Deformation of the Early Glaucomatous Monkey Optic
Nerve Head Connective Tissue after Acute IOP Elevation
in 3-D Histomorphometric Reconstructions
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Purprosk. To retest the hypothesis that monkey ONH connec-
tive tissues become hypercompliant in early experimental glau-
coma (EEG), by using 3-D histomorphometric reconstructions,
and to expand the characterization of EEG connective tissue
deformation to nine EEG eyes.

MerHODS. Trephinated ONH and peripapillary sclera from both
eyes of nine monkeys that were perfusion fixed, with one
normal eye at IOP 10 mm Hg and the other EEG eye at 10 (n =
3), 30 (n = 3), or 45 (n = 3) mm Hg were serial sectioned, 3-D
reconstructed, 3-D delineated, and quantified with 3-D recon-
struction techniques developed in prior studies by the authors.
Overall, and for each monkey, intereye differences (EEG eye
minus normal eye) for each parameter were calculated and
compared by ANOVA. Hypercompliance in the EEG 30 and 45
eyes was assessed by ANOVA, and deformations in all nine EEG
eyes were separately compared by region without regard for
fixation IOP.

ResuLts. Hypercompliant deformation was not significant in
the overall ANOVA, but was suggested in a subset of EEG 30/45
eyes. EEG eye deformations included posterior laminar defor-
mation, neural canal expansion, lamina cribrosa thickening,
and posterior (outward) bowing of the peripapillary sclera.
Maximum posterior laminar deformation and scleral canal ex-
pansion co-localized to either the inferior nasal or superior
temporal quadrants in the eyes with the least deformation and
involved both quadrants in the eyes achieving the greatest
deformation.

Concrusions. The data suggest that, in monkey EEG, ONH
connective tissue hypercompliance may occur only in a subset
of eyes and that early ONH connective tissue deformation is
maximized in the superior temporal and/or inferior nasal
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In the monkey model of unilateral early experimental glau-
coma (EEG), chronic, laser-induced intraocular pressure
(IOP) elevation is induced in one eye of an animal, whereas the
contralateral eye is maintained as the normal control.'~® Early
glaucomatous damage in the treated eye is defined as the onset
of confocal scanning laser tomography (CSLT)-detected sur-
face change that is not present in the contralateral normal eye.
Monkeys are then perfusion fixed with either both eyes at
manometer-controlled IOPs of 10 mm Hg (EEG 10/10 mon-
keys) or with the normal eye at IOP 10 mm Hg and the EEG eye
at IOP of 30 or 45 mm Hg (EEG 10/30 and 10/45 monkeys).
Postmortem histomorphometric analyses”™'' are then per-
formed in which the differences between the EEG and control
eyes are assumed to be due to fixed or permanent neural and
connective tissue deformation in EEG eyes of the EEG 10/10
animals, or a combination of permanent and acute deformation
in the EEG eyes of the EEG 10/30 and 10/45 animals. We
defined fixed or permanent deformation as deformation that is
not reversible by lowering IOP to 10 mm Hg and is the likely
result of a combination of connective tissue yield or failure and
active connective tissue remodeling. We defined acute defor-
mation as elastic deformation that is reversible by lowering
IOP to 10 mm Hg.

In a previous study,'” we cut 16 immersion-fixed and 18
perfusion-fixed monkey optic nerve heads (ONHSs) into serial
4-pm sagittal histologic sections and measured anterior laminar
position and thickness and scleral canal diameter in digitized
images of every sixth section for a rigorous study of the 2-D
architecture of the lamina cribrosa (LC) and anterior scleral
canal wall in normal and EEG monkey eyes at various levels of
IOP. The principal findings of that report were that permanent
or fixed posterior deformation of the LC, an increase in laminar
thickness, and an enlargement of the anterior scleral canal
opening were present at this stage of EEG damage, and that
these fixed components of damage were accompanied by hy-
percompliant deformation of the LC in the group of EEG eyes
fixed at IOP 30 and 45 mm Hg.

The first goal of the present study was to retest the hypothesis
that the ONH connective tissues are altered by early glaucoma-
tous damage in such a way that they become hypercompliant, by
using our current technique for 3-D histomorphometric recon-
struction,” 113715 which allows the resultant reconstructions to
eventually undergo finite element modeling.'®'” EEG eye hyper-
compliance is important because it suggests that not just the
architecture,” ' but also the material properties'®'® (Girard MJ,
et al. JOVS 2009;50:ARVO E-Abstract 5217) of ONH connective
tissues are altered by chronic exposure to moderate levels of
elevated IOP.
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To retest this hypothesis, we three-dimensionally character-
ized the magnitude of intereye ONH connective tissue differ-
ences in a new group of three EEG 10/10, three EEG 10/30, and
three EEG 10/45 monkeys. To characterize the range of fixed
or permanent deformation in a previous report,'* we com-
pared the differences between the EEG and normal eyes of
each EEG 10/10 monkey to the magnitude of intereye ONH
connective tissue differences in a group of bilaterally normal
monkeys that had been perfusion fixed with both eyes at IOP
10 (N 10/10 animals). To assess for the presence of hypercom-
pliance in the EEG eyes of the EEG 10/30 and 10/45 animals,
we designed the present study to compare the magnitude of
the intereye differences in these animals to the magnitude of
fixed deformation in the EEG 10/10 animals and the intereye
differences in a separate group of bilaterally normal 10/30 and
10/45 animals that were, themselves, the subject of a recent
report.'>

However, because in clinical practice the level of IOP is not
always fixed at IOP 10 mm Hg and pressures of 30 and 45 mm
Hg are well in the range of untreated human®®~*>and monkey
(experimental) glaucoma,”*'%2%27 3 second goal of this study
was to expand our initial 2-D'? and 3-D®~'"'*>"'> characteriza-
tion of early glaucomatous connective tissue deformation to
include the six EEG eyes from the 10/30 and 10/45 animals
from this study without regard for the level of IOP in the EEG
eyes at the time of fixation. The study groups and the abbre-
viations used herein are listed inAppendix Table Al.

