are many anatomical similarities between NHP and human
eyes, the NHP eye exhibits a shorter axial length and thinner peripapillary scleral thickness
(Downs et al., 2002; Girkin et al., 2017; Jonas et al., 2011); as a result of these differences,
the NHP eye likely exhibits more compliant behavior than the human eye. This study
included only young and healthy animals, and determining how neuroretinal rim dynamics
are altered with age and disease will be the focus of future investigations.

5. Conclusions

In conclusion, this study confirms that the neuroretinal rim is sensitive to mild and moderate
elevations in IOP and demonstrates that the neuroretinal rim changes over a prolonged time
course with substantial residual thinning following 10P reduction and that there is
considerable variability among individuals with regards to the extent of thinning and
recovery. Characteristics of BMO-MRW dynamics with IOP modulation may provide
important information regarding ONH compliance and risk of structural damage with
prolonged 10P elevation.
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HIGHLIGHTS
Changes in intraocular pressure result in rapid changes in the neuroretinal rim

The neuroretinal rim continues to change over a period of 2 hrs with sustained
IOP

Residual thinning of the neuroretinal rim persists after 2 hrs of 1OP reduction

There is individual variability in the rate and extent of rim tissue thinning
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---12-deg BM Reference

Figure 1. OCT segmentation and anatomical landmarks.
A. 20-degree SLO image depicting a 24-line radial scan through the ONH. B. 20-degree

SLO image depicting a 12-degree circular scan. C. Compensated radial B-scan
(corresponding with the location of the red line in A and compensated as described by
Girard et al., 2011), illustrating ILM and BM segmentations, BMO and ALCS locations,
BMO-MRW, and BM and BMO reference planes used for calculating BMO height and
BMO-ALCSD, respectively. D. Compensated interpolated B-scan (corresponding with the
scan location in B), illustrating ILM, RNFL, BM, and choroid segmentations.

Exp Eye Res. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pardon et al. Page 18

A NHP1: 25 mmHg B NHP1: 40 mmHg
430 430
Q10 mmHg O 10 mmHg
DR (N © 25mmHg 420 @ 40mmHg
5 i E
2 4104 3 4104
£ =
§ 400 Max A =619 ym § 400 Max A =63.9 pm
= RT = 46.0 ym = RT =34.2 ym
§ 390 - t,. =355 min § 390 4 t,,=23.8 min
[ [ A, i
| | L A= s
E 380 E 380 fio el
E E 65
€ 3704 o E 3704
H el =
360 . 360
350 v 350 - ™ T ™ 3 +
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
C NHP5: 25 mmHg D NHP5: 40 mmHg
320 320
310 1 310 4
E. 300 - 5. 300
S g
o NPT fa) 4
g 280 s g 280
E 280 E 280
o o
E 270 E 270
£ E
£ 260 Max A =20.8 pm E 2604 Max A =235 pm
L3 RT =8.9 ym = RT =3.3 pm
250 A t,, = 15.0 min 250 1 t,; = 24.2 min
240 T T T T T T 240 T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)

Figure 2. Individual BMO-MRW dynamics with mild and moderate 1OP elevation and
subsequent reduction.

A. BMO-MRW values quantified every 5 min for the animal with the greatest maximum
change in BMO-MRW (NHP1) in response to IOP elevation to 25 mmHg, followed by
reduction to 10 mmHg. B. BMO-MRW for NHP1 during the 40 mmHg experiment. For
both 25 and 40 mmHg experiments, NHP1 demonstrates substantial residual thinning (RT)
of the BMO-MRW. C. BMO-MRW values over time for the animal with the smallest
maximum change in BMO-MRW (NHP5) during the 25 mmHg experiment. D. BMO-MRW
for NHP5 during the 40 mmHg experiment. NHP5 exhibits a more robust rebound and less
RT than NHP1. t1/, = half-life for BMO-MRW thinning.
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Figure 3. Control cannulation experiment at IOP of 10 mmHg.
BMO-MRW values for NHP1 (animal with the greatest maximum change in BMO-MRW,

contralateral eye), starting approximately 20 min after cannulation and quantified every 10
min for 2 hrs. The y-axis scale is the same as Fig 2A&B to facilitate comparison. The
decrease in BMO-MRW is approximately 9 um, compared with decreases of 58 and 64 pm
over a similar period of time for the 25 and 40 mmHg experiments, respectively.
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Figure 4. Residual thinning is related to the maximum predicted change in BMO-MRW.

