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Structural and Functional Abnormalities of Retinal
Ganglion Cells Measured In Vivo at the Onset of Optic
Nerve Head Surface Change in Experimental Glaucoma
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Purrose. To compare peripapillary retinal nerve fiber layer
thickness (RNFLT), RNFL retardance, and retinal function at
the onset of optic nerve head (ONH) surface topography
change in experimental glaucoma (EG).

MerHoDS. Thirty-three rhesus macaques had three or more
weekly baseline measurements in both eyes of ONH surface
topography, peripapillary RNFLT, RNFL retardance, and multi-
focal electroretinography (mfERG). Laser photocoagulation
was then applied to the trabecular meshwork of one eye to
induce chronic elevation of IOP and weekly recordings
continued alternating between ONH surface topography and
RNFLT during one week and RNFL retardance and mfERG the
next week. Data were pooled for the group at the onset of
ONH surface topography change in each EG eye, which was
defined as the first date when either the mean position of the
disc (MPD) fell below the 95% confidence limit of each eye’s
individual baseline range and/or when the topographic change
analysis (TCA) map was subjectively judged as having
demonstrated change, whichever came first. Analysis of
variance with post hoc tests corrected for multiple compari-
sons were used to assess parameter changes.

Resurts. At onset of ONH surface topography change, there was
no significant difference for RNFLT versus baseline or fellow
control eyes. RNFL retardance and mfERG were significantly
reduced in the recordings just prior (median of 9 days) to ONH
onset (P < 0.01) and had progressed significantly (P < 0.001) an
average of 17 days later (median of 7 days after ONH onset).
RNFLT did not exhibit significant thinning until 15 days after
onset of ONH surface topography change (P < 0.001).

Concrusions. These results support the hypothesis that during
the course of glaucomatous neurodegeneration, axonal cyto-
skeletal and retinal ganglion cell functional abnormalities exist
before thinning of peripapillary RNFL axon bundles begins.
(Invest Opbthalmol Vis Sci. 2012;53:3939-3950) DOI:
10.1167/i0vs.12-9979
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Retinal nerve fiber layer (RNFL) defects have been
recognized for decades as an important diagnostic sign of
glaucoma, as they present clinically during an early stage and
are predictive of subsequent vision loss.!”> However, the
minimum loss of RNFL detectable by traditional clinical
methods such as ophthalmoscopy and photography may be
50 to 70 pum, or as much as 50% of the normal tissue
thickness.*> Thus, it is hoped that recent advancements in
imaging techniques will improve glaucoma detection and
management by providing reliable, sensitive, and quantitative
measurements of the RNFL.®7

The two techniques used most commonly for this purpose
are scanning laser polarimetry (SLP)® and optical coherence
tomography (OCT).? Confirming earlier findings, both of these
techniques have been used to demonstrate that lower baseline
RNFL values are predictive of future glaucoma progression,
including loss of vision.1%!! Yet the optical principles underlying
these two techniques differ in potentially important ways. OCT
measures the relative time-of-flight delay of a (typically) near
infrared source after it is reflected by structures at different
depths within the tissue sample.!>!3 OCT thus can provide a
high-resolution cross-sectional image of retinal layers and an
estimate RNFL thickness (RNFLT) by detecting the relatively
steep reflectance transition at both its anterior and posterior
limits. In contrast, SLP estimates RNFL “thickness” indirectly by
measuring the relative phase retardance of orthogonally
polarized states of the imaging source after a double pass
through the tissue sample.® RNFL retardance is caused by form
birefringence, an optical property thought to be due—in the
case of the RNFL—to the orderly parallel structural array of thin
cylindrical cytoskeletal components within retinal ganglion cell
(RGO) axons, primarily the microtubules (MTs), and to a lesser
extent neurofilaments.'¥-1¢ Empirical evidence supporting this
original theoretical framework includes studies demonstrating
that RNFL birefringence declines rapidly after chemical disrup-
tion of MTs in situ'® and in vivo.!” Thus, it has been suggested
that measurements of RNFL birefringence could provide a
sensitive indicator of compromised cytoskeleton integrity within
RGC axons.'*"!8 The importance of this idea is underscored by
evidence of axonal cytoskeletal changes occurring in experi-
mental models of glaucoma, including their earliest stages,'23
some of which may represent mechanisms of further suscep-
tibility. 242>