MATERIALS AND METHODS
Animals

All animals were treated in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. Nine male adult
EEG monkeys were used for the study (Table 1). The three EEG 10/10
animals have been extensively characterized in a series of reports.” "'
To assess for the presence of hypercompliance in the six EEG 10/30
and 10/45 animals, we compared data from those animals to those of
both the EEG 10/10 animals and a separate group of previously re-
ported bilaterally normal 10/10, 10/30, and 10/45 animals.'®!>

ONH Surface Imaging, Early Glaucoma,
and Cumulative IOP Insult

We have described our CSLT-based ONH surface compliance testing
strategy'>?® using our CSLT parameter mean position of the disc
(MPD). All CSLT imaging in these animals was performed using a
confocal laser scanning tomograph (TopSS; Laser Diagnostics Technol-
ogy [LDT], San Diego, CA). Ten ultrasonic axial length measurements
(Model A1500; Sonomed, Lake Success, NY) were obtained in both
eyes of each animal at the baseline time point of each compliance
test'*?® and before death.

After three to eight baseline testing sessions, one eye of each monkey
was subjected to laser-induced experimental elevation of IOP, and com-
pliance testing of both eyes was repeated at 2-week intervals until the
onset of a qualitative decrease in MPD on two successive postlaser imag-
ing sessions. Topographic change analysis (TCA; HRT 3 system software,
ver. 3.1.2; Heidelberg Engineering, Heidelberg, Germany) was retrospec-
tively performed on the longitudinal LDT data, to generate the TCA maps
before death that are shown in Figure 2.

All EEG monkeys were killed in approximately 1 to 5 weeks of CSLT
detection of ONH surface change (Figs. 1, 2). In the nine EEG eyes, this
occurred after 2 to 18 weeks of moderate IOP elevation (Table 1).
Cumulative IOP exposure was calculated for each EEG eye, as de-
scribed in Figure 1.

Monkey Perfusion Fixation at Prescribed IOP

In monkeys under deep pentobarbital anesthesia, IOP in both eyes was
set to 10 mm Hg by anterior chamber manometer for a minimum of 30
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FIGURE 1. IOP history for both eyes of each animal and the cumula-
tive IOP insult (mm Hg days) for each EEG eye. The cumulative IOP
insult for each EEG eye (green) was calculated as the running differ-
ence between the area under the IOP time curve (red) and that of its
contralateral normal eye (blue) after the start of lasering (black dashed
vertical line). Green circle: final cuamulative IOP in the EEG eyes. These
data are also listed in Table 1. The 95% CIs of the baseline testing
sessions were plotted for the normal eye (blue dashed line) and the
EEG eye. Red arrow: first IOP outside the upper limit of the 95% CI of
the baseline sessions in the EEG eye.

minutes. In the EEG 10/30 and 10/45 monkeys, although the IOP in the
control eye was kept at 10 mm Hg, IOP in the treated EEG eye was then
elevated to 30 or 45 mm Hg for 15 minutes.”'*'* All monkeys were
perfusion fixed via the descending aorta with 1 L of 4% buffered
hypertonic paraformaldehyde solution followed by 6 L of 5% buffered
hypertonic glutaraldehyde solution. After perfusion, IOP was main-
tained for 1 hour, and then each eye was enucleated, all extraocular
tissues were removed, and the intact anterior chamber was excised 2
to 3 mm posterior to the limbus. By gross inspection, perfusion was
excellent in all six eyes of the EEG 10/10 monkeys. However, blood
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was variably present in the retinal vessels, posterior ciliary arteries, and
vortex veins of the six EEG 30/45 eyes. The posterior scleral shell with
intact ONH, choroid, and retina were then placed in 5% glutaraldehyde
solution for storage.

3-D Histomorphometric Reconstruction

Briefly, in each eye, the ONH and peripapillary sclera were trephinated
(6-mm-diameter), pierced with alignment sutures, and embedded in
paraffin.® 111415 The block was then mounted to a microtome and
serial sectioned at 3.0-um thickness from the vitreous surface through
the ONH into the retrolaminar orbital optic nerve. After each section
was taken, the block surface was stained with a 1:1 (vol/vol) mixture
of Ponceau § and acid fuchsin stains, then imaged at a resolution of
2.5 X 2.5 um per pixel. The serial section images for each ONH were
aligned in the anterior-to-posterior direction and stacked into a 3-D
reconstruction of the ONH and peripapillary scleral connective tissue.

IOVS, January 2011, Vol. 52, No. 1

FIGURE 2. CSLT-derived MPD and
TCA data for both eyes of each ani-
mal. Normal eye (blue) and EEG eye
(red) MPD data (in micrometers) are
plotted against time (in days) on the
left. Dashed black vertical line: la-
sering day. The 95% ClIs of the base-
line testing sessions are plotted for
the normal eye (blue dashed line)
and the EEG eye (red dashed line).
The first (red arrow) MPD and the
second (orange arrow) MPD that
were outside the lower limit of the
95% CI of the baseline sessions in the
EEG eye are marked. The last TCA
map of the normal eye (blue border)
and the last TCA map of the EEG eye
(red border) are on the right (in
right-eye configuration) with red pix-
els representing significant retinal
height decrease and green pixels rep-
resenting significant retinal height in-
crease from baseline. It should be
noted that, although these data have
been retrospectively compiled for
each monkey, the decision to kill
each monkey was empiric by neces-
sity, in that the systems to rapidly
process, statistically analyze, and
graph the data for each monkey were
not in place at the time of postlaser
compliance testing of these animals.

3-D Delineation of ONH and Peripapillary
Scleral Landmarks

In each radial section image, the delineator marked seven structures
and six pairs of neural canal landmarks (see Appendix Figs. Al,
A2).°'! Three experienced delineators performed all the marking in
this study. Both eyes of each animal were marked by one of them. The
delineators were not masked to the IOP status of each eye; however,
they were effectively unaware of the IOP status, because the delinea-
tion software did not contain that information. On completion of the
delineation, the marks were checked for accuracy by two experienced
observers (HY, CFB).

