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Purpose:Scleral stiffeningmayprotect against glaucomatous retinal ganglion cell (RGC)
loss or dysfunction associated with ocular hypertension. Here, we assess the potential
neuroprotective effects of two treatments designed to stiffen either the entire posterior
sclera or only the sclera adjacent to the peripapillary sclera in an experimental model of
glaucoma.

Methods: Rat sclerae were stiffened in vivo using either genipin (crosslinking the entire
posterior sclera) or a regionally selective photosensitizer, methylene blue (stiffening
only the juxtaperipapillary region surrounding the optic nerve). Ocular hypertension
was induced using magnetic microbeads delivered to the anterior chamber. Morpho-
logical and functional outcomes, including optic nerve axon count and appearance,
retinal thicknessmeasured by optical coherence tomography, optomotor response, and
electroretinography traces, were assessed.

Results: Both local (juxtaperipapillary) and global (whole posterior) scleral stiffening
treatments were successful at increasing scleral stiffness, but neither provided demon-
strable neuroprotection in hypertensive eyes as assessed by RGC axon counts and
appearance, optomotor response, or electroretinography. There was a weak indication
that scleral crosslinking protected against retinal thinning as assessed by optical coher-
ence tomography.

Conclusions: Scleral stiffening was not demonstrated to be neuroprotective in ocular
hypertensive rats. We hypothesize that the absence of benefit may in part be due to
RGC loss associated with the scleral stiffening agents themselves (mild in the case of
genipin, andmoderate in the case ofmethylene blue), negating any potential benefit of
scleral stiffening.

Translational Relevance: The development of scleral stiffening as a neuroprotective
treatment will require the identification of better tolerated stiffening protocols and
further preclinical testing.
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Introduction

Glaucoma is the leading cause of irreversible
blindness, affecting nearly 80 million people world-
wide.1 This optic neuropathy is characterized by loss
of retinal ganglion cell (RGC) axons in the optic
nerve head (ONH), which is a main and early site
of damage.2 Because the only currently modifiable
risk factor for glaucoma is the intraocular pressure
(IOP), all current treatments aim to lower the IOP.3–5
However, such treatments are not always effective, and
medication-based treatments have poor patient compli-
ance.6,7 Therefore, additional treatment approaches are
desired.

An elevated IOP leads to increased biomechani-
cal strain in the ONH, which is thought to promote
RGC damage and loss.8 We and others have proposed
that biomechanical interventions could protect against
this IOP-induced mechanical insult at the ONH,2 with
finite element modelling studies suggesting that scleral
stiffening would have the greatest impact on decreasing
ONH mechanical strains.9,10 Coudrillier et al.11 exper-
imentally verified that local peripapillary scleral stiff-
ening reduced ONH biomechanical strain in ex vivo
porcine eyes.

Kimball et al.12 assessed glaucomatous damage in
mice after stiffening the sclera using glyceraldehyde, a
collagen crosslinking agent. Unexpectedly, scleral stiff-
ening increased rather than decreased glaucomatous
damage. One possible explanation of this result is that
stiffening the entire sclera increased the magnitude of
IOP fluctuations,13 in turn exacerbating RGC axonal
damage.14 This result motivates the development of a
spatially targeted stiffening approach.

To further investigate the neuroprotective poten-
tial of scleral stiffening, we thus considered two differ-
ent stiffening approaches (Supplementary Table S1).
In the first, we selectively stiffened only the juxtaperi-
papillary sclera (adjacent to the peripapillary sclera)
using the photosensitizer methylene blue (MB) in
combination with selective laser illumination of a thin
annulus surrounding the ONH. In this way, we hypoth-
esized that localized juxtaperipapillary stiffening would
prevent glaucomatous damage by decreasing ONH
biomechanical strain without broadly changing the
overall compliance of the globe and thus maintain a
normal ocular pulse amplitude. Our second approach
was to stiffen the entire posterior sclera using a well-
tolerated collagen crosslinking agent, genipin (GP),
which has a promising safety profile15–18 and has
recently been shown to provide sustained scleral stiff-
ening at a much lower concentration than glyceralde-
hyde19,20 while preserving retinal function.21 We assess

the protective effects of these two stiffening paradigms
in a rodent model of ocular hypertension (OHT).

Methods

Study Design

We chose the BrownNorway ratmodel of glaucoma
because it is widely used, demonstrates several of the
clinical hallmarks of glaucoma, and these animals
are docile enough to accurately measure IOP without
the use of anesthesia.22–25 In this study, 86 male,
retired breeder Brown Norway rats (8–10 months
old) were purchased from Charles River Laboratories
(Wilmington, MA). All procedures involving animals
were approved by the Georgia Institute of Technol-
ogy and the Atlanta VA Healthcare System Institu-
tional Animal Care andUseCommittees, and complied
with the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research.

Rats were divided randomly into three treatment
groups (Fig. 1A) to receive one of three unilateral
treatments: (i) sham, (ii) whole posterior scleral stiffen-
ing, or (iii) juxtaperipapillary scleral stiffening. Within
each animal, the eye receiving treatment was randomly
assigned (left or right). Hanks balanced salt solution
(HBSS) was used as the vehicle for stiffening treatments
and as the sham treatment. In brief, the negative (sham)
control group (HBSS rats, n = 32) received a retrob-
ulbar injection of HBSS (150 μL). The second group
(GP rats, n = 27) received 15 mM GP by retrobul-
bar injection (150 μL) to induce chemical crosslinking
of the whole posterior sclera. The third group (MB
rats, n = 27) received 3 mM MB by retrobulbar injec-
tion (100 μL), followed by targeted transpupillary light
delivery to photocrosslink the juxtaperipapillary sclera.
Previously published studies19–21,26 have evaluated the
toxicity and efficacy of these stiffening treatments. For
the MB-treated eyes, light was targeted to an annular
region of 1 mm inner diameter and 2 mm outer diame-
ter, equating approximately to subtended half-angles
of 4.5° (inner edge) and 9° (outer edge), assuming an
axial length of 6.5 mm.27 This corresponds approxi-
mately with the peripheral sclera region of Fazio et al.28
and a mix of regions R1 and R2 of Cone-Kimball et
al.29 Here, we call this the “juxtaperipapillary sclera.”
More details of this photocrosslinking procedure are
described in the Supplementary Material (Supplemen-
tary Fig. S2).