RNFL birefringence can be assessed in a clinical setting either
directly, such as by polarization-sensitive OCT,2°? or it can be
inferred by comparing SLP measurements of RNFL retardance
with OCT measurements of RNFLT.!7 In one such experiment,
we demonstrated that RNFL retardance began to decline prior to
and to progress faster than RNFL thinning after an experimental
RGC injury by retrobulbar optic nerve transection.>® This early
stage structural abnormality was also associated with specific
loss of RGC function as measured by electroretinography (ERG).
The results of that study provided clear evidence for the
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Tasie 1. Study Subjects Age, Weight, Sex, and IOP Information
Duration,
First Laser to Control Cumulative IOP
Age Weight ONH Onset  Mean IOP EG Mean Control Peak EG Peak Difference

Animal ID (years) Sex (kg) (weeks) (mmHg) IOP (mmHg) IOP (mmHg) IOP (mmHg) (mmHg X days)
21676 12.5 F 5.4 32 10.9 12.2 18.0 30.0 315.5
22906 12.3 F 7.5 31 12.2 12.3 31.3 18.0 109.5
23499 9.9 F 4.9 15 11.4 12.9 153 21.3 122.2
23538 10.7 F 4.9 16 11.6 13.3 19.0 19.3 196.8
25357 2.6 M 5.5 27 8.8 99 13.3 23.0 157.5
25564 23 F 3.7 22 9.7 11.2 16.0 18.0 182.7
26072 1.5 F 4.1 27 8.8 9.1 15.3 16.3 60.9
26161 1.4 F 3.3 28 8.7 9.1 14.3 26.0 16.8
AM76 21.9 F 8.6 28 10.7 12.8 14.7 30.3 350.7
AM89 21.9 M 89 16 13.4 14.4 19.7 20.7 94.3
AO23 20.0 F 7.2 15 9.2 13.4 13.3 21.3 446.5
APO2 18.6 F 5.6 18 9.2 10.8 13.3 14.3 192.5
23506 12.5 F 4.5 6 11.6 18.7 15.0 46.3 190.7
23522 10.9 F 7.9 9 9.8 10.5 12.0 16.3 12.3
23532 11.1 F 5.0 5 11.8 12.1 16.3 20.3 —21.7
25354 4.3 M 4.8 12 9.9 11.1 13.0 20.0 106.3
25356 4.1 M 5.1 5 9.1 9.1 13.3 13.7 -19.3
25997 3.2 M 4.3 5 10.6 15.3 13.3 39.3 126.7
26163 3.2 M 4.2 5 9.6 9.3 12.0 17.0 —35.3
135 10.6 M 11.4 6 9.8 10.8 123 13.0 43.8
137 9.6 M 13.0 8 15.0 183 21.0 29.7 167.4
139 9.1 F 6.2 27 13.4 16.0 19.3 33.0 469.7
140 8.8 F 6.1 15 9.7 14.5 16.0 35.7 477.3
15527 21.4 F 85 7 13.4 17.3 17.7 35.0 196.7
22100 229 F 53 7 10.5 11.9 12.7 183 422
22159 20.0 F 8.2 7 93 10.1 12.0 17.3 25.0
22165 219 F 6.0 14 9.4 10.3 12.3 16.3 93.8
24369 5.8 F 6.7 9 9.1 9.5 14.0 14.3 —4.7
18664 15.3 F 5.9 16 8.5 10.4 12.3 153 204.0
19193 15.2 F 6.4 5 9.7 12.3 11.7 26.0 41.2
19211 14.2 F 59 13 11.1 12.9 19.3 273 190.7
20457 13.5 F 7.1 10 10.3 19.9 13.7 53.7 907.2
13904 15.4 F 5.7 23 13.0 13.5 20.0 28.7 —24.3
Average 11.8 25 F 6.3 14.9 10.6 12.6 15.5 24.1 164.7
SD 6.8 8M 2.1 8.8 1.6 29 4.0 9.8 193.5

existence of an early stage of RGC degeneration when both
axonal cytoskeletal abnormalities and RGC functional abnor-
malities are found in the absence of significant thinning of axon
bundles within the RNFL.3° Though optic nerve transection and
crush are classical experimental models of axonal injury within
the central nervous system, they represