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PURPOSE. To determine if the optic nerve head (ONH) response to transient elevated
intraocular pressure (IOP) can predict the extent of neural loss in the nonhuman primate
experimental glaucoma model.

METHODS. The anterior chamber pressure of 21 healthy animals (5.4 ± 1.2 years, 8 female)
was adjusted to 25 mm Hg for two hours followed by 10 mm Hg for an additional
two hours. For the duration of IOP challenge the ONH was imaged using radial optical
coherence tomography (OCT) scans at five-minute intervals. Afterward, a randomized
sample of 14 of these subjects had unilateral experimental glaucoma induced and were
monitored with OCT imaging, tonometry, and ocular biometry at two-week intervals.

RESULTS. With pressure challenge, the maximum decrease in ONH minimum rim width
(MRW) was 40 ± 10.5 μm at 25 mm Hg and was correlated with the precannulation MRW,
Bruch’s membrane opening (BMO) position, and the anterior lamina cribrosa surface
position (P = 0.01). The maximum return of MRW at 10 mm Hg was 16.1 ± 5.0 μm and
was not associated with any precannulation ONH feature (P = 0.24). However, healthy
eyes with greater thickness return at 10 mm Hg had greater loss of MRW and retinal
nerve fiber layer (RNFL) at a cumulative IOP of 1000 mm Hg · days after induction of
experimental glaucoma. In addition, MRW and RNFL thinning was correlated with an
increase in axial length (P < 0.01).

CONCLUSION. This study’s findings suggest that the ONH’s response to transient changes
in IOP are associated with features of the ONH and surrounding tissues. The neural rim
properties at baseline and the extent of axial elongation are associated with the severity
of glaucomatous loss in the nonhuman primate model.
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tomography

P rimary open-angle glaucoma is a progressive optic
neuropathy that results in irreversible vision loss. The

exact mechanisms resulting in retinal ganglion cell loss
remain elusive. Still, risk factors, including elevated intraocu-
lar pressure (IOP), age, race, central corneal thickness (CCT),
axial elongation, and vertical cup-to-disc ratio, have been
identified.1–4 Management of glaucoma is limited to IOP
reduction, which benefits patients with high- and normal-
tension disease.5–7 However, eyes with similar IOP profiles
often have different progression rates.

Structural imaging with optical coherence tomography
(OCT) is important for diagnosing and monitoring glau-
coma. This includes measures of the circumpapillary reti-
nal nerve fiber layer (RNFL) thickness, macula ganglion
cell/inner plexiform layer thickness, and morphological
measures of the optic nerve head (ONH), including the
neuroretinal rim (NRR).8,9 In principle, because measures
of the RNFL, ganglion cell/inner plexiform layer, and NRR,
all include elements of retinal ganglion cells (RGCs), they
should have excellent correspondence. However, studies in
human patients and animal models of glaucoma show that

NRR thinning precedes that of the RNFL, suggesting that
RGC insult may occur as axons are compressed or stretched
at the rim margin.10–12

The ONH is considered a weak point, and several in
vivo and histological studies have been undertaken to deter-
mine the response of the ONH and surrounding tissues
to acute alterations in IOP. Initial studies in the nonhu-
man primate (NHP) identified the ONH lamina as a site for
disruption of axon transport.13–15 Furthermore, ex vivo and
histological studies in control and experimental glaucoma
eyes demonstrated alterations of the ONH and peripapil-
lary tissue at fixed IOPs.16–22 Some of these experiments
were later repeated in vivo with anterior chamber cannu-
lation, showing similar changes, albeit with lower resolu-
tion.23–27 Such studies have identified the lamina and peri-
papillary connective tissue as important load-bearing struc-
tures susceptible to IOP stress.28–31

Using similar IOP challenge paradigms, we showed that
the NRR, quantified as the minimum rim width (MRW),
thins over a period of two hours at mild (25 mm Hg) and
moderate (40 mm Hg) pressure settings.32 Subsequently,
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after this exposure, when IOP is set at 10 mm Hg, the NRR
does not return to baseline over the same two hour period.
Although animals showed similar trends, there was signifi-
cant interindividual variability in tissue thinning and return,
with pressure challenge. Furthermore, these changes were
determined to be transient, because ONH metrics were simi-
lar to precannulation at follow-up OCT scanning sessions.
We hypothesize that the extent of ONH NRR response to
transient IOP modulation at baseline is related to early
disease progression in the nonhuman primate experimen-
tal glaucoma model.

In healthy adult NHPs, transient IOP modulation can
result in up to 60 μm of axial length change, which is
not attributed to choroid thickness.32 Chronic elevation of
IOP in NHP experimental glaucoma is known to cause
active remodeling of connective tissues,28,33–40 whose prop-
erty changes can be readily quantified with IOP modulation
and ONH compliance.23 In addition to ONH structure, we
hypothesize that scleral remodeling with chronic pressure
elevation also results in axial elongation, and the extent of
elongation is associated with disease progression.

METHODS

Subjects

A total of 21 rhesus monkeys (Macaca mulatta, eight
females) ranging in age from 3.8 to 7.9 years (average age
of 5.4 ± 1.2 years) were subjects for the first part of this
study. Experimental glaucoma was induced in a random
sample of 14 of these animals (average age 5.5 ± 1.1 years,
five females). Randomization of subjects was done before
any experimental intervention. For each subject, experimen-
tal interventions were performed only on one of the eyes.
Experimental procedures and animal care protocols were
approved by the Institutional Animal Care and Use Commit-
tee at the University of Houston. The use of animals for these
experiments adhered to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and to the
National Institutes of Health guidelines for the care and use
of laboratory animals.

Animal Preparation

Before any experimental intervention or imaging session,
animals were anesthetized with an intramuscular injection of
ketamine (20–25 mg/kg/h) and xylazine (0.8–0.9 mg/kg/h).
Animals were also treated with a subcutaneous injection of
atropine sulfate (0.04 mg/kg) to minimize salivation and
maintain a healthy heart rate. While sedated, body temper-
ature was maintained using a warm water blanket (Adroit
Heat Therapy Pump and Pad; Adroit Medical, Loudon, TN,
USA), and heart rate and blood oxygen saturation were
monitored continuously (perMAP + II; Ramsey Medical,
Tampa, FL, USA). Other than for trabecular meshwork laser
sessions, the pupils were dilated with 1% tropicamide. At the
end of each experiment, the effect of xylazine was reversed
with atipamezole (0.06 mg/kg), and animals were monitored
until they could be safely placed back in their home cage.

Anterior Chamber Cannulation and Pressure
Control

All animals were subjects for a pressure challenge exper-
iment with mild IOP increase. Animals were prepared as

previously described.32,41,42 In brief, after animals were
sedated, 5% ophthalmic betadine (Alcon Laboratories, Fort
Worth, TX, USA) was instilled on the ocular surface and used
for cleaning the eyelids. After two minutes of exposure, the
betadine was rinsed away with sterile balanced salt solu-
tion (Alcon Laboratories). The animal’s head was stabilized,
and a heat-sterilized speculum was used to hold the eyelids
open.

The anterior chamber was cannulated using a sterile 27G
butterfly needle, entering close to the limbus, with at least
1.5 mm of the needle visible in the anterior chamber. The
needle was connected to a pressure control system consist-
ing of a pressure transducer (Keller PR-41X; Keller America,
Newport News, VA, USA) and syringe pump (Cole-Parmer,
Vernon Hills, IL, USA) controlled with a custom program
written in MATLAB (Mathworks, Natick, MA, USA). After
needle insertion, a plano-powered rigid contact lens was
placed on the cornea to maintain optical clarity.

For at least the first 15 minutes, anterior chamber pres-
sure was maintained at 10 mm Hg, and several OCT scans
were acquired to ensure good optical alignment and qual-
ity. Afterward, pressure was increased to 25 mm Hg for
two hours. This pressure setting was selected because it is
the approximate mean IOP of eyes with experimental glau-
coma.10 The duration of two hours was determined, because
it is expected to capture 97% of the maximum MRW change,
based on the average half-life from our previous studies.32

OCT scans were acquired for the duration and at approx-
imately five-minute intervals. After the last scan at 25 mm
Hg, the pressure was reduced to 10 mm Hg, and scanning
resumed for an additional two hours. At the end of the
scanning session, the contact lens and needle were care-
fully removed, and a drop of broad-spectrum antibiotic was
instilled on the ocular surface (polymyxin B/trimethoprim).
To ensure animal health was maintained, sedation was
limited to five hours, with experiments nominally starting
at 7 AM so that animals could be recovered and returned for
midafternoon feeding.

Laser Induced Ocular Hypertension

Fourteen (five female) of the 21 animals were randomized to
have experimental glaucoma induced by scarring the trabec-
ular meshwork using a 532 nm diode laser (Zeiss Visulas
532; Carl Zeiss Meditec, Jena, Germany). Contiguous laser
applications were applied to the trabecular meshwork (TM)
through a Kaufman single mirror gonioscopy lens (Ocular
Instruments, Bellevue, WA, USA), with nominal power of
800 to 1000 mW, 50 μm spot size, and 500 msec duration.
Laser power was adjusted to an ideal blanching of the TM
tissue, minimizing “popping” and bleeding. The initial proce-
dure involved lasering 180° of the angle, followed by 90°
treatments at two- to three-week intervals until sustained
elevated IOP was achieved. For all animals, one clock hour
of the TM was left not lasered in an attempt to avoid exces-
sive elevations in IOP. IOP was monitored using a Tono-Pen
XL (Reichert, Inc., Depew, NY, USA) at each imaging session,
typically every two weeks after the first laser procedure.
Because xylazine can have IOP-lowering effects,43 pressure
measurements were made within five minutes of the animal
entering the laboratory. The extent of IOP insult was calcu-
lated as cumulative IOP (mm Hg · days) using the IOP differ-
ence between the two eyes, referenced to the first laser
session.19,44
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FIGURE 1. (A) A single OCT radial b-scan through the center of the optic nerve head, with segmentation for the ILM, RNFL, and BM. The
white dashed line illustrates the 4 mm reference plane used to quantify BMO height. (B) B-scan compensated for light attenuation with
choroid and ALCS segmentation.48 (C) Semantic segmentation output from the neural network, illustrating all segmentation extracted.

Optical Coherence Tomography Imaging

Precannulation Imaging. Approximately two weeks
before the cannulation experiment, baseline ocular biom-
etry (Lenstar LS900; Haag-Streit, Koeniz, Switzerland) and
OCT scans (Spectralis; Heidelberg Engineering, Heidelberg,
Germany, central wavelength = 870 nm) were acquired for
each subject. Data from these scans are referred to as the
precannulation measures in the results and discussion. From
optical biometry, CCT, anterior chamber depth, and axial
length (AL) were used for data analysis. Although several
OCT scans were obtained, the imaging used for this exper-
iment included a 24-line 20° × 20° radial scan and a 193-
line 20° × 20° raster scan centered on the ONH. Scans
were captured using the high-resolution setting, in standard
(non-EDI) mode, with at least nine frame averaging, and the
autorescan feature was used for all follow-up imaging. For
scan sessions in which animals had eye movements requir-
ing repositioning of the scanning optics during a single scan
acquisition, the radial scan was decreased to 12 lines and
the raster scan to 97 lines. Scans were reacquired if quality
fell below 30 dB. Analysis of these scans is described in the
following sections.