Seven days after scleral stiffening, OHTwas induced
by injection of magnetic microbeads into the anterior
chamber of stiffened eyes (discussed elsewhere in
this article), creating three cohorts of eyes: HBSS
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Figure 1. Experimental design of the study. (A) An overview of the experimental approach, showing scleral crosslinked eyes receiving one
of three treatments by retrobulbar injection: HBSS (sham vehicle), GP, or MB. Those in the MB group also received 30 minutes of localized
red light (660 nm) to selectively stiffen the juxtaperipapillary (but not peripheral) sclera. (B) Timeline of experiments. Seven days after scleral
stiffening treatment, the treated (“experimental”) eye received a microbead injection to induce OHT. Taking the date of OHT induction as
day 0, rats were sacrificed at day 14. (C) Timing of experiments. IOP measurements were taken at days –7, 0, 1, 3, 4, 7, 10, and 14. OMR
measurements were taken at days 0, 7, and 14. ERGmeasurements were taken at days –7, 7, and 14, and OCT images were acquired at days
–7 and 14. DIC and axon countmeasurements were taken by collecting the sclerae and optic nerves on day 14 immediately after euthanasia.

hypertensive experimental eyes in HBSS rats, GP
hypertensive experimental eyes in GP rats, and MB
hypertensive experimental eyes in MB rats (Fig. 1B).
Contralateral eyes received no injections and there-
fore served as normotensive controls for each animal
(HBSS normotensive control eyes, GP normotensive
control eyes, and MB normotensive control eyes).
The rationale for this unpaired experimental design is
described in the Supplementary Material (Supplemen-
tary Table S2, Supplementary Fig. S1). We considered
multiple outcome measures: IOP, electroretinography
(ERG), optomotor response (OMR), optical coher-
ence tomography (OCT) imaging of the retina, optic
nerve axon counts, ocular globe size measurements,
and scleral stiffness (biomechanical measurements).
The total numbers of eyes analyzed for each outcome
measure are reported in Supplementary Table S3.

Microbead Model of Glaucoma

The magnetic microbead model of glaucoma30,31
was used to induce unilateral OHT in eyes desig-
nated as hypertensive experimental. All microbead
injections occurred at day 0, which was seven days
after scleral crosslinking (Fig. 1B). Rats were eutha-
nized 14 days after induction of OHT. A 25 μL
volume of 2 μm and 6 μm (1:1) magnetic polystyrene
microbeads (micromer-M, Micromod, Rostock,
Germany) suspended in HBSS was used for microbead
injections, as described fully in the Supplementary
Material.

IOP Measurements and IOP Burden
Calculation

IOP measurements were taken in awake rats using
a tonometer (Icare TONOLAB, Vantaa, Finland) at
baseline and days 0, 1, 3, 5, 7, 10, and 14 after
microbead injection (Fig. 1C). If the experimental
(injected) eye did not demonstrate at least 1 day of
OHT, defined as an IOP elevation of more than 5 mm
Hg compared with the contralateral control eye within
7 days of injection, the eye was considered to be a
nonresponder and was then reinjected with 15 μL of
microbead solution on day 7 (n = 12 of 74 total rats).
Rats for which IOP elevation failed 7 days after reinjec-
tion were removed from the study (n = 3); therefore,
no rat was reinjected with microbeads more than once.
From IOP measurements we also calculated an IOP
burden, which provides an estimate of the total IOP
insult to the hypertensive eye. IOP burden is sometimes
referred to as the cumulative IOP difference,32 IOP
exposure,33 or positive integral IOP.34 We defined IOP
burden as the area between the OHT and normotensive
eyes on the IOP versus time plot (see Supplementary
Material).

Assessment of Retinal and Visual Function:
ERG and OMR

Dark-adapted ERGs were used to assess inner
and outer retinal neuronal function (see Supplemen-
tary Materials). ERG measurements were taken at
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baseline (before the crosslinking procedure), and at 7
and 14 days after microbead injection (Fig. 1C). We
analyzed amplitudes of the positive scotopic thresh-
old and negative scotopic threshold signals at –6.0 log
cd s/m2, the b-wave at –3.0 log cd s/m2 (b-wave), and
the third oscillatory potential (OP3) at 2.1 log cd s/m2,
because these amplitudes have been shown to be signif-
icantly decreased in rodent models of glaucoma.35–39

Visual function was assessed via quantitative analy-
sis of OMR thresholds of spatial frequency and
contrast sensitivity (CS) (see Supplementary Materi-
als, OptoMotry; Cerebral-Mechanics, Lethbridge, AB,
Canada). The OMR was measured at baseline (before
crosslinking treatment), day 0 (7 days after crosslinking
procedure, but before microbead injection that day),
day 7, and day 14 (Fig. 1C), following a protocol similar
to that of Prusky et al. and Douglas et al.40,41

ERG-based Ischemic Damage Exclusion
Criteria

Rats with likely ischemic damage to the retina were
excluded from analysis using an ERG-based (and not
IOP-based) exclusion criterion.42,43 In brief, exclusion
was based on the b-wave amplitude from the bright-
est flash (2.1 log cd s/m2) ERG at day 14, because
bipolar cell function (which drives b-wave amplitude)
is known to be sensitive to ischemic damage at bright
scotopic flashes.44,45 The 99.5% confidence interval of
the b-wave amplitude was computed for all normoten-
sive control eyes (n = 74). If the b-wave amplitude of
the hypertensive experimental eye lay below this 99.5%
confidence interval, that rat was excluded from analysis.
Of the 74 rats analyzed, 14 rats were excluded by this
criterion, leaving 60 rats included in the final analysis
(Supplementary Table S3).

Assessment of RGCs: OCT and Axon Counts

A spectral domain OCT system (Bioptigen 4300,
Leica Microsystems, Buffalo Grove, IL) was used to
measure total retinal thickness (TRT) and to qualita-
tively assess retinal morphology in the posterior eye at
baseline (day –7, before retrobulbar injection) and day
14 (Fig. 1C) in a similar manner to method previously
reported.46 TRTwasmeasured at locations 0.5mmand
1.2 mm from the center of the ONH (see Supplemen-
tary Material).