Clinical Alignment of 3-D ONH Reconstructions

For each ONH, a reconstruction of the central retinal vessels was used
to clinically co-localize the 3-D reconstruction to a clinical photograph
by using a qualitative match of the ONH and retinal vessels.”1:1415.2%
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Neural Canal Opening Reference Plane
and Quantification

For each 3-D ONH reconstruction (see Appendix Figs. A2, A3), a plane
satisfying a least-squares error restraint was fitted to the 80 NCO
points,®> 11141530 creating a neural canal opening (NCO) reference
plane (see Appendix Fig. A2C).%*° All NCO points were projected onto
the fitted plane, an ellipse was fitted (NCO ellipse), and its centroid
(NCO centroid) was used as the center point for most of the following
measurements: NCO major diameter, NCO minor diameter, NCO area,
neural canal depth and offset, laminar position, laminar thickness,
peripapillary scleral position and thickness, scleral flange thickness,
and post-NCO total prelaminar volume (PNCOTPV).

Statistical Analyses

A factorial analysis of variance (ANOVA) was performed to assess the
effects of region (see Appendix Fig. A3) and treatment (N 10 vs. EEG
10, N10 vs. EEG 30, or N 10 vs. EEG 45) on the following parameters:
neural canal depth and offset, laminar position and thickness, scleral
flange thickness, and peripapillary scleral position and thickness, both
overall and between the eyes of each animal. In this analysis, statisti-
cally significant differences between regions, treatments, and region-
by-treatment interactions were found with an overall significance F-test
followed by #-tests, with P values corrected for multiple compari-
sons.®! In each animal, EPIDmax parameter differences in the EEG eye
were those statistically significant differences that exceeded the max-
imum physiologic intereye difference (PID maximum) in the six bilat-
erally normal monkeys reported elsewhere.%!>

To assess for a treatment effect on axial length, we used a separate
ANOVA to compare the baseline and axial length data before death of
both eyes of each animal, followed by the Tukey honestly significant
difference test between means.

Commercial software (MedCalc Software Bvba, Mariakerke, Bel-
gium) was used to seek correlations between selected features of
the normal eye anatomy that had been shown to be biomechanically
important (Yang H, et al. IOVS 2009;50:ARVO E-Abstract 4890)3%-3%
and a subset of the output parameters that demonstrated the most
consistent change in the nine EEG eyes. Because we were deliberate
in the number of, and logic for, the correlations we explored, we
did not attempt to correct our P value for multiple comparisons
(P < 0.05; Fig. 5).

To assess the magnitude of experiment-wide treatment effects and
hypercompliance in the nine EEG eyes compared with previously
reported normal eye data,'® we performed a repeated-measures
ANOVA, followed by adjusted #tests on the differences of least square
means. The 95% confidence intervals (95% Cls) for differences be-
tween the two groups of eyes in the following treatment groups
were derived from their estimated mean values, as described in
Appendix Table A2: (1) bilaterally normal eye differences, (2) nor-
mal eye compliance, (3) EEG eye permanent deformation, (4) EEG
eye permanent plus EEG acute deformation, and (5) EEG eye com-
pliance.

RESULTS

Descriptive Data

Descriptive data are reported in Table 1 and Figures 1 and 2.
When baseline and measurements obtained just before death
were compared, the overall significant increase (P < 0.0001) in
the axial length occurred in the EEG eyes (axial length imme-
diately before death, 20.78 mm vs. baseline axial length, 20.19
mm), whereas no statistically significant changes in axial length
were noted in the nine contralateral normal eyes. Individually,
small but statistically significant increases in axial length (0.21-
0.44 mm) were noted in five of the nine EEG eyes, whereas
larger significant increases of 0.91 mm (monkey 2) and 1.7 mm
(monkey 9) were noted in two of the EEG eyes.

IOVS, January 2011, Vol. 52, No. 1
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FIGURE 3. The overall data (in micrometers) for the normal (shaded
areas) and EEG (dotted lines) ONH of each monkey as reported in
Table 2. Qualitative differences between the nine normal eyes include
laminar surface curvature (relatively flat, monkeys 2, 3, 5, and 6;
relatively curved, monkeys 4 and 7). Laminar and peripapillary scleral
thickness (relatively thin, monkeys 1 and 5; relatively thick, monkeys 2,
4, 6, 8, and 9); and NCO size and obliqueness (small and less oblique,
monkeys 3 and 4; large and more oblique, monkeys 1, 5, and 7). In the
nine EEG eyes, substantial neural canal expansion was present in four
monkeys (3, 6, 7, and 8). Posterior LC deformation ranged from
minimal (monkey 1) to substantial and was accompanied by minimal to
substantial thickening in all EEG eyes except 1 (monkey 3). Marked
posterior bowing of the peripapillary scleral (leaving it more anterior
to its normal position) was present in six monkeys (2, 3, 5, 6, 7, and 8;
data in monkey 9 were not available).
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Experiment-wide Analysis

Data for experiment-wide treatment effects are reported in
Appendix Table A2. For most parameters, because of the mag-
nitude of fixed deformation present in the EEG 10 eyes, no
additional (or acute) deformation could be detected in the EEG
30/45 eyes.

Range of Deformation in the EEG 10 Compared
with the EEG 30/45 Eyes

To test the hypothesis that a subset of EEG 30/45 eyes would
demonstrate hypercompliance that would not be of a magni-
tude to drive the overall analysis, we recorded the individual
EEG eye data reported in Table 2. The monkey number in this
table (and throughout the study) reflects the least (monkey 1)
through the most (monkey 9) overall connective tissue defor-
mation, as characterized by the volumetric parameter PN-
COTPV (Appendix Fig. A2G). For qualitative comparison, sche-
matic plots of the overall data in Table 2 are presented for each
animal in Figure 3.