Cannulation Imaging. For the duration of the cannu-
lated experiments, radial scans were acquired at approxi-
mately five-minute intervals. To minimize variability from

scan placement, images were obtained using the autores-
can feature, using the precannulation scan as a baseline.
After the experiment, scans were exported as “*.vol” files
and analyzed using custom programs in Matlab, which
incorporated individualized transverse scaling computed
using a three-surface schematic eye.45 To minimize bias, b-
scans were segmented using a neural network trained on a
DeepLabv3+ network based on ResNet-50.46,47 This network
was trained using 3731 manually segmented b-scans, which
were compensated for light attenuation,48 to an accuracy
of 98.8% and loss of 0.03. The output segmentation from
the neural networks was inspected for errors, corrected as
needed, and analyzed as previously described (Fig. 1).32,41 In
brief, the Bruch’s membrane opening (BMO) area was calcu-
lated from an ellipse fit to all the BMO points. The mini-
mum distance from each BMO location to the inner limit-
ing membrane (ILM) was used to compute the MRW. BMO
height,32,41 referred to as the BMO position in this work, was
calculated as the perpendicular distance of the BMO to a 4
mm reference plane aligned to the Bruch’s membrane and
centered on the BMO. Using the BMO as a reference, the
anterior lamina cribrosa surface (ALCS) position, for each b-
scan, was determined for the central 50% of the lamina. For
these two-dimensional analyses, data from each b-scan was
weighted equally toward determining the average BMO and
ALCS positions. Although the choroid and lamina thickness
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FIGURE 2. Top row: Circumpapillary b-scan, interpolated 550 μm from the BMO, with segmentation of the ILM, RNFL, and BM. The bottom
row illustrates the RNFL thickness for the 20 × 20° scan region for a single subject across time. The left panel illustrates the 550 μm scan
path (red), and each panel includes the circumpapillary RNFL thickness, MRW, and cumulative IOP.

were also extracted, these metrics have significant variabil-
ity because of the limited visibility of deeper structures and
were not used for analysis.

Longitudinal Imaging for Experimental Glau-
coma. Fourteen of the 21 animals had laser-induced experi-
mental glaucoma. Before the first laser session, each subject
had at least four 20° × 20° baseline raster scans centered
on the ONH. Afterward, animals nominally had repeat scans
at two-week intervals. If IOP was greater than 25 mm Hg
at any imaging session, a drop of dorzolamide 2%/timo-
lol 0.5% was instilled to minimize the compressive effects
of IOP on the ONH structures. Furthermore, experimental
glaucoma eyes were scanned after the control eyes, approx-
imately 40 minutes after IOP-lowering drop instillation.
Raster scans were exported as “*.vol” files and segmented
using a neural network trained on a DeepLabv3+ network
based on ResNet-50.46,47 This network was trained on 2761
manually segmented b-scans to an accuracy of 99.3% and
loss of 0.01.49 The output included segmentation of the ILM,
RNFL, BM, and the BMO, which was interpolated across
the scanned region. Before extracting thickness data, each
scan and associated segmentation were rescaled to a 1:1
aspect ratio, incorporating individualized transverse scaling
calculated using a three-surface schematic eye.45 Using the
BMO as a reference, the MRW was computed as the short-
est distance to the ILM. Circumpapillary RNFL thickness was
extracted from an interpolated scan path 550 μm from the
BMO (Fig. 2, top).45 Both the MRW and RNFL were used
to assess disease progression (Fig. 2, bottom row), because
these measures are related to total retrobulbar RGC axonal
counts.50,51

Statistical Analysis

Data for the transient pressure challenge experiments
were fit using Graphpad (GraphPad 9, Graphpad Software,
SanDiego, CA), and as previously described (Fig. 3).32 In
brief, the 25 mm Hg portion of the data was fit with an expo-
nential decay function (Equation 1), and the subsequent 10
mm Hg portion fit with an exponential rise to maximum
function (Equation 2). The half-life for each of the two func-
tions was calculated from the time constant (k), as ln (2)/k.
From the exponential decay function, the difference between

FIGURE 3. Data from one subject showing decrease in minimum
rim with when pressure was set at 25 mm Hg (gray symbols), and
tissue return with subsequent pressure at 10 mm Hg (open symbols).
The plot illustrates howmaximum change, tissue return and residual
thinning were determined. Half-lives (t1/2) were calculated using the
time constant of each pressure segment.

the y-intercept (y0) and plateau was used to determine the
maximum predicted change at 25 mm Hg. Similarly, the
y-intercept (y0) and plateau were used to calculate the tissue
return for the 10 mm Hg segment. The difference between
the initial measure of MRW (y0 for the exponential decay
function), and the maximum tissue return (plateau) for the
exponential rise function, was used to calculate the residual
MRW thinning.