Immediately after euthanasia via CO2 overdose at
day 14 (Fig. 1C), optic nerves were dissected from
enucleated eyes and prepared for histology (see Supple-
mentary Material). Normal-appearing RGC axons
were counted automatically from histological cross-
sections of the entire optic nerve using AxoNet, a fully

convolutional neural network previously developed in
our laboratory.47,48 Histological images of the optic
nerves were also graded by six trained graders using an
existing semiquantitative grading scheme.49,50 All six
trained graders individually assigned a score ranging
from 1 (healthy) to 5 (extremely damaged) to each optic
nerve image and these scores were then averaged to
obtain a single grade for each nerve.

We did not undertake RGC counts in addition to
axon counts for several reasons. First, we judged it
very important to measure scleral stiffness at the end
of the experiment, and were concerned that removal
of the retina could have affected our scleral DIC stiff-
ness measurements. Second, counting of retinal RGC
soma can miss axonal loss due to the Wallerian nature
of axon die-back in glaucoma, in which soma can
transiently persist after axonal loss. Considering the
rapid time course of our glaucoma model, this was a
significant concern.

Assessment of Eye Size

Upon enucleation, excess tissue was removed with
micro scissors, leaving the globe intact with optic nerve.
Eyes were then placed superior quadrant upwards with
the optical axis parallel to the imaging surface, and
an iPhone 8 (Apple Inc, Cupertino, CA) camera was
used to image from above. Axial length (defined here
as anterior corneal surface to scleral canal), equato-
rial width (widest nasal–temporal width), and anterior
chamber depth (anterior corneal surface to limbus
along optical axis) were determined using ImageJ
software51 calibrated with a reference scale object in all
images.

Whole Globe Inflation Testing

After trimming the optic nerve for RGC axon
counting, eyes underwent whole globe inflation testing
as previously described20 to verify scleral stiffen-
ing at day 14 (Fig. 1C). The dura was left intact
during inflation testing to avoid leakage of fluid
from the scleral canal. Therefore, we could not
measure strains in the scleral region that was optically
obstructed by the dura and blood vessels, and reported
strains are from regions with optical access during
DIC (digital image correlation) measurements. Several
modifications to the previously published method were
made to adapt to the altered mechanical proper-
ties of microbead-injected eyes (see Supplementary
Material).

We also considered characterizing scleral stiffness by
atomic force microscopy (AFM), but ultimately chose
not to for several reasons. First, AFM gives very local
measurements and thus requires thatmany locations be
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interrogated to obtain a measure of overall scleral stiff-
ness. Second, andmore important, AFMapplies a local
through-plane compressive load to sclera, which is not
the main mode of loading due to ocular hypertension.
This is in distinction to our inflation tests, which inter-
rogated a mode of loading which is highly relevant to
the hypertensive eye.

Data Analysis

Datawere analyzed usingGraphPad Prism software
(GraphPad Prism Software 8.2.1, San Diego, CA) and
R (RCore Team, 2020) 3.6.3 software, and all datawere
graphed using GraphPad Prism. Analysis of IOP was
performed using a repeated measures two-way analy-
sis of variance (ANOVA) (fixed factors: time, treat-
ment group; random factor: rat ID) with Tukey post
hoc tests for changes in IOP over time and one-way
ANOVA for differences in IOP burden between treat-
ment groups using GraphPad Prism. Scleral strain was
assessed using a two-way repeated measures ANOVA
(fixed factors: treatment group, strain location; random
factor: rat ID) and post hoc comparisons were alpha
corrected using the multivariate t method in R. Full
statistical analyses are presented in detail in Supple-
mentary Material.

Results

Mechanical Testing Confirmed That
Crosslinking Increased Scleral Stiffness

Stiffening of the entire posterior sclera byGP and of
just the juxtaperipapillary sclera by MB was success-
ful, as confirmed by whole globe inflation of enucle-
ated eyes 14 days after induction of OHT (Fig. 2).
We observed a differential effect on scleral stiffening
depending on the type of treatment and measurement
location, that is, there was a significant interaction
effect between the treatment and the location, 2-way
repeated measures ANOVA, F(5,105.91) = 9.6382, P
< 0.0001. Specifically, mean scleral strain was two-
to three-fold lower (i.e., stiffness was greater) in both
the peripheral and juxtaperipapillary scleral regions in
GP eyes compared with the corresponding regions in
HBSS eyes (Fig. 2B) (P < 0.0001 for both), indicating
successful whole posterior scleral crosslinking. There
was no significant difference in scleral strains between
the peripheral and juxtaperipapillary regions within
GP eyes (P = 0.6809).

In MB eyes, juxtaperipapillary scleral strain was
approximately three-fold lower than in HBSS-treated
eyes (Fig. 2B) (P < 0.0001), whereas peripheral strains

did not differ significantly between HBSS andMB eyes
(P = 0.5316), indicating targeted crosslinking of the
juxtaperipapillary sclera. Furthermore, MB eyes had
significantly reduced strain in the juxtaperipapillary
region compared with the peripheral region within the
same MB eye (Fig. 2B, P = 0.0002), further indicating
successfully targeted stiffening. We conclude that both
GP and MB were efficacious in stiffening the sclera for
at least 2 weeks, and that targeted juxtaperipapillary
scleral stiffening with photoactivated MB is feasible.

Microbead Injection Successfully Increased
IOP and Led to Increased Globe Size

Microbead treatment at day 0 produced an IOP
elevation with an initial rapid rise peaking at day 3,
followed by a gradual decrease until sacrifice at day
14 (Fig. 2D). At all time points after microbead injec-
tion, the mean IOP in microbead eyes was signifi-
cantly elevated compared with normotensive controls
(Fig. 2D), two-way repeated measures ANOVA, Time
× Treatment: F (30, 684) = 8.716, P < 0.0001,
Tukey post hoc test, except for the GP cohort at
day 14. No significant differences in IOP were found
between microbead treatment groups at any time point
(Fig. 2D) (all P > 0.05). The mean IOP burden also
did not differ between microbead treatment groups
(Fig. 2C), one-way ANOVA, F (2, 57) = 1.629, P =
0.21.