Linear regression relationships between A. residual thinning and maximum predicted change
in BMO-MRW, B. half-life and maximum predicted change in BMO-MRW, C. maximum
predicted change in BMO-MRW and baseline BMO-MRW, and D. half-life and maximum

change in BMO height. Light gray = 25 mmHg experiments, dark gray = 40 mmHg
experiments. * denotes statistical significance (p < 0.05).
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Figure 5. Change in OCT parameters over time during IOP modulation experiments.
Plots illustrate mean difference + standard error from the final 10 mmHg baseline measure

prior to IOP elevation. For comparison with other parameters, BMO-MRW is presented in
30 min intervals. The shaded region shows the period of time over which 1OP was elevated
to either 25 mmHg or 40 mmHg. Measures during IOP elevation were compared to baseline
measures at 10 mmHg, and a statistically significant difference is noted by a light gray
and/or dark gray * (light gray * = significant difference for 25 mmHg experiment, dark gray
* = significant difference for 40 mmHg experiment). Following IOP reduction to 10 mmHg,
measures were compared to the final measure during IOP elevation (i.e., at 120 min), and a
statistically significant difference is noted by a light gray and/or dark gray # for the 25
mmHg and 40 mmHg experiments, respectively. A statistically significant difference
between endpoint (i.e., 240 min) and baseline is noted by a light gray and/or dark gray T for
the 25 mmHg and 40 mmHg experiments, respectively.
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ABMO-ALCSD after 30 min of IOP elevation

20

ABMO-ALCSD (pm)
=) =)

-
L}
1

-20 4

®
o 8
o
0
_______ WS————
o B
2
0
o

25 mmHg 40 mmHg

Figure 6. Change in BMO-ALCSD after 30 min of IOP elevation.
The plot shows ABMO-ALCSD values for each animal 30 min into 10P elevation to either

25 or 40 mmHg. For both pressure levels, 4 animals exhibited posterior (negative) BMO-
ALCSD displacement, whereas the other 4 animals demonstrated anterior (positive)
displacement. In animals with posterior movement of the BMO-ALCSD the translaminar
pressure difference (IOP — cerebrospinal fluid pressure) was likely the driving force, and
anterior movement of the BMO-ALCSD was likely driven by hoop stress and resulting
expansion of the scleral canal, pulling the lamina taught and in towards the eye.
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Table 1.

Individual BMO-MRW dynamics: Exponential decay and rise to maximum functions

Page 23

25 mmHg Experiments

Exponential Decay (25 mmHg) Exponential Rise to Maximum (10 mmHg)
Subject Baseline BMO-MRW Max ABMO-MRW Half-life (min) | Plateau (um) Residual ABMO- Half-time (min)
(Hm) (Hm) MRW (um)
NHPL (M) | 4119 61.86 35.51 365.9 46 17.09
NHP2 (M) *| 2737 29.45 25.02 256.1 17.6 16.07
NHP3 (M) *1 369.8 34.13 14.84 3425 27.3 26.25
NHP4 (M) 298.7 33.24 34.92 281.8 16.9 1155
NHP5 (M) 298.9 20.79 15.01 290 8.9 26.29
NHP6 (M) * | 319.6 46.47 20.96 284.4 35.2 18.27
NHP7 (F) 304.2 24.14 17.35 298.5 5.7 52.85
NHPS8 (F) * | 258.1 23.86 11.77 243.7 14.4 52.98
Mean + SD | 316.9 +50.7 342+13.8 21992 295.4+41.0 | 21.5+137 40.7 £ 33.8
40 mmHg Experiments
Exponential Decay (40 mmHg) Exponential Rise to Maximum (10 mmHg)
Subject Baseline BMO-MRW Max ABMO-MRW Half-life (min) | Plateau (um) Residual ABMO- Half-time (min)
(Hm) (Hm) MRW (um)
NHP1 (M) 419 63.9 23.75 384.8 34.2 38.92
NHP2 (M) 280.5 43.64 18.49 254.1 26.4 30.78
NHP3 (M) 380.2 46.42 21.82 343.4 36.8 20.1
NHP4 (M) | 3016 35.64 23.97 280.8 20.8 3551
NHPS (M) * | 2911 2351 24.21 287.8 3.3 23.34
NHP6 (M) 309.6 45.01 17.68 285.7 23.9 21.87
NHP7 (F)* | 2974 26.84 12.72 292.8 4.6 40.37
NHP8 (F) 265.6 38.77 24.34 247.4 18.2 34.35
Mean+SD | 318.1+53.1 405+ 126 20942 297.1+458 | 21.0+£123 30.7+8.0

*
Indicates experiment that was performed 1st
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Table 2.