Exponential decay : y = plateau + (
y0 − plateau

) × e−k.time

(1)
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Exponential rise : y = y0 + (
plateau − y0

) × (1 − e−k.time)
(2)

The response of the optic nerve head and surrounding
tissues to pressure modulation is complex, with significant
interactions between structures. For this reason, stepwise
regression analyses were performed to determine the corre-
lation between the optic nerve head response to pressure
challenge and baseline biometry measures and optic nerve
head morphology. Regressions were performed for each
pressure challenge metric as an outcome variable, includ-
ing the maximum predicted change at 25 mm Hg, the maxi-
mum tissue return, and the time constants for both pres-
sure segments. Predictor variables investigated included the
baseline age, AL, CCT, and precannulation OCT measures
of MRW, RNFL, BMO position, BMO area, and ACLS posi-
tion. Predictor values with a probability less than 0.05 were
included in the final model, and adjusted coefficient of deter-
minations are reported. For analysis with significant rela-
tionships, the partial correlation for each predictor variable
is included in the Supplementary Data. These analyses were
performed using SPSS (Version 27.0; IBM Corp, Armonk, NY,
USA).

The 14 animals with experimental glaucoma were also
subjects for other studies and were monitored for extended
durations (Fig. 7). In this experimental model, chronic
elevated IOP is known to result in remodeling of ONH
tissues.19,28,38,52,53 To minimize the confounder of contin-
uous connective tissue remodeling, early glaucoma was
defined as the time when cumulative IOP reached 1000 mm
Hg · days, and axial elongation was approaching an asymp-
tote (see following discussion on axial elongation). Step-
wise regression analysis was used to determine the correla-
tion between individual metrics from the pre-glaucoma pres-
sure challenge experiment, age of the animal, precannula-
tion biometry, IOP, and the loss of MRW and circumpapil-
lary RNFL at 1000 mm Hg · days. A separate analysis was
performed to determine the relationship between changes
in ocular biometry and loss of MRW and circumpapillary
RNFL.

RESULTS

Precannulation Baseline

At the baseline, precannulation imaging session, the aver-
age axial length of female animals was shorter (18.6 ± 0.6
mm) than males (19.1 ± 0.5 mm, P = 0.04, Table 1), but
none of the OCT measures were related to axial length or
sex (P > 0.08). Because there were no sex differences in
ONH morphology, data from male and female animals are
reported combined. The mean MRW was 335.1 ± 40.2 μm,

TABLE 1. Comparison of Male and Female Measures of Axial Length
and Baseline OCT Metrics

Male (n = 13) Female (n = 8) P

Axial length (mm) 19.1 ± 0.5 18.6 ± 0.6 0.04
RNFL (μm) 132.5 ± 9.2 125.9 ± 6.8 0.08
MRW (μm) 341.9 ± 45.4 324.1 ± 29.2 0.29
BMO Area (mm2) 1.42 ± 0.3 1.41 ± 0.4 0.97
BMO Position (μm) −28.9 ± 7.2 −27.9 ± 11.9 0.83
ALCS Position (μm) −221.8 ± 79.1 −225.5 ± 29.8 0.88

and 129.9 ± 8.8 μm for circumpapillary RNFL thickness. The
average BMO area was 1.41 ± 0.3 mm2, with a BMO posi-
tion of −28.5 ± 8.9 μm, and an ALCS position of −223.2 ±
63.8 μm.

Pressure Challenge

The 21 animals maintained good systemic health for the
study duration, with no complications noted after cannu-
lation. For the duration of transient alteration in IOP,
ONH morphology was assessed using radial scans acquired
approximately every five minutes. The average signal
strength of the b-scans was 37.1 ± 4.7 dB, and none of
the images collected were removed from analysis because of
misalignment or image quality. The anterior lamina surface
for one animal was poorly delineated by the neural network
and was manually corrected.

The predicted maximum changes and half-lives for the
MRW were determined from the best fits with exponential
functions (Equations 1 and 2). There were no differences in
the maximum reduction of the MRW, maximum return, or
the time constants between male and female subjects (p >

0.26), and the results presented are combined. The half-lives
for the two pressure segments were similar (at 25 mm Hg,
22.5 ± 5.2 minutes, and at 10 mm Hg, 23.7 ± 15 minutes,
P = 0.74) and suggest that the two-hour pressure exposure
segments capture an accurate estimate of the maximum tran-
sient change with pressure challenge. Figure 4 illustrates the
change in MRW for all 21 animals, referenced to the 10 mm
Hg starting point before an IOP increase to 25 mm Hg (Figs.
4A, 4B). For better visualization of the variability in NRR
return, data in Figure 4C are referenced to the two measures
at 25 mm Hg before setting IOP to 10 mm Hg.

At an anterior chamber pressure of 25 mm Hg, each
ONH showed thinning of the MRW, with a predicted maxi-
mum decrease of 40 ± 10.5 μm. A stepwise multiple regres-
sion analysis was used to determine if precannulation ONH
metrics, ocular biometry or age, were associated with the
extent of thinning. This analysis suggested that the maxi-
mum reduction in MRW could be predicted from the precan-
nulation BMO position, MRW, and ALCS position (Maximum
change in MRW = 11.5–0.67 BMO position + 0.1 MRW +
0.06 ALCS Depth, R2 = 0.56, P < 0.01, Supplementary Table
S1). The time constant for this segment was correlated to
only the precannulation MRW (25 mm Hg time constant =
−1.7 + 0.07 MRW, R2 = 0.27, P = 0.01, Supplementary Table
S2). For the 10 mm Hg segment, the predicted maximum
return was 16.1 ± 5.0 μm, significantly less than the magni-
tude of decrease observed with 25 mm Hg (P < 0.01). In
contrast to the 25 mm Hg segment, the maximum return of
tissue, and the corresponding time constant was not related
to any of the precannulation ONH metrics, ocular biometry
or age (P > 0.06). Because the precannulation MRW was
related to the maximum change at 25 mm Hg but not the
tissue return for the 10 mm Hg segment, the residual thin-
ning was expected to be linearly related to the maximum
predicted change for the 25 mm Hg segment (Residual MRW
= −15.2 + 0.94 MRW maximum change, R2 = 0.76, P <