The range of permanent deformation in the three EEG 10
eyes is compared to the range of total deformation (permanent
plus acute) in the six EEG 30/45 eyes in Table 3. For most of
the parameters, the maximum deformation in the six EEG
30/45 eyes far exceeded the maximum deformation in the
three EEG 10 eyes. Thus, even if we assume that the maximum
amount of deformation present in the three EEG 10 eyes was
present in every EEG 30/45 eye before acute IOP elevation,
depending on the parameter, we must take into account that at
least two of the EEG 30/45 eyes (monkeys 8 and 9) demon-
strated ONH connective tissue hypercompliance relative to the
experiment-wide estimates of normal compliance reported in

TABLE 3. Actual Range of Deformations in EEG10 and EEG 30/45 Eyes
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Appendix Table A2. Furthermore, if we assume that the mini-
mum amount of permanent deformation was present in every
EEG 30/45 eye before acute IOP elevation, the number of eyes
demonstrating hypercompliance is even greater.

Characterization of Connective Tissue
Deformation in the 9 EEG Eyes without Regard
for the Level of IOP at the Time of Fixation

In the overall data in Table 2, EPIDmax expansion in PNCOTPV
ranged from 36% in monkey 1 to 188% in monkey 9. Evidence
of overall EPIDmax neural canal radial expansion (increase in
neural canal offset) was present in seven monkeys and was
most consistently present at the level of posterior laminar
insertion. Evidence for overall neural canal depth change was
not consistent in direction. A relative anteriorization of the
ASAS (anteriormost aspect of the subarachnoid space) depth
relative to the NCO was present in seven monkeys. Overall
EPIDmax posterior laminar deformation was present in all nine
monkeys, and laminar thickening was present in eight of nine.
Overall EPIDmax peripapillary scleral bowing, which refers to
outward deformation of the immediate peripapillary sclera
relative to the more peripheral posterior sclera, manifesting as
an EPIDmax increase in the peripapillary and posterior scleral
position relative to the NCO reference plane, was present in
six of the eight animals in which it could be measured. These
overall results are plotted schematically in Figure 3. In these
plots, qualitative differences between the nine normal eyes,
including laminar surface curvature, laminar and peripapillary
thickness, and neural canal size and obliqueness, can be ap-
preciated.

Actual Range of Permanent
Deformation in EEG10 Eyes*t

Actual Range of Total
Deformation (Permanent Plus
Acute) in EEG30/45 Eyesti§

Parameters Min Max Min Max
Neural canal architecture, um
NCO offset 2 39 —12 96
ASCO offset 1 71 14 57
ALI offset 4 70 4 71
PLI offset 39 99 14 139
PSCO offset 19 85 —-19 73
ASAS offset 39 98 —32 98
ASCO depth 2 7 2 -35
ALI depth 7 18 =35 49
PLI depth -5 39 —38 71
PSCO depth -9 25 40 —58
ASAS depth 9 —-36 -5 —-88
ONH connective tissue, wm
Lamina cribrosa position =79 —118 -29 —184
Peripapillary sclera position 3 35 4 77
Lamina cribrosa thickness 23 61 -9 55
Flange thickness 1 8 -8 24
Peripapillary sclera thickness 1 —32 —-19 59
ONH laminar cupping, mm?
Post-NCO total prelaminar volume 77% 133% 36% 188%

The maximum and minimum values are listed without considering the direction of the deformation (only the magnitude of the deformation).

* The actual range of permanent deformation the three EEG10 eyes (compared with the contralateral normal eyes) as reported in Table 2.

t The fact that the full range of total deformation in the EEG30/45 eyes (right column) far exceeds the range of the permanent deformation
(left column) suggests that at least a subset of the EEG30/45 eyes demonstrate hypercompliant deformation of their ONH connective tissues in

response to acute IOP elevation at the time of death.

1 The actual range of total deformation (permanent plus acute) in the six EEG 30/45 eyes compared with the contralateral normal eyes, as

reported in Table 2.

§ The fact that the total deformation ranges in EEG 30/45 eyes pass through 0 for most parameters suggests only that the direction of both
fixed and acute deformations in these eyes is eye specific and complicated.
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Statistically significant and EPIDmax regional differences
between the EEG and normal eye of each monkey are re-
ported for each parameter in Figure 4. Overall, there was a
tendency toward segmental alteration in either the inferior
nasal or superior temporal quadrants, with eventual co-
localization of neural canal expansion, posterior laminar
deformation, and posterior (outward) bowing of the peri-
papillary sclera in these two quadrants (Fig. 4; monkeys 5-9,
top three rows).

In all nine EEG eyes, regional laminar thickening appeared
to accompany the process of ONH and peripapillary position
change from its onset and becomes generally more pro-
nounced in magnitude and extent. It is important to note that
there were no regions of EPIDmax laminar thinning in any of
the nine EEG eyes and laminar thickness changes did not
appear to precede laminar and or peripapillary scleral position
changes in a single EEG eye. However, regional alterations in
peripapillary scleral thickness were not substantial, consistent,
or clearly progressive through this early stage of damage (.e.,
monkeys 6, 7, and 8 did not have more pronounced changes
compared with monkeys 1, 2, and 3). Finally, regional alter-
ations in neural canal wall architecture (thinning or axial com-
pression in six of nine monkeys and thickening or axial elon-
gation in three of nine monkeys) were present in all EEG eyes.
These changes, while substantial in some eyes, were not con-
sistently more pronounced in the eyes with the greatest posi-
tion changes (monkeys 5-9).

Correlations between EEG Eye Deformations,
Normal Eye Anatomy, and IOP Insult by Single
Linear Regressions

Among the 24 selected correlations we explored (see the
Methods section), CSLT-detected EEG eye ONH surface change
correlated positively with EEG eye cumulative IOP insult
(Fig. 5; P < 0.05). EEG eye axial length increase correlated
positively with maximum IOP insult (P < 0.05). EEG eye
laminar thickness change positively correlated to normal eye
anterior scleral canal opening (ASCO) size (P < 0.05). Finally,
EEG eye PNCOTPV change, and laminar position and thickness
change correlated with normal eye laminar position (P <
0.05), with a shallower laminar position in the normal eye
(relative to NCO reference plane) predicting greater change in
these three EEG eye parameters.