We also observed that hypertensive eyes were signif-
icantly larger than normotensive control eyes for all
three treatment groups, as measured by axial length,
equatorial width, and anterior chamber depth (Fig. 3)
(allP< 0.0001; compare data points from hypertensive
eyes with grey shaded region representing normoten-
sive eyes), consistent with known effects of extended
exposure to elevated IOP.12,32 No significant differences
in eye size were found between GP andMB scleral stiff-
ening treatment groups in hypertensive eyes.

RGC Axons Were Not Preserved by Scleral
Stiffening

As expected, RGC axons were lost owing to OHT,
with greater IOP burdens associated with lower optic
nerve axon counts and poorer axonal appearance
(Supplementary Table S5) (P < 0.0001), and repre-
sentative optic nerve images (Supplementary Fig. S5).
Also as expected, axon counts and nerve grades
were closely correlated with one another (Supple-
mentary Fig. S7) (all P < 0.0001). However, scleral
stiffening by either GP or MB in hypertensive eyes
was not found to significantly preserve RGC axons
(Table, Supplementary Table S6, and Figs. 4A and B).



Spatial Scleral Stiffening and Neuroprotection TVST | May 2022 | Vol. 11 | No. 5 | Article 7 | 6

Figure 2. GP and MB significantly increased scleral stiffness in OHT eyes. (A) Representation of the posterior eye showing the juxtaperi-
papillary sclera, here defined as the region enclosed by a 2-mm diameter circle centered at the ON. The peripheral sclera was defined as
the sclera outside this region. (B) Whole globe inflation testing showed that posterior scleral stiffening with GP and targeted juxtaperipap-
illary sclera stiffening with MB were effective. The reported values are the mean strains over the juxtaperipapillary and peripheral scleral
regions, a quantity that is inversely proportional to scleral stiffness. (C) IOP burden did not differ significantly between treatment groups.
(D) IOP increased after induction of OHT at day 0 in microbead-injected eyes compared with normotensive control eyes. Statistical signifi-
cance is indicated as: *P< 0.05, **P< 0.01, **P< 0.001, and ****P< 0.0001. Data shown as mean± standard deviation. DIC= digital image
correlation.

Consistent with these observations, additional analy-
sis of axonal density (axons/area) and optic nerve
cross-sectional area (Supplementary Fig. S6) showed
a significant decrease in axonal density with increased
IOP burden in hypertensive eyes vs. normotensive eyes,
but revealed no significant protective effect of scleral
stiffening in hypertensive eyes (Table, Supplementary
Table S6, and Supplementary Fig. S4) (P < 0.0001).
These results reveal that both juxtaperipapillary (MB)
and whole posterior (GP) stiffening treatments did
not protect against RGC axonal loss, but also did not
increase RGC axonal loss when compared with sham
treated eyes. Importantly, in prior studies (Gerberich
et al.26; Hannon et al.21), we observed axonal loss

owing to scleral stiffening alone, with mean RGC axon
counts of 74,000, 68,000, and 46,000 for HBSS-, GP-,
andMB-treated eyes, respectively; we discuss the impli-
cations of this previous finding elsewhere in this article.

Retinal Thickness Measurements Were
Inconclusive Regarding a Protective Effect of
Scleral Stiffening

RGC axonal loss can decrease TRT. We used
OCT to measure TRT at two locations (0.5 mm and
1.2 mm from the ONH) (Figs. 4C and D). However,
at 0.5 mm from the ONH we did not observe a
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Figure 3. OHT-induced globe enlargement. (A) Anterior chamber depth, (B) equatorial width, and (C) axial length were quantified versus
IOP burden. It is interesting and perhaps unexpected that crosslinked eyes showed axial elongation (Fig. 3C); we speculate that this was due
to corneal remodeling and perhaps some scleral remodeling in cross-linked sclerae. In this and subsequent graphs, the left side shows a plot
of the outcomemeasure versus IOP burden at day 14, with rawdata and linear regressions for each scleral stiffening treatment group shown.
Dashed horizontal lines and grey bands represent themean values and corresponding standard deviations fromnormotensive control eyes.
The dashed red vertical line shows themean IOP burden as reported in Supplementary Table S3. The right shows data corrected to thismean
IOP burden by the statistical analysis. Statistical significance is judged by differences at the mean IOP burden as reported in Supplementary
Table S3. Significance of slopes and comparisons with each group are listed in Supplementary Table S4. Data shown as mean ± standard
deviation. Ctrl = control; Exp = experimental; ns = not significant.

Table. Adjusted Means and Simple Comparisons for Each Parameter Measured From Rat Microbead Study

Significant P-values are colored in green; highly significant (P < 0.0001) P-values are bolded.
aNormotensive eye values are at baseline timepoint, and not at day 7 or 14. AU = arbitrary units. pSTR = positive scotopic

threshold; nSTR = negative scotopic threshold.

significant protective effect of scleral stiffening when
examining TRT. Specifically, TRT was not significantly
different between GP and HBSS hypertensive eyes
(Table, Supplementary Table S6, and Fig. 4C), and was
decreased in MB eyes compared with HBSS eyes (P
= 0.027) (Table) and GP eyes (P = 0.0002) (Table).
TRT at 0.5 mm from the ONH was significantly less
in hypertensive experimental eyes for both HBSS (P =
0.0098) and MB (P < 0.0001) cohorts compared with

their respective normotensive controls, but not for GP
eyes (Table, Fig. 4C).

At 1.2 mm from the ONH, hypertensive HBSS eyes
showed significantly decreased TRT compared with
GP eyes (Table and Supplementary Table S6) mean ±
standard error, 0.181 ± 0.00244 mm vs. 0.192 ± 0.0025
mm; P = 0.0116), potentially indicating a protective
effect of GP against retinal changes (Fig. 4C); however,
no significant differences were observed in this measure
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Figure 4. The number of RGCs and TRT did not demonstrably benefit from scleral stiffening treatments. (A) Whole nerve axon counts for
hypertensive experimental eyes. (B) Nerve gradings (on a scale of 1 to 5; 1 being a healthy nerve and 5 being a highly damaged nerve)
for hypertensive experimental ONs. Both analyses reported in (A) and (B) showed no significant protective effects of crosslinking. (C) TRT
measured 0.5 mm from the ONH versus IOP burden. Retinal thickness in hypertensive GP eyes was not different than in GP normotensive
controls, while thickness in hypertensive HBSS eyes was significantly less than in HBSS normotensive controls. Thickness in hypertensiveMB
eyeswas less than in hypertensiveGP andHBSS eyes (* indicates P= 0.027, *** indicates P= 0.0002). (D) TRTmeasured 1.2mm from theONH.
Thicknesses in both GP- and MB-treated hypertensive eyes were not significantly different from their respective normotensive contralateral
control eye thicknesses, whereas thickness in hypertensive HBSS-treated eyes was significantly less than in HBSS normotensive control eyes.
Thickness in hypertensive GP eyes was significantly greater than in hypertensive HBSS-treated eyes (*P = 0.01). Significance of slopes and
comparisons with each group are listed in Supplementary Table S4. See legend for Fig. 3 for interpretation of graphs. ns = not significant.
Data shown as mean ± standard deviation.