0.01).
When IOP was set at 25 mm Hg, there was no change

in the BMO area (average change 0.002 ± 0.01 mm2,
P = 0.57). However, the BMO position moved posteri-
orly (mean change of 16.8 ± 11.1 μm), rapidly returning
when the pressure was set to 10 mm Hg (mean differ-
ence = −0.9 ± 7.6 μm, P = 0.6, Fig. 5A). Using step-
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FIGURE 4. (A) Change in MRW referenced to measures before an increase to 25 mm Hg. (B) Isolated 25 mm Hg segment. (C) Isolated
10 mm Hg segment, with change referenced to the last two scans acquired at 25 mm Hg.

FIGURE 5. Change in BMO height (A) and ALCS depth (B) referenced to measures before an increase to 25 mm Hg. The arrows indicate
the time at which pressure was changed to 25 mm Hg and then 10 mm Hg.

wise multiple regression analysis, the change in BMO posi-
tion when IOP was raised to 25 mm Hg was correlated
with the precannulation ALCS depth (Change in BMO posi-
tion = 37.5 − 0.1 ALCS Depth, R2 = 0.26, P = 0.01,
Supplementary Table S3).

The ALCS position referenced to the BMO, moved poste-
rior in 16 animals and anterior in five, at the 25 mm Hg pres-
sure setting, returning to baseline at 10 mm Hg (P = 0.45).
Of the five animals with an anterior ALCS movement, one
was an outlier exceeding 30 μm (Fig. 5B). Although there
was variability in ALCS response, stepwise multiple regres-
sion analysis suggested a relationship with precannulation
measures of the MRW, BMO Area, ALCS position, and CCT
(Change in ALCS position = −134.7 + 0.1 ALCS position +
0.1 MRW + 0.2 CCT − 8.0 BMO area, R2 = 0.79, P < 0.01,
Supplementary Table S4).

Glaucoma Progression

Fourteen of the 21 animals underwent laser scarring of
the trabecular meshwork and were monitored with OCT
at approximately two-week intervals to varying endpoints

which were based on other unrelated studies. Table 2
compares the baseline characteristics of the experimental
glaucoma sub-group to all animals used for the cannulation
study. In this high-pressure experimental glaucoma model,
as the cumulative IOP increases, there is a progressive loss
of the ONH MRW and circumpapillary RNFL (Figs. 6A, 6B).
The relationship between MRW and circumpapillary RNFL
was best described by an exponential rise to maximum fit
(R2 = 0.80, Difference in AICc, compared to a linear fit =
59.4, Fig. 7C). This relationship was similar to that reported
previously for a separate cohort of animals, suggesting a
reduction of MRW before thinning of the RNFL.10

At every imaging session, axial length was measured
using ocular biometry. Before the first trabecular mesh-
work lasering session, the two eyes had similar axial lengths
(mean difference = 0.07 mm, P = 0.47); one animal was
identified as an outlier with an axial length difference
between the two eyes of 1.2 mm. The change in axial length
with cumulative IOP was determined using the difference
between the two eyes (Fig. 7). For this study, early disease
was defined as the time point when change in axial length
had stabilized. To determine this, the collective data of axial



Neuroretinal Rim and Glaucoma Progression IOVS | May 2023 | Vol. 64 | No. 5 | Article 30 | 7

TABLE 2. Comparison of Baseline Characteristics of the Experimental Glaucoma Subjects to the Entire Group

Pressure Challenge Subjects (n = 21) Experimental Glaucoma Subjects (n = 14) P

Age (yrs) 5.4 ± 1.2 5.5 ± 1.1 0.82
Axial length (mm) 18.9 ± 0.6 18.9 ± 0.7 0.88
MRW (μm) 335.1 ± 40.1 333.7 ± 47.7 0.93
RNFL (μm) 130.0 ± 8.8 131.6 ± 10.1 0.64
BMO position (μm) 28.5 ± 8.9 29.8 ± 8.9 0.69
BMO area (mm2) 1.42 ± 0.3 1.46 ± 0.4 0.76
ALCS position (μm) 223.2 ± 63.8 242.8 ± 63.5 0.38
Maximum change at 25 mm Hg (μm) 40.3 ± 10.5 40.4 ± 12.3 0.99
Maximum return at 10 mm Hg (μm) 16.1 ± 5.0 16.3 ± 4.9 0.90

FIGURE 6. With increase in cumulative IOP, there is a reduction in MRW (A) and circumpapillary RNFL (B). The relationship between MRW
and RNFL is best described using an exponential rise to maximum fit (C).