DIscussION

The principal goals of this study were to retest the hypothesis
that the monkey ONH connective tissues are altered by early
glaucomatous damage in such a way that they become hyper-
compliant and to expand our initial 3-D characterization of
early glaucomatous connective tissue deformation to a larger
group of EEG eyes without regard for the level of IOP at the
time of fixation.
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The principal findings of this report are as follows. First,
although the presence of overall ONH connective tissue
hypercompliance in the 30/45 eyes could not be detected
when the eyes were considered together, the presence of
hypercompliant deformation is suggested in the individual
eye data of a subset of the 30/45 eyes. Second, cupping in
monkey EEG that occurs in the setting of modest to moder-
ate chronic IOP elevations is defined by an expansion in
PNCOTPV, which is due to co-localized posterior laminar
deformation and neural canal expansion that is at maximum
in the superior temporal and/or inferior-nasal quadrants.
Third, posterior laminar deformation and neural canal wall
expansion are accompanied by laminar thickening, axial
elongation, and posterior (outward) peripapillary scleral
bowing in most of the eyes.

Previous studies have demonstrated hypercompliance of
the ONH surface' and lamina'? early in the optic neuropathy of
experimental glaucoma in young adult monkey eyes. Several
factors probably contributed to our inability to detect overall
hypercompliance in this EEG 30/45 group. First, our methods
did not allow us to longitudinally quantify the fixed and acute
portions of deformation in each EEG 30/45 eye before or after
death. Second, the three EEG 10/10 animals (the very first EEG
animals we reconstructed by 3-D histomorphometry)” ™' were
most likely killed at a later stage of connective tissue damage
(that included more fixed deformation) than were the EEG
30/45 animals. Third, the timing of the hypercompliant stage of
damage may be eye specific and occur at a later stage of
experimental glaucoma damage or at higher levels of IOP insult
than we studied in most of the EEG 30/45 eyes. Spectral-
domain optical coherence tomography (SD-OCT)-determina-
tion of laminar position relative to the NCO®>%> will allow
longitudinal in vivo laminar compliance testing®® (Burgoyne
CF, et al. IOVS 2008;49:ARVO E-Abstract 3655) and primary
detection of permanent and/or hypercompliant laminar defor-
mation in monkey eyes with experimental ocular hyperten-
sion.

When the nine EEG eyes of this report are considered
without regard to the IOP at the time of kill, a range of early
glaucomatous ONH connective tissue deformation is present.
Although the acute IOP elevation that preceded death may
have influenced the postmortem deformation in a subset of
eyes, at least three additional factors are likely to be important
in explaining this variation: differences in the stage of EEG;
differences in the magnitude, duration, and fluctuation of
chronic IOP elevation; and differences in eye-specific ONH
connective tissue geometry and material properties.

Although it was our intention to kill the nine EEG monkeys
at an identical clinical endpoint (the onset of CSLT ONH
surface change as defined by our parameter MPD), our infra-
structure for real-time ONH surface change detection by CSLT
was not operational at the time these animals were studied. It
is obvious in retrospect that the nine EEG eyes represent a
range of CSLT-defined EEG, with some eyes clearly beyond

<
<%

Figure 4. Regional parameter difference maps for the EEG eyes by monkey (columns) and parameter (rows). These maps demonstrate regional
co-localization of statistically significant (bold data; P < 0.05; ANOVA) and EPIDmax (shaded) differences in the EEG eye of each animal. Data are
the magnitude of change in the EEG eye relative to its contralateral normal control. Positive and negative values in the shaded regions are defined
for each parameter as follows: canal offset, radial expansion/radial contraction of the canal; LC position, anterior (inward) movement/posterior
(outward) of the anterior laminar surface; PNCOTPV, expansion/contraction of the space beneath the NCO reference plane, above the lamina and
in the neural canal wall (For PNCOTPV, the regional differences that exceeded PID maximum differences are marked by dots.); positive
peripapillary scleral position, anterior (inward) shift of the peripapillary sclera relative to the NCO reference plane, which most likely reflects
posterior (outward) bowing of the peripapillary sclera and NCO reference plane (together) relative to the more peripheral sclera; canal
depth, axial thickening/axial thinning of the canal; LC thickness, thickening/thinning; and peripapillary scleral thickness, thickening/
thinning of the peripapillary sclera; All data are plotted in right-eye configuration. S, superior; SN, superonasal; N, nasal; IN, inferonasal; I,
inferior; IT, inferotemporal; T, temporal; ST, superotemporal. See Appendix Figure A3 for a detailed description of regionalization.
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early surface alterations, as characterized by TCA analysis (Fig.
2). Although axon counts are pending in five of the six EEG
30/45 eyes, we have reported a similar range of orbital optic
nerve axon loss in a subset of the nine EEG eyes (30%, 19%, and
16% in monkeys 4, 5, and 7 respectively,'' and 16% in monkey
1; data not shown) (Burgoyne CF, et al. IOVS 2005;46:ARVO
E-Abstract 2372).

Although telemetric monitoring of IOP in our animals is
under development (Downs JC, et al. IOVS 2008;49:ARVO
E-Abstract 2043; Downs JC, et al. IOVS 2009;50:ARVO E-Ab-
stract 2842), the cumulative IOP and maximum postlaser IOP
data we report are based on weekly to biweekly IOP measure-
ments. In this study, cumulative IOP insult correlated with
ONH surface change (MPD change), and maximum postlaser
IOP correlated with axial length change, but neither demon-
strated a correlation with our principal measures of ONH
connective tissue deformation. In fact, animals 7 and 8 dem-
onstrated the second and third greatest magnitude of ONH
connective tissue deformation, yet each was exposed to rela-
tively low (or the lowest) levels of cumulative IOP and maxi-
mum postlaser IOP elevation.

ONH connective tissue geometry and material properties
were probably different among the nine EEG eyes before the
onset of IOP elevation, and these differences may strongly
influence their susceptibility to IOP-related deformation and

110
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damage. That the geometries of the EEG eyes (when normal)
were different from one another is to be expected and can be
deduced from the postmortem geometry differences among
the nine normal eyes (Table 2, Fig. 3).