of TRT between hypertensive GP eyes and MB eyes
or between hypertensive MB eyes and HBSS eyes. As
expected, TRT was significantly lower in hypertensive
HBSS eyes when compared with their normotensive
controls (Table and Supplementary Table S6) (mean ±
standard error, 0.181± 0.00244mm vs 0.193± 0.00232
mm; P < 0.0001); interestingly, such a difference was
not noted between hypertensive and normotensive
eyes for GP- or MB-treated eyes. Representative OCT
images shown in Supplementary Fig. S4 reveal minor
qualitative differences between treatment groups aswell
as indications of characteristic glaucomatous cupping
at higher IOP burdens.

Examination of slopes in Figs. 4C and D (Supple-
mentary Table S4) suggest a trend (not reaching statis-
tical significance) of less dependence of TRT on IOP
burden after scleral stiffening both at 0.5 mm from the
ONH (GP: P = 0.559; MB: P = 0.769) and 1.2 mm
from the ONH (GP: P = 0.986; MB: P = 0.872),
whereas there is a significant slope in HBSS hyperten-
sive eyes at both 0.5 mm (P= 0.0141) and 1.2 mm (P=
0.0039) from the ONH. These results indicate a slight
preservation of TRT in GP-treated hypertensive eyes.

Visual Outcomes and RGC Function Were Not
Preserved by Scleral Stiffening

In addition to structural measures, we assessed
visual function by OMR and ERG. The mean values
of CS and spatial frequency thresholds measured by
OMR were significantly decreased at days 7 and 14 in
hypertensive experimental eyes when compared with
their baseline values for all three treatment groups
(Table) (P < 0.0001). The mean values for each at both
time points were not found to differ between treatment
groups in hypertensive eyes (Fig. 5, Table) (P > 0.05).
Both measures of visual function were found to vary
with the degree of IOP burden (Supplementary Table
S5) (P < 0.0001); however, for CS, this relationship
varied depending on the scleral stiffening treatment
(Supplementary Table S5) (P = 0.011). Comparisons
of slopes (outcome measures vs. IOP burden) showed
that CS of theMB group did not vary with IOP burden
(P = 0.99).

ERG measurements showed no significant differ-
ences in the mean positive scotopic threshold, negative
scotopic threshold, b-wave, or OP amplitudes between
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Figure 5. Visual function was unchanged by scleral stiffening treatment. (A) Spatial frequency thresholds and (B) CS thresholds at days 7
and 14 for hypertensive experimental eyes. All plotted quantities are corrected to themean IOP burden at either day 7 or 14, as appropriate,
as described in Fig. 3. In this figure, the dashed lines and grey bands represent mean values and their corresponding standard deviations
from baseline hypertensive experimental eyes (owing to hyperacuity of control eyes, Supplementary Fig. S3). Significance of comparisons
are listed in Supplementary Table S4. ns = not significant. Data shown as mean ± standard deviation.

any treatment group in hypertensive eyes at day 7 or
day 14 after OHT induction (Table, Supplementary
Table S6, and Fig. 6). Significant decreases in these
outcomes were observed in hypertensive experimental
eyes compared with normotensive control eyes for all
three treatment groups (Table) (P < 0.01). The positive

scotopic threshold, b-wave, and OP3 amplitudes were
significantly affected by IOP burden (Supplementary
Table S5) (P < 0.01). The slope of these relation-
ships (outcome measure vs. IOP burden) varied with
treatment in the case of b-wave (bead:treatment:IOP
burden) (P = 0.0221) and OP3 (P = 0.0461). The

Figure 6. Retinal function is diminished in eyes with OHT and unaltered by scleral stiffening treatments. ERG functional outcomes at days
7 and 14 post-microbead injection for positive scotopic threshold (A) and negative scotopic threshold (B) were measured at –6.0 log cd
s/m2, b-wave (C) was measured at a dim flash of –3.0 log cd s/m2, and OP3 (D) was measured at a bright flash of 2.1 log cd s/m2. Dashed
line represents mean values from normotensive controls and their corresponding standard deviations (grey band). Refer to caption of Fig. 5
for further interpretation of graphs. Significance of comparisons are listed in Supplementary Table S4. Data shown as mean ± standard
deviation. ns = not significant.
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Figure 7. Overview of outcome measured for each scleral stiffening treatment group. Outcome measures in hypertensive rat eyes were
organized intomechanical,morphological, and functional categories for each crosslinking treatment, and cross-correlationswere evaluated.
The plotted quantity is Pearson’s correlation coefficient (r), a measure of the strength of association. Mechanical parameters included IOP
burden, scleral strain, and eye dimensions. Morphological parameters include optic nerve cross-sectional area, axon count/density, and
retinal thickness. Functional parameters include OMR and ERG data. (A) HBSS hypertensive experimental eye matrix. (B) GP hypertensive
experimental eye matrix. (C) MB hypertensive experimental eye matrix. Statistical significance was calculated for null hypothesis of zero
correlation (*P < 0.05, Bonferroni-corrected level). nSTR = negative scotopic threshold; pSTR = positive scotopic threshold.

MB treated group did not vary significantly with IOP
burden for b-wave and OP3 amplitude (Supplemen-
tary Table S4) (P > 0.05). These results indicate that
neither stiffening treatment was able to significantly
preserve visual or retinal function when compared
with HBSS hypertensive eyes. At the same time, these
results suggest the evaluated stiffening treatments did
not increase functional loss in hypertensive eyes.