length and cumulative IOP from all subjects was fit with an
exponential rise to maximum function. Based on this fit, the
half-life was determined to be 256.7 mm Hg · days, suggest-
ing that ∼93% of the maximum axial length change had
occurred by 1000 mm Hg · days. At this time point, the axial
length of experimental glaucoma eyes had increased by up
to 0.82 ± 0.53 mm (P < 0.01), was similar for both male and
female animals (P = 0.65), and was not statistically different
compared to endpoint (mean difference = 0.25 ± 0.39 mm,
P = 0.08). The increase in axial length was mostly attributed
to the vitreous chamber (Table 3), which we believe reflects

the stress and strain on the sclera and associated remodel-
ing with elevated IOP.34,54 Hence, 1000 mm Hg · days was
selected as the cutoff for analysis because later time points
might not provide a meaningful comparison to baseline pres-
sure challenge data. On average, the 1000 mm Hg · days
timepoint was reached at 99.4 ± 28 days, and the imag-
ing session closest to this date was used for determining
change in MRW and circumpapillary RNFL thickness from
the precannulation baseline. The average IOP after the last
laser session up to this point was 25.5 ± 4.4 mm Hg, ranging
from 19.6 to 35.3 mm Hg.

FIGURE 7. (A). Interocular difference in axial length increases with cumulative IOP up to 1000 mm Hg · days (data only shown to 2000 mm
Hg · days, and relative to baseline intereye difference). Correlation between change in axial length and loss of MRW (B) and RNFL (C) At
1000 mm Hg · days.
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TABLE 3. Intereye Differences (Experimental Glaucoma − Control Eye) in Ocular Biometry at Baseline, 1000 Mm Hg · Days, and at End
Point

Baseline 1000 mm Hg · Days End Point Repeated Measured ANOVA

Axial length 0.07 ± 0.34 mm 0.82 ± 0.53 mm 1.07 ± 0.45 mm P < 0.01
Anterior chamber depth −0.01 ± 0.07 mm 0.05 ± 0.10 mm 0.11 ± 0.26 mm P = 0.17
Lens thickness 0.02 ± 0.05 mm 0.00 ± 0.08 mm 0.01 ± 0.10 mm P = 0.27
Vitreous chamber depth 0.06 ± 0.33 mm 0.77 ± 0.53 mm 0.96 ± 0.39 mm P < 0.01

FIGURE 8. Relationship between loss of RNFL (A) and MRW (B) at 1000 mm Hg · days, and baseline pressure challenge measure of maximum
MRW return at 10 mm Hg.

At 1000 mm Hg · days, the MRW was reduced by 147.5
± 87.3 μm (range 51.3 to 355.3 μm) and the circumpapil-
lary RNFL by 26.4 ± 26.4 μm (range 0.5 to 87.5 μm, Fig. 6)
and was not significantly different between male and female
animals (P = 0.77). In the stepwise regression, the reduction
in MRW was related to the change in AL (Loss of MRW =
−31.7 + 236.4 × change in AL, R2 = 0.80, P < 0.01, Supple-
mentary Table S5). For the loss of RNFL, in addition to the
change in AL, baseline CCT was also identified as a signifi-
cant predictor (Loss of RNFL = −163.8 + 63.8 × Change in
AL + 0.30 × CCT, R2 = 0.80, P < 0.01, Supplementary Table
S6). Figure 7 illustrates the change in axial length with cumu-
lative IOP, and the association between the extent of axial
elongation at 1000 mm Hg · days and the loss of MRW and
RNFL (for illustration, CCT is not included).

A separate stepwise linear regression was performed to
determine if the loss of MRW and RNFL at 1000 mmHg · days
were correlated with metrics from the pressure challenge
experiments. This analysis identified the MRW return at 10
mm Hg as the only predictor variable for loss of both MRW
and RNFL (Loss of MRW = −83.8 + 14.2 MRW return, R2 =
0.61, P < 0.01, Loss of RNFL = −50.3 + 4.7 MRW return, R2

= 0.75, P < 0.01; Figure 8, Supplementary Tables S7, S8).

DISCUSSION

Glaucoma is a progressive optic neuropathy that has charac-
teristic thinning of the ONHNRR tissue.Our previous studies
showed that the NRR, quantified as the MRW, thins before
the circumpapillary RNFL in NHP experimental glaucoma
and that this relationship is present in a cross-sectional clin-
ical cohort.10 Furthermore, we demonstrated that, in healthy

NHP eyes, the NRR response to an acute increase in ante-
rior chamber pressure is prolonged over approximately two
hours, and the NRR does not return to baseline over a simi-
lar time period.32 The present work expands on these previ-
ous observations suggesting that the extent of NRR return
following transient IOP increase can predict the suscepti-
bility of RGCs in the nonhuman primate experimental glau-
coma model. In addition, we show that at a specified cumu-
lative IOP of 1000 mm Hg · days, the neural loss in our
experimental subjects is correlated with axial elongation.

IOP is the only modifiable risk factor for glaucoma.
Although IOP reduction is protective, individuals with
similar pressure profiles can have significantly different
outcomes. This likely reflects the complexity of the ONH
region, which is often described as a biomechanical struc-
ture.26,28,55,56 Under this framework, the peripapillary sclera
and lamina are considered major load-bearing structures,
and IOP-related stresses and strains on the neural and
connective tissue can be substantial at all levels of IOP.28

Further, these stresses and strains result in remodeling,
which modifies the structural environment.33,38–40,52,57 The
present investigation was not designed to study the biome-
chanics of this region, but previous work in this area is
instructive and is referenced in interpreting the findings.
For clarity, discussion for the pressure challenge experi-
ment in healthy eyes, and that for experimental glaucoma
is presented separately.