The degree to which the constituent material properties of
the lamina and peripapillary and posterior sclera were different
among the nine normal eyes will be estimated in engineering
finite element models of each normal eye that are currently
under construction in our collaborative laboratory. In the fu-
ture, in vivo baseline and predeath estimates of ONH connec-
tive tissue architecture and material properties for each studied
eye will be produced from longitudinally performed SD-OCT
ONH connective tissue compliance testing. These estimates,
along with a telemetric characterization of IOP insult, will
allow us to more powerfully assess how IOP insult, ONH
connective tissue architecture, and ONH connective tissue
material properties each contribute to the EEG ONH connec-
tive tissue alterations that develop in the individual monkey
eye.

Of note, even with only nine animals studied, some features
of the normal eye anatomy did correlate with specific ONH
connective tissue outcome measures in the EEG eyes. Normal
eye laminar position correlated with expansion of PNCOTPV,
laminar posterior deformation (a component of PNCOTPV),
and laminar thickness change. Normal eye ASCO offset (a
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measure of anterior scleral canal size) separately correlated
with laminar thickness change. Previous parametric finite ele-
ment modeling studies have demonstrated that normal monkey
ONH connective tissue deformations after acute IOP elevations
are sensitive to geometry and material properties.>>”~4° More
recent studies®*>* (Yang H, et al. JOVS 2009;50:ARVO E-
Abstract 4890) have established that LC position in the canal is
an important determinant of laminar behavior after acute and
chronic IOP elevations. In future multivariate analyses of more
than 40 EEG monkeys, we will seek baseline predictors of
I0P-induced ONH connective tissue deformation.

Expansion in PNCOTPYV that is the result of a combination
of posterior deformation of the LC and scleral canal expansion
was accompanied by LC thickening in all nine EEG eyes at least
regionally. The relative co-localization of these phenomenon is
schematically depicted in Figure 6. The presence of PNCOTPV
expansion in all nine EEG eyes confirms that a primary laminar
or connective tissue component of cupping underlies the optic
neuropathy of early experimental monkey glaucoma.'® The
presence of at least regional laminar thickening in all nine EEG
eyes, confirms that, in response to IOP elevation, IOP-induced
deformation, or both, the lamina is being actively remodeled in
a manner that may involve retrolaminar septal recruitment.'®

We observed overall posterior (outward) bowing of the
peripapillary sclera in six of the nine animals. Regional peri-
papillary scleral bowing (but no increase in axial length) was
present in two of the three remaining EEG eyes (scleral data
were not available for monkey 9). These data extend our
previous findings in the three EEG 10 eyes'® to the 30/45 eyes.
The fact that the experiment-wide estimate of EEG eye com-
pliance in the 30/45 eyes (27-38 um) exceeds that of six N
30/45 eyes (13-17 um) from a previous report, strongly sug-
gests that the peripapillary sclera not only is permanently
deformed, but also is hypercompliant at this stage of the
neuropathy (see Appendix Table A2). Transitory scleral hyper-
compliance is present in the scleral material property testing
data of a separate group of EEG eyes (Girard MJ, et al. JOVS
2009;50:ARVO E-Abstract 5217). The cellular and extracellular
matrix changes that underlie these alterations remain to be
determined.
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The six EEG eyes that demonstrated overall peripapillary
scleral bowing (monkeys 2, 3, 5, 6, 7, and 8) also demonstrated
significant increases in axial length (measured in vivo near the
fovea, but not precisely, because the animal does not fixate on
a target during measurement). These data suggest that chronic
IOP elevation induces chronic globe expansion®'~* plus a
separate and additional outward bowing of the peripapillary
sclera. Or, it may be the case that the outward bowing of the
peripapillary sclera extends into the fovea and is the cause for
the measured increase in axial length. Diffuse expansion of the
globe has been shown to occur after acute and chronic IOP
elevation in a variety of species.*'~*® We have reported axial
length increases in a subset of monkey EEG eyes.'?

Several groups studied the relationship between axial
length and laminar and scleral thickness in normal and human
glaucomatous eyes. Nemeth*? found a strong inverse correla-
tion between axial length and posterior scleral thickness in
glaucomatous eyes. Jonas and Holbach®” found that LC thick-
ness in normal eyes also correlates inversely with axial length*”
and that the lamina is markedly thinner in non-highly myopic
eyes with advanced glaucomatous optic nerve damage than in
normal eyes.*® In a more recent study, Ren et al.**> demon-
strated that axially elongated glaucomatous eyes have a thinner
lamina and sclera (just outside the optic nerve meninges) than
do normal eyes and glaucomatous eyes with normal axial
length. However, in their study, scleral thickness of the glau-
comatous eye with normal axial length did not differ from
normal eyes. Finally, Norman et al.*! reported that ostensibly
glaucomatous eyes tended to be axially elongated and had
thinner posterior sclera than did normal eyes.

In the present study, we did not find consistent thinning of
the peripapillary sclera at this early stage of glaucomatous
damage. However, we have reported thinning of the posterior
sclera (away from the ONH) in a separate group of monkeys
with a similar stage of damage,*® although it is still unknown
whether thinning of the sclera increases the risk of IOP-in-
duced glaucomatous damage.?**® The magnitude and fre-
quency of axial length elongation in monkey EEG and its
relationship to peripapillary scleral bowing and thickness al-
terations will be the subject of a future report.