Outcome Parameter Correlation Strengths
Differed by Treatment

We determined correlations between the outcome
measures in this study to detect associations between
biomechanical, morphological, and functional
outcomes within HBSS, GP, andMB treatment groups
(Fig. 7). We found that functional and morpholog-
ical outcomes generally correlated negatively with
IOP burden. Further, the strength of the correlation
was ordered GP > HBSS > MB (ranked strongest
to weakest), as judged by the Pearson r magnitude
averaged over all outcome measures (average r for GP
= 0.63; HBSS = 0.46; MB = 0.30).

Discussion

Our goal was to assess the effects of targeted juxta-
peripapillary scleral stiffening and whole posterior
scleral stiffening on glaucomatous outcomes in a

microbead model of OHT in rats. To achieve this
goal, we explicitly chose an unpaired experimental
design, which may be counter-intuitive. However, this
approach was driven by an attempt to maximize statis-
tical power, as discussed at length in the Supplemen-
tal Material. We were successful at selectively stiffen-
ing the juxtaperipapillary sclera alone, as well as the
entire posterior sclera, as confirmed by inflation testing
of whole globes. Further, after induction of OHT,
we observed significant changes in morphological and
functional outcomes in hypertensive eyes compared
with normotensive eyes, as expected (Fig. 7).

However, we did not observe significant neuropro-
tective effects of scleral stiffening on RGC function as
measured by ERG, on visual function as measured by
OMR, or on RGC axonal preservation as measured by
RGC axon counts and optic nerve grading. Somewhat
contrary to these findings, there was a nonsignificant
trend toward the preservation of retinal thickness at 1.2
mm from the ONH in GP-treated eyes compared with
HBSS treated eyes (although not in MB-treated eyes).
This lack of neuroprotection occurred under both
stiffening paradigms, namely juxtaperipapillary scleral
stiffening around the optic nerve head vs. stiffening of
the entire posterior sclera. We tested both approaches
since we expected pan-scleral stiffening to increase the
magnitude of dynamic effects, particularly the magni-
tude of IOP variations due to the ocular pulse13 and
other time-varying features of IOP.52 Such IOP varia-
tions are believed to increase risk of vision loss in
glaucoma53 and thus we hypothesized that targeted
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juxtaperipapillary stiffening would be more neuropro-
tective than pan-scleral stiffening. However, this was
not found to be the case.

In this study we used aged rats, and it is known
that the sclera stiffens with age.54–56 Thus, our choice
to use older animals may have limited any benefi-
cial effect of stiffening the sclera since there was
presumably less “headroom” to do so in older animals.
However, considering that glaucoma is more common
in the elderly, we chose to use older animals since we
considered them more relevant to the clinical target
population. It is also noteworthy that our rate of
RGC axonal loss was rapid compared to the situa-
tion in human glaucoma and some animal models
of ocular hypertension, although it lay within the
range of some studies using rodents.57–59 This suggests
that RGC axons experienced significant biomechanical
insult after induction of ocular hypertension, especially
since we tried to carefully exclude ischemic effects as
described above. It is possible that stiffeningmight have
been more effective if the biomechanical insult was less
aggressive, but this is speculative and would have to be
tested in our model.

Toxicity of Crosslinking Treatments May
Have Contributed to RGC Loss

We have previously evaluated the toxicity of HBSS,
GP, and MB treatments in normotensive rat eyes 4 to
6 weeks after scleral stiffening.21,26,43 In those prior
studies, we observed axonal loss owing to scleral stiff-
ening alone, with mean RGC axon counts of 74,000,
68,000, and 46,000 for HBSS-, GP-, and MB-treated
eyes, respectively.21,26 We also observed deficits in
retinal function as measured by ERG after MB treat-
ment in rats at 6 weeks,26 but did not observe deficits
in retinal function in GP-treated or HBSS-treated eyes
at 4 weeks.21 For the MB photocrosslinking proce-
dure, it was found previously that light alone did
not cause significant morphological changes, and that
such changes were observed only in the presence of
both MB and light.26 This modest RGC axonal loss
owing to GP, and the more significant loss owing
to MB, must be considered when interpreting our
results. Interestingly, despite the previous finding that
the MB photocrosslinking treatment induced more
significant damage than did the GP treatment, in this
study, we did not observe appreciable differences in
axon loss between cohorts at low IOP burdens (i.e.,
where the effect of treatment toxicity would dominate
effect of induced hypertensive damage).21,26 It is possi-
ble there were neuroprotective effects of scleral stiff-
ening that were counteracted by the toxicity of the

stiffening treatment itself. Thus, the development of
alternative scleral stiffening approaches that have less
inherent RGC toxicity would be an important aspect
of future research in this area. Although collateral
crosslinking treatment toxicity may explain the obser-
vations in this study, it is noted that the desired tissue
mechanical changesmay themselves also contributed to
morphological changes and functional deficits as well.
However, it is difficult to disentangle these two possible
factors without further studies.

Variability of the Microbead Model
Complicates Interpretation of These Results

A significant drawback in our study was the highly
variable outcomes in the microbead model of OHT
in Brown Norway rats, specifically interanimal varia-
tion in the time course and magnitude of IOP eleva-
tion, as reflected in the wide range of IOP burdens.
This variation led to significant scatter in our outcome
measures, even when considering IOP burden as a
covariate, and decreased the power to detect differences
between scleral stiffening treatments.

Additionally, the microbead model of OHT caused
rapid, transient pressure elevations, which is not typical
of the IOP history seen in patients with open-angle
glaucoma.30,52,54 Therefore, the biomechanical insult
seen in our study may be more severe than would be
observed clinically. That being said, we excluded eyes
that experienced excessive insult attributed to artifac-
tually high IOP that could cause ischemia, as discussed
in the Supplementary Material and in our prior publi-
cation.42 Furthermore, our 14-day study duration was
far shorter than clinical OHT, and adaptive responses
such as collagen remodeling in the sclera may not have
fully manifested. In summary, future studies should
use OHT models with lower variability and that more
closely mimic the glaucomatous eye in human clini-
cal experience, in which IOP is continuously monitored
and controlled.54,55

The Posterior Sclera Was Successfully
StiffenedWith Both Targeted and
Nontargeted Treatments

Scleral strain measured post mortem with whole
globe inflation tests confirmed successful targeted
juxtaperipapillary scleral stiffening withMBand poste-
rior scleral stiffening with GP (Fig. 2B). Strain, rather
than a direct assessment of crosslinking, was assessed
in this study as a functional outcome, motivated by a
previous study showing a decrease in strain in the optic
nerve region with scleral stiffening.11 Additionally,
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practical limitations in the ability to quantify crosslink-
ing simultaneously with this functional outcome
informed the selection of strain as the mechanical
measurement of choice.