Mean + standard deviation for all parameters, quantified every 30 minutes during IOP modulation
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25 mmHg Experiments

Baseline Elevated IOP Reduced IOP

0.5 hr 1lhr 1.5hrs 2 hrs 2.5 hrs 3hrs 3.5hrs 4 hrs

RNFLT (um) 112.7+£5.6 1115+ 1118+ 1110+ 1111+ 1104 1111+ 1104 £ 1104
5.0 5.0 5.1 4.8 5.2 5.4 5.7 6.0
BMO- 318.6 + 2955+ 289.9+ 285.4 + 2829+ 289.8 + 2916 + 2928 + 294.4 +
MRW (um) 51.7 46.5 43.7 434 424 425 41.9 42.6 41.7
BMO Area 1214013 | 121+ 121+ 121+ 1.20+ 121+ 121+ 121+ 121+
(mmz) 0.14 0.13 0.13 0.12 0.12 0.12 0.12 0.13
BMO Height | -25.8 -47.1+ -48.8 + -47.6 + -47.8 + -28.6 + -29.9+ -29.7 + -29.2
(um) 14.0 19.5 211 21.0 20.3 12.8 14.8 14.3 13.6
BMO- -202.3 + -204.7 + -205.5 -203.1+ -207.8 + -204.5 -207.1+ -207.0+ -212.1+
ALCSD (um) | 42.4 384 38.0 37.7 37.8 39.2 41.7 43.2 424
ChoroidT 109.4 + 101.2 + 1009 + 97.3+ 96.0 + 99.9+ 98.4 + 98.4 + 97.3+
(um) 16.7 18.2 16.8 14.0 15.4 16.7 155 14.7 14.6
40 mmHg Experiments
Baseline Elevated IOP Reduced IOP

0.5 hr 1lhr 15hrs 2 hrs 2.5 hrs 3hrs 3.5hrs 4 hrs

RNFLT (um) 112.6 £5.8 1124 + 111.8 + 110.8 + 1114 + 109.4 + 110.2 + 109.7 £ 110.1 +
5.0 55 5.7 5.6 6.3 5.8 5.9 5.7

BMO-MRW 3195+ 2923+ 283.6 + 280.2 + 2779+ 287.7 + 2923+ 294.4 + 2955+
(um) 53.1 48.2 46.3 457 445 45.0 456 454 46.2
BMO Area 1.20+0.13 | 1.20+ 120+ 1.20+ 121+ 120+ 121+ 121+ 122+
(mm?) 0.14 0.13 0.13 0.13 0.13 0.13 0.13 0.13
BMO Height | -28.9+ -58.8+ -58.0 + -57.0+ -56.2 + -26.7 £ -28.2 =276+ -28.8
(um) 10.3 21.2 21.3 21.1 21.8 11.2 10.6 11.6 12.4
BMO- -203.3+ -201.4 + -200.6 + -199.4 + -206.1 + -205.2 + -210.8 + -206.3 + -2103 +
ALCSD (um) | 43.7 34.3 34.0 30.4 32.4 35.4 38.4 34.7 35.9
ChoroidT 110.1 + 96.5 + 94.6 + 92.7+ 89.6 + 96.8 + 97.2+ 97.2+ 99.3+
(um) 21.0 16.0 17.1 16.4 15.4 16.8 18.4 18.5 19.1

RNFLT = RNFL thickness, ChoroidT = Circumpapillary choroid thickness

Exp Eye Res. Author manuscript; available in PMC 2021 April 01.



	Abstract
	Introduction
	Material and methods
	Subjects
	Animal Preparation
	Anterior Chamber Cannulation and IOP Control
	Optical Coherence Tomography
	Optic Nerve Head Analysis
	Circumpapillary RNFL and Choroid Analysis
	Statistical Analysis

	Results
	Optic Nerve Head Parameters
	Circumpapillary Retinal Nerve Fiber Layer Thickness
	Circumpapillary Choroid Thickness

	Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