ST IN

Monkey 1 Monkey 9

FIGURE 6. The range of PNCOTPV expansion between monkey 1 (minimum PNCOTPV expansion) and monkey 9 (maximum PNCOTPV
expansion). The following landmarks are delineated in representative superior temporal (ST) to inferior nasal (IN) digital sections from the normal
(top) and EEG (middle) eye of both animals: anterior scleral/laminar surface (white dots), posterior scleral/laminar surface (black dots), neural
boundary (green dots), NCO reference plane (red line), and NCO centroid (vertical blue line). Bottom: delineated points for the normal (solid
lines) and EEG eye of each eye are overlaid relative to the NCO centroid. For each animal, PNCOTPYV is outlined in both the normal (top, dark
green) and EEG (middle, light blue) eye for qualitative comparison. The overlaid delineations for both eyes of each animal (bottom) suggest that
regional PNCOTPV expansion is due to posterior laminar deformation and neural canal expansion from its onset (monkey 1) and that these two
phenomena continue through the more advanced stages of connective tissue deformation and remodeling (monkey 9). These phenomena are
accompanied by regional laminar thickening and outward bowing of the peripapillary sclera in both of these animals and most of the 9 EEG eyes.
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There is a tendency for either inferonasal and/or supero-
temporal co-localization of posterior laminar deformation and
neural canal expansion in the eyes with the least connective
tissue deformation (monkeys 1-4, Fig. 4), whereas the same
two quadrants are together involved in the eyes with the
greatest deformation (monkeys 5-9, Fig. 4). These postmortem
data suggest that two important phenomena may be present in
a separate group of EEG eyes that are currently longitudinally
being observed with SD-OCT imaging technique>®-3%:50-54%
first, that most eyes will manifest early maximum connective
tissue deformation in one of these two quadrants; and second,
that the detection of early segmental connective tissue defor-
mation will predict an axis of subsequent maximum connec-
tive tissue deformation, along an axis through the NCO centroid.

We acknowledge, however, that although the NCO cen-
troid is a useful datum from which to reference measurements
such as these, it is not a biological determinant of these effects.

We predict that there are biomechanical determinants'®
(Grimm J, et al. JOVS 2007;48:ARVO E-Abstract 3295; Grimm J,
et al. JOVS 2010;51:ARVO E-Abstract 1776) for the phenomena
we have described herein. Regional differences in LC connec-
tive tissue volume fraction, beam thickness, and laminar pore
size—all determinants of load-bearing in the LC and acting in
concert with the structural stiffness of the surrounding
sclera—for both eyes of all nine EEG animals will be the subject
of a future report. As these data become available and are
complemented by longitudinal data, a more complete portrait
of the relationship between acute IOP-related strain (and
stress) and its longer term effect on LC deformation and re-
modeling will emerge.

We have discussed the limitations of our methods in great
detail.® 11415 In the present study, we saw evidence of
residual blood in the retinal and posterior ciliary circulation
in the high IOP EEG eyes that suggests less than ideal fixative
perfusion. Although all eyes remained at their set IOP for 60
minutes after perfusion to enhance fixation, it is possible
that our data variably underestimate the magnitude of ONH
connective tissue deformation in the high-IOP eyes.

Our measurements were made relative to an NCO reference
plane.”?° Any collapse of the border tissue of Elschnig or
compression of the choroid either from chronic or acute IOP
elevation or from post-trephination tissue warping, could alter
these points, leading to a posterior shift or tilt of the reference
plane in the EEG eye. Such an artifact would induce anterior
movement or tilting of the other structures relative to its
contralateral normal eye. Close examination of the canal depth
data in four monkeys, 1, 3, 6, and 8, showed regional compres-
sion of the distance (reduced ASCO depth) between the ASCO
and the NCO reference plane. However, only monkey 3 dem-
onstrated findings compatible with the tilt (less LC posterior
deformation on the nasal than on the temporal side; see Fig. 4).

Our study included four rhesus and five cynomolgus
monkeys (Table 1) which may confound our results. Al-
though there may be species differences in monkey ONH
architecture and material properties that influence their
response to both chronic and acute IOP elevation,'*'%>> we
doubt that these differences affected the results in our study
for the following reasons. First, there are no obvious differ-
ences between the normal eye measurements in the two
species (Table 2). Second, there was no clear separation of
the two species when we tried to order overall deformations
in the EEG eye (Table 2, Fig. 4).

Finally, because of the fundamental differences in the ge-
ometry and material properties of the ONH and peripapillary
sclera between monkeys and humans, our findings in monkeys
may have limited application to the human eye. Although
human sclera is two to four times thicker*'*>55->° than mon-
key sclera, a direct comparison of scleral material properties
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using the same testing apparatus and modeling strategy has not
yet been performed. The human LC is also thicker than that of
the monkey (119-463 um in humans®*”°°~%2 ys. 117-210 um
in monkeys'®'#'%1%) ‘although its material properties in both
species are at present unknown.

Our finding of ONH connective tissue deformation that
co-localized to the inferonasal and/or superotemporal quad-
rants in these nine monkey eyes is different from those in
human glaucoma in which early neuroretinal rim changes in
the inferior and superior temporal quadrants are traditionally
described.®>= ¢ Several concepts regarding this apparent dif-
ference are important to discuss. First, the early stage of dam-
age we describe has never been studied in human eyes. Sec-
ond, our report describes connective tissue rather than
neuroretinal rim alterations. Third regional susceptibility in the
monkey eye may be more individual-eye-specific or frankly
different from the human eye because of differences in the
regional pattern of LC beams'®®”%® and pores®”~7!; the re-
gional distribution of connective tissue material proper-
ties®>7277%; the spatial relationship between the exit of the
central retinal vessel trunk on the LC surface””®°; and the
regional distribution of the translaminar pressure gradi-
Cnt.81_85

In summary, our data suggest that at the onset of CSLT
detected ONH surface change in monkeys exposed to chronic,
unilateral, and modest to moderate experimental IOP eleva-
tions, at least a subset of eyes demonstrated ONH connective
tissue hypercompliance. However, all the EEG eyes demon-
strated posterior laminar deformation, neural canal expansion,
LC thickening, and posterior (outward) bowing of the peripap-
illary sclera that became relatively co-localized to the inferior
nasal and/or superior temporal quadrants. The implications of
these connective tissue deformations on the blood supply and
cell biology of the adjacent astrocytes, glia, and retinal ganglion
cell axons,®* and the ability to predict the location of their
greatest magnitude from in vivo characterizations of ONH
connective tissue architecture, are currently under study in our
laboratory.
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APPENDIX