We observed increasing strain values (decreased
stiffness) with increasing IOP burden in HBSS eyes,
indicating weakening of the sclera under hyperten-
sive conditions in this study (Supplementary Fig. S7).
These effects are likely due to the fairly short time
scale of this study, and are consistent with early scleral
remodeling, as shown in a number of studies.56–60 For
example, Burgoyne et al.61 showed early scleral biome-
chanical softening after OHT in nonhuman primates,
and Korneva et al.62 observed a similar effect in the
peripapillary sclera of mice. The observed increase
in hypertensive eye size with increased IOP burden
(Fig. 4) is also indicative of early scleral remodeling.
This increase in globe size differs from the case of
human adult glaucoma, where an elevated IOP is not
known to lead to ocular enlargement. However, other
rodent models of OHT have observed similar findings
of OHT-induced globe enlargement.12,32

In addition to quantification of strain, strain maps
were qualitatively assessed to detect whether there were
significant differences between quadrants. No differ-
ences by quadrant were observed. All quadrants were,
therefore, averaged to produce a less noisy overall strain
measurement in the juxtaperipapillary and periph-
eral regions. A limitation of our strain measure-
ment technique is that it only interrogated the outer
scleral surface and therefore cannot explicitly deter-
mine through scleral stiffening effects. Thus, an implicit
assumption is that the superficial layer’s mechanical
properties would reflect those of the underlying layers;
we feel that this assumption is reasonable since the
scleral displacement measured by DIC will depend on
all scleral layers. Another possible limitation of the
whole globe inflation testing method is the use of
mineral oil as a pressurizing fluid. Theoretically, the use
of oil rather than buffer solution could alter the acute
hydration state of the tissue, thus affecting the strain
measurements. However, all eyes underwent the same
inflation testing procedure using mineral oil, and thus
we expect that strain differences between treatments
could be detected reliably. Finally, we did not assess
whether stiffening changed over the 14 day course of
our study. However, in a previous study considering
genipin-induced stiffening,20 scleral stiffening at 1 day
post-genipin was similar that seen at 28 days. In that
paper, the average reduction in scleral strain was 58.6%,
which may be compared to a similar computation in
the present work (based on data in Supplemental Table
S6), giving a strain reduction in the juxtaperipapil-
lary region of 63% for GP eyes and 62% for MB eyes.
These comparable values at 3 time points suggest that

scleral stiffening was relatively sustained over the entire
duration of the present study.

Other investigators have considered noncrosslink-
ing mechanisms to modulate scleral properties as a
neuroprotective strategy. Quigley et al.63 showed that
the angiotensin II receptor blocker, losartan, affected
scleral remodeling and was neuroprotective in a mouse
model of glaucoma. Later, Hazlewood et al.64 obtained
a similar result using a different receptor blocker.
The mechanisms of these blockers are undoubtedly
complex, but may bemediated through the modulation
of scleral properties. It is conceivable that suchmodula-
tion must be sustained over time to confer neuropro-
tection, rather than a one-time cross-linking treatment.
However, we note that scleral stiffening wasmaintained
throughout the duration of our study, so this putative
explanation requires further investigation.

Comparison of Structural and Functional
Outcomes

There were no observed differences between
RGC function (ERG) or visual function (OMR)
between HBSS and the two treatment groups (Table).
Functional outcomes are perhaps most relevant to
clinical translation irrespective of morphological
changes.

Previously, it has been shown that axon loss
precedes retinal thinning, which may explain the
relatively large deficit in axon count observed
compared with the more minor retinal thinning in
our study.65 The loss of retinal thickness in MB eyes
at 0.5 mm distance from the ONH may be due to
hypertension-linked RGC loss and to localized toxicity
of the photocrosslinking procedure. Recall that the
region 0.5 to 1.0 mm from the ONH was selectively
targeted for treatment in these eyes, likely inducing
more damage at 0.5 mm than at 1.2 mm.

It should be noted that our OCT measurements
were of TRT because we could not confidently
resolve the retinal nerve fiber layer in our imaging
after microbead injection. However, we suspect our
measurements of TRT at both measurement locations
were likely related to retinal nerve fiber layer thinning,
because we also observed significant loss of RGC
axons (Figs. 4C–F) and RGC function (Figs. 6A–D) in
HBSS hypertensive experimental eyes compared with
normotensive controls. One limitation of this study
was our choice to use two radial b-scans instead of a
circular b-scan as described previously.66 Although our
current protocol did average retinal thickness measure-
ments from all quadrants, having more data points
would have provided more accuracy and should be
implemented in future studies.
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Outcome Parameter Correlation Strengths
Differed by Treatment

Individual correlations between outcome measures
and IOP burden were generally not statistically signif-
icant (Fig. 7). It is useful to measure correlations
between outcome measures and IOP burden to assess
the impact of IOP burden on outcome measures.
Generally, outcome measures decreased with increas-
ing IOP burden (negative correlations). Although
not statistically significant for individual correlations,
we observed strongest Pearson r correlations in GP,
followed by HBSS, followed by MB. These findings
suggest that outcome measures in GP-treated eyes
were most sensitive to IOP burden, whereas those
of the MB eyes were least sensitive. Owing to the
potential for confounding variables in the microbead
model of OHT, we cannot conclude that these associa-
tions reflect differences in treatment effects. However,
they are interesting for the purposes of understand-
ing associations across multiple outcome parameters,
which have been treated more extensively individually
in this study.

Key Differences Exist Between This Study
and a Similar Previous Study

It is of interest to compare our results with those
of the related study of Kimball et al.12 (Supplementary
Table S1). Kimball et al. examined the effect of scleral
stiffening using a different crosslinking agent, glycer-
aldehyde, in OHT mice and found that scleral stiffen-
ing made adverse effects of glaucoma worse, as deter-
mined by RGC axon counts. This contrasts with the
findings of our study, in which scleral stiffening did
not appear to provide neuroprotection, but also did not
show evidence of making glaucomatous damage worse.