Pressure Challenge Experiments in Healthy Eyes

Consistent with previous reports, the BMO area of healthy
eyes, did not change with pressure modulation.24,32,41,58
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However, when the anterior chamber pressure was set at
25 mm Hg, there was a posterior movement of the BMO,
returning close to baseline when pressure was returned to
10 mm Hg. This change in BMO position at 25 mm Hg was
negatively correlated with the precannulation ALCS position.
In contrast to the BMO position, the response of the ALCS,
when referenced to the BMO, is known to be highly variable
with pressure modulation.24,59–62 Although the present study
showed similar variability, the stepwise regression suggested
that the ALCS response can be predicted from the precannu-
lation position of the lamina, precannulation MRW, precan-
nulation BMO area and CCT. The inclusion of precannula-
tion ALCS position in the model for both BMO and ALCS
change with pressure challenge suggests that the extent of
change is dependent on the connective tissue properties of
the lamina. This is consistent with models that suggest that
the normal-state ALCS and BMO positions may reflect peri-
papillary scleral compliance.22,63–65

In addition to precannulation ALCS position, the change
in ALCS with pressure challenge, was correlated with the
precannulation BMO area, precannulation MRW, and CCT.
With pressure challenge, the scleral canal is known to
expand, making the lamina taut.22,64,66 The correlation of
ALCS position change with BMO area suggests that ante-
rior movement of the lamina expected with scleral expan-
sion is possibly balanced by the posterior movement from
perpendicular IOP forces related to the translaminar pres-
sure difference. The inclusion of precannulation MRW in the
model likely reflects the complex connective tissue frame-
work surrounding axon bundles as they approach and pass
through the lamina,67 adding a structural element to how the
lamina responds to a change in IOP. Histologically, in human
eyes there is no association between CCT and central lamina
thickness.68,69 In contrast, the regression model suggests
that lamina properties may have some association with CCT.
Although the segmentation algorithm used in this study
delineated the posterior surface of the lamina (Fig. 1), the
visibility of this junction was variable, making lamina thick-
ness an unreliable metric.

The circumpapillary RNFL response to transient IOP
elevation was not quantified for the presented study.
However, previous work in healthy NHP eyes has shown
that transient modulation of IOP results in only minimal
change in RNFL thickness compared to measures of the
ONH NRR and prelaminar tissue.24,25,41 We posit that differ-
ences in the adjacent regions may reflect regional anatomy.
Although RGC axon bundles in the circumpapillary nerve
fiber layer are surrounded by Müller glia, axon bundles in the
rim tissue are guided by astrocytic channels.67 In addition
to the Müller glia and inner limiting membrane providing
added tensile strength,70,71 the fiber orientation in the two
regions is different.72 Both these factors could explain the
significant differences in the magnitude of nerve fiber layer
tissue change in these adjacent regions. Furthermore, these
differences could contribute to the proposed hypothesis that
axons are compressed, stretched, and possibly damaged at
the rim margin.11,67

In our initial studies on the NRR response of healthy
eyes to mild and moderate transient increases in IOP, none
of the ONH response metrics were found to be associated
with precannulation ONH features.32 However, these studies
were limited to data from eight subjects, which adequately
described the prolonged change of the MRW but were not
powered to determine the complex associations with base-
line morphology. In this expanded study with 21 subjects,

we limited the IOP challenge to a maximum of 25 mm Hg,
because it corresponds to the average IOP in this experi-
mental model. At this 25 mm Hg pressure, the maximum
change of the MRW was found to be greatest in eyes with
a larger precannulation MRW, smaller precannulation BMO
positions and more posterior ALCS positions. Although the
precannulation BMO and ALCS positions are not correlated,
they possibly reflect the normal stresses and strains on the
neural and connective tissues.

For the 10 mm Hg “recovery” segment of the pressure
challenge experiments, the NRR increased but did not return
to baseline in the two-hour observation period, consis-
tent with previous studies.32,41 However, at subsequent scan
sessions, all ONH parameters had recovered to precannula-
tion values, suggesting that the transient elevation of pres-
sure did not have long-lasting effects on the ONH. In contrast
to the 25 mm Hg segment, even with the expanded sample
size, the recovery of the NRR at 10 mmHgwas not associated
with any precannulation ONH metric. This suggests that the
NRR tissue properties by itself is the primary determinant
for 10 mm Hg segment increase in thickness.

Experimental Glaucoma

For the longitudinal study in subjects with experimental
glaucoma, ONH metrics changed before circumpapillary
RNFL thinning (Fig. 7C), which is consistent with previ-
ous reports using this model.10,12,73–75 Based on the find-
ings from the baseline cannulation experiments, it is prob-
able that the early NRR changes are a reflection of elevated
IOP and don’t accurately represent a loss of RGC axons.
To minimize the effects of high IOP on ONH structure,
pressure-lowering drops were instilled in experimental eyes
with high IOP at imaging sessions. Given that most imag-
ing sessions lasted about an hour and the experimental eye
was imaged second, the return of tissues, including the NRR,
was expected to be stable at the time of imaging, assum-
ing similar time constants to our pre-glaucoma cannulation
experiments. However, from these pressure challenge exper-
iments, the NRR tissue is known to have residual thinning,
which cannot be accurately estimated (see Fig. 3). Similarly,
we expect that with chronic pressure lowering, eyes with
experimental glaucoma would have larger NRR measures at
follow-up, as is seen in postsurgical glaucoma patients.76–79

Although there can be significant variability in IOP after
lasering of the trabecular meshwork and induction of experi-
mental glaucoma, the average IOP in the experimental group
was similar to the pressure challenge setting of 25 mm Hg
at baseline. For healthy NHP eyes, the MRW thinning using
a pressure challenge of 25 mm Hg could be predicted from
precannulation ONH metrics. However, the extent of MRW
change including the associated time constant for the pre-
glaucoma 25 mm Hg pressure segment was not related to
the loss of MRW and RNFL at 1000 mm Hg · days after
induction of experimental glaucoma. This is consistent with
changes in ONH morphology and tissue remodeling with
disease progression.33,38–40,52,57 These findings also suggest
that the connective tissue remodeling response cannot be
predicted based on the structural measurements quantified
in this study.