TABLE Al. List of the Abbreviations and the Corresponding Full Names

Full Name Abbreviations
95% Confidence interval 95%CI
Anterior laminar insertion ALIL
Anteriormost aspect of the subarachnoid space ASAS
Anterior scleral canal opening ASCO
Bruch’s membrane BM
Confocal scanning laser tomographic CSLT
Early experimental glaucoma EEG
EEG monkey both eyes perfusion fixed at 10 mm Hg EEG 10/10
EEG monkey with control eye perfusion fixed at 10 mm Hg, treated eye at 30 mm Hg EEG 10/30
EEG monkey with control eye perfusion fixed at 10 mm Hg, treated eye at 45 mm Hg EEG 10/45
EEG eye perfusion fixed at 10 mm Hg EEG 10
EEG eye perfusion fixed at 30 or 45 mm Hg EEG 30/45
Difference that exceeded PIDmax and statistically significant EPIDmax
Internal limiting membrane ILM
Intraocular pressure 10P
Lamina cribrosa LC
Laser Diagnostics Technology LDT
Mean position of the disc MPD
Normal monkey both eyes perfusion fixed at 10 mm Hg N 10/10
Normal monkey with one eye perfusion fixed at 10 mm Hg, other eye at 30 mm Hg N 10/30
Normal monkey with one eye perfusion fixed at 10 mm Hg, other eye at 45 mm Hg N 10/45
Normal eye perfusion fixed at 10 mm Hg N10
Normal eye perfusion fixed at 30 or 45 mm Hg N 30/45
Neural canal opening NCO
Optic nerve head ONH
Physiologic intereye difference PID
Maximum physiologic intereye difference PIDmax
Posterior laminar insertion PLI
Post-NCO total prelaminar volume PNCOTPV
Posterior scleral canal opening PSCO
Spectral-domain optical coherence tomography SDOCT

Topographic change analysis TCA
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FIGURE Al. 3-D delineation in the colorized, stacked-section, 3-D ONH reconstruction of a single ONH. (A) Forty serial digital radial sagittal slices,
each 7 voxels thick, were served to the delineator at 4.5° intervals. (B) A representative digital sagittal slice, showing all 13 landmarks which are
3-D delineated. Delineation was performed by using linked, simultaneous co-localization of the sagittal slice (shown) and the transverse section
image through a given delineated point (C). (D) Representative 3-D point cloud showing all delineated points in a normal monkey ONH relative
to the posterior serial section image (vitreous, top; orbital optic nerve, bottom).
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FIGURE A2. Parameter definitions. (A) A representative digital sagittal slice showing the internal limiting membrane (ILM, pink dots), Bruch’s
membrane (BM, orange dots), anterior laminar/scleral surface (white dots), posterior laminar/scleral surface (black dots), and neural boundary
(green dots). (B) A representative digital sagittal slice showing neural canal architectures (abbreviations in Table A1). The neural canal includes the
NCO (the opening in the Bruch’s membrane/RPE complex, red), the ASCO (dark blue), the ALI (dark yellow, partly hidden behind the ASCO in
dark blue), and the PLI (green), the PSCO (pink). The ASAS (light blue) was also delineated. (C) Definitions of the offset and depth using ASAS as
an example. The rightmost ASAS point was projected to the NCO zero reference plane (cyan line), the distance between the NCO centroid and
the projection of ASAS is defined as offset. The distance between the ASAS to the projection is defined as depth of ASAS. The offset and depth of
all other neural canal architectures were defined in the same way: (D) Laminar position (green arrow), the shortest distance from the delineated
anterior laminar surface point (white dot) to the NCO zero reference plane. (E) LC thickness, determined at each delineated anterior surface point
by fitting a continuous surface (white line) to all anterior surface points and then measuring the distance along a normal vector of the anterior
surface (green arrows) from each anterior delineated point to the posterior surface. (F) Thickness of the scleral flange at each delineated anterior
surface point (white dots), the distance between the neural canal boundary points (green line) along a vector parallel to the PSCO normal vector
(blue arrows). (G) PNCOTPV (light green: a measure of the laminar or connective tissue component of cupping), the volume beneath the NCO
zero reference plane (cyan line), above the LC and in the neural canal wall.
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FIGURE A3. Parameter regionalization (right-eye configuration). Neural canal offset (A) and depth data (B) for each neural canal landmark were
pooled for eight anatomic regions; superior (S), superonasal (SN), nasal (N), inferonasal (IN), inferior (I), inferotemporal (IT), temporal (T), and
superotemporal (ST). The S, N, 1, and T regions contained all marks in 60° sections of the ONH centered about the S-1 and N-T clinical axes, and
the SN, IN, IT, and ST regions contained all marks in 30° radial sections of the ONH centered about the SN-IT and IN-ST axes. Concentric rings
represent the different neural canal landmarks from the ONH internal entrance NCO to its external exit PSCO, as shown in the superior regions
in (A) and (B). Neural canal depth measurements start with the ASCO rather than the NCO. (C) From the center of the NCO, 12 radial sections
perpendicular to the NCO zero reference plane divided the volumetric parameters into 24, 15° radial regions. Regional volumes were projected
onto the NCO zero reference plane, color coded by region and overlaid onto a standard ellipse. (D) In the lamina (regions inside the bold line),
position data were pooled into 17 regions according to the three radial regions (central; MP, middle periphery; P, periphery) and eight quadrants,
as in (A) and (B). Peripapillary sclera (regions outside the bold line) position data were pooled into eight regions (inner boundary, starting from
the ASCO ellipse (bold line) to an ellipse with a size that is 1.62 times that of the ASCO ellipse. (E) In the lamina (regions inside bold line), thickness
data were pooled into 17 regions as laminar position data in (D). Peripapillary scleral thickness data were pooled into 16 regions two radial regions
(scleral flange thickness, covers area from ASCO to PSCO; peripapillary sclera region, inner boundary starting from PSCO to an ellipse with a size
that is 1.62 times that of the ASCO ellipse).