There are a number of differences between our study
and the one performed by Kimball et al. First, whereas
Kimball et al. stiffened the sclera throughout the eye
in a nontargeted manner, our approach involved stiff-
ening designed to target just the posterior sclera (with
a retrobulbar injection of GP into the muscle cone20)
or, even more focused, just the juxtaperipapillary sclera
(with photocrosslinked MB). Additionally, Kimball
et al. observed an 18% axon loss in their control
microbead group, whereas we observed a greater degree
of axon loss in our HBSS control animals (55%).
We believe the degree of axon loss observed in the
current study should be sufficient to resolve any neuro-
protective effects of stiffening. Further, Kimball et
al. stiffened the sclera using glyceraldehyde in 100
mM sodium phosphate (Na3PO4), the latter having an
osmolarity of 400 mOsm.12 After addition of 500 mM
glyceraldehyde, the solution’s final osmolarity would

have been 900 mOsm, which exceeds the physiolog-
ical osmolarity of 285 to 295 mOsm.67 With this
finding in mind, we chose to examine two biocompati-
ble stiffening agents with osmolarities within the physi-
ological osmolarity range to reduce potential toxic-
ity. Another difference is that Kimball et al. did not
assess functional outcomes in stiffened OHT eyes. To
provide a more complete characterization, we chose
to include functional outcomes encompassing visual
function (OMR), retinal function (ERG), and retinal
thickness (OCT), thus better clarifying the effects of
scleral stiffening on clinically relevant outcomes. It
is important to note that we did not find increased
functional or morphological damage in whole poste-
rior sclera stiffened hypertensive eyes in any outcome
measure. Yet another difference between our study and
that of Kimball et al. is the use of adult rats (aged 8–10
months), which is older (in terms of lifespan) than the
2-month-oldmice used byKimball et al.12 Age is a well-
established risk factor for glaucomatous optic neuropa-
thy, for example,68 and it would be interesting to repeat
these experiments in younger rats (or older mice).

There Are Notable Limitations in the Present
Study

Before the start of this study, the tonometer was
calibrated in untreated normotensive and hyperten-
sive eyes (see Supplementary Material), but was not
calibrated in HBSS, GP, or MB normotensive eyes. We
previously found no significant differences in tonomet-
ric measurement of IOP when comparing GP, HBSS,
and naïve eyes.21 We did not check this possibility in
MB-treated eyes, but find it unlikely that there would
be an effect on IOP measurement since there was no
effect on IOP in GP-treated eyes.

Our ERG-based exclusion criterion developed by
Hannon et al.42 used one-time ERG measurement to
infer ischemic damage when histological changes were
not apparent. There are retinal ischemia–reperfusion
studies, such as69 that examine retinal histology
after short-term exposure to elevated IOP. However,
typically a longer duration of ischemia is necessary to
obtain histological changes.70 Thus, we chose to evalu-
ate retinal function using an in vivo measurement since
this permitted post-mortem analysis of eyes (in our
case, scleral strain measurements).

A limitation of our experimental approaches is that
tissues other than the sclera could be stiffened due
to “off-target” action of the cross-linker. This was an
unavoidable aspect of our protocol, and we speculate
that such “off-target” stiffening could possibly affect
the walls of retinal and/or choroidal vessels, extraoc-
ular muscles, and/or the optic nerve sheath. Cross-
linking of the optic nerve sheath and/or extraocular
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muscles would likely be more severe in the case of
genipin retrobulbar injection, since the transpupillary
light delivery was more localized and light intensity
attenuation with position would somewhat limit the
posterior extent of any stiffening. On the other hand,
cross-linking of choroidal vessels could be more signif-
icant with the light-activated methylene blue proto-
col, since light intensity would be only slightly atten-
uated at the level of the choroid.26 Sun et al. specif-
ically examined the effects of choroidal vessel wall
cross-linking, observing that it did not affect vascu-
lar flow density in monkeys, as determined by OCT-
angiography.80 This is generally consistent with our
observations: we did not see any changes in retinal
function from stiffening alone,21 which suggests that
any changes to the vasculature due to cross-linking of
the vessel wall did not significantly impact outer retinal
function. Stiffening of the optic nerve sheath could
affect optic nerve head biomechanical loading during
globe rotation,81–84 which of course will depend on
extraocular muscle function. Unfortunately, measure-
ment of globe rotation in rodents requires special-
ized equipment and techniques85,86 and was beyond
the scope of this work, and thus we cannot explic-
itly comment on whether optic nerve sheath stiffen-
ing effects were significant or not in our experiments.
Further careful exploration of such potential “off-
target” effects would be required if this therapy were
to be translated into the clinic.

Another limitation is that we measured total retinal
thickness rather than RNFL thickness in OCT scans
to assess RGC axonal loss. We chose this approach
because limitations in the resolution of our OCT
system and occasional optical aberrations caused by
themicrobeads themselvesmade reliable determination
of RNFL thickness challenging. Total retinal thickness
was a more repeatable measurement, although could
have been affected by non-RNFL changes in the retina.

Finally, we know that the sclera remodels (in a
non-monotonic manner) after induction of ocular
hypertension.70,71 It is possible that scleral stiffening
could interact with this scleral remodeling process in
a complex way. If cross-linking were to considered as
a clinical treatment, further studies of such an inter-
action would be requires since time scales for IOP
elevation and scleral remodeling are typically slower in
human subjects vs. the relatively rapid effects in our rat
model of ocular hypertension.

Conclusions

The treatment of the eye with GP or with MB in
combination with laser exposure effectively increased

scleral stiffness. However, neither targeted juxtaperi-
papillary nor nontargeted posterior scleral stiffen-
ing by these methods preserved morphological and
functional outcomes in an ocular hypertensive rat
model. Although this study did not show neuroprotec-
tive effects of scleral stiffening in the glaucomatous eye,
it did not rule out the possibility that this approach
might still have merit. The interpretation of our results
is hindered by the high variability and other drawbacks
of the microbead model of OHT, as well as evidence of
inherent retinal toxicity of the scleral stiffening treat-
ment. Further research is needed to investigate the
impact of scleral stiffening on glaucomatous damage,
but should be conducted using less toxic scleral stiffen-
ing treatments and a better OHT model.
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