In contrast to the 25 mm Hg segment of the pressure
challenge experiment, the MRW return at 10 mm Hg was not
associated with any precannulation ONH metric. However,
this MRW return, determined before induction of experimen-
tal glaucoma, was positively correlated with nerve fiber layer



Neuroretinal Rim and Glaucoma Progression IOVS | May 2023 | Vol. 64 | No. 5 | Article 30 | 10

loss at 1000 mm Hg · days. These findings would suggest
that the tissue properties of the neural tissue alone are asso-
ciated with the risk of axonal loss. These findings are clini-
cally relevant as reversal of ONH morphology has also been
reported following therapeutic intervention in patients with
glaucoma.76–84 However, the significance of these findings
remains unknown. If validated by other studies, our find-
ings would suggest that evaluating both acute and short-
term changes of the NRR, to determine maximum return and
residual NRR metrics, could contribute to disease progres-
sion risk assessment.

Connective tissue remodeling39,40,57 with chronic
elevated IOP has been demonstrated as hypercompliance
of the lamina to pressure change in early disease,17,26,85–87

changes in lamina thickness,52 and by glaucomatous eyes
having stiffer scleras.34,54 We posit that remodeling of the
sclera, in the current study, is reflected in axial elongation.
Up to a cumulative pressure of 1000 mm Hg · days, exper-
imental eyes lengthened but by varying degrees. Although
there were modest changes in the anterior chamber depth,
the majority of lengthening could be accounted for by the
vitreous chamber. Furthermore, one of the major findings
of this work is that eyes with greater axial elongation had
more significant thinning of both the MRW and the RNFL.
Connective tissue properties with remodeling are known
to change with total pressure exposure, likely reflecting
susceptibility to IOP.88,89 It is also plausible that axial elon-
gation stretches axons, making them more susceptible to
damage.90 We hypothesize that the combination of connec-
tive tissue remodeling and stretch on the axons are additive.
Because each of the animals in this study was emmetropic
before cannulation, it could not be determined whether eyes
with significant refractive error would respond similarly.
The findings on axial length could be clinically relevant
because changes in eye length have been noted after IOP
reduction91–93; however, their clinical relevance on disease
progression is unknown.

Limitations

In the present study, age was not associated with any of
the cannulated metrics or disease progression. Although
subjects for this study were all mature adults, they were
relatively young and with a narrow age range. Because the
biomechanics of the optic nerve head and properties of the
sclera are related to age,31,94,95 it is likely that the correla-
tions with the cannulated studies would reflect these if older
animals were included in the study. Similarly, it is anticipated
that the axial elongation observed with disease progression
would be age dependent.

This study has several additional limitations. Although
many of the correlations were significant, our sample size
was relatively small. Although the pressure transducer used
was calibrated, resistance of the tubing and needle were not
accounted for. Hence, it is possible that there is a lag in pres-
sure change when pressure is modulated. Because structural
changes were observed over extended periods of time, we
expect this effect would have minimal impact on the expo-
nential fits. A strength of this work was the use of a neural
network-based algorithm for image segmentation. Although
this added objectivity, errors in segmentation had to be
manually corrected, and several features including the scle-
ral canal opening, lamina thickness, and three-dimensional
shape of the BMO were not assessed. Furthermore, the BMO
position should ideally be referenced to the choroid/sclera

junction.41,96 Although this junction was visible in most of
our subjects, variability in pigmentation prevented the accu-
rate identification of this junction for several animals. For
the experimental glaucoma model, the IOP response to laser
scarring of the trabecular meshwork can be highly vari-
able. Although all attempts were made to minimize pres-
sure spikes after lasering, these cannot be accounted for.
Optimally, anterior chamber pressure would be monitored
continuously,97 and OCT-based structural measures would
be acquired at more frequent intervals to better character-
ize IOP-associated structural changes. It is possible that a
portion of the observed axial elongation could be a result
of choroid thinning. Although sub-macula choroid thickness
was not monitored, changes in peripapillary choroid thick-
ness were not significantly reduced at 1000 mm Hg · days
(−2.6 ± 14.6 μm, P = 0.5, Supplementary Fig. S1). Last,
this study did not consider factors of vasculature or cere-
brospinal fluid pressure,98–101 both of which have been asso-
ciated with glaucoma pathophysiology.

CONCLUSION

In conclusion, this study shows that the NRR response to
transient pressure elevation in healthy NHP eyes is related
to ONH features, including the peripapillary tissue. Although
the NRR return in the cannulation experiment was not asso-
ciated with any baseline ONH metric, eyes with a greater
return at baseline had a more significant loss of MRW and
RNFL at 1000 mm Hg · days of experimental glaucoma.
Furthermore, the loss of MRW and RNFL in NHP experimen-
tal glaucoma, was related to the increase in axial length.
These data support the idea that NRR properties, axonal
stretch, and connective tissue remodeling are important
factors in glaucoma progression.
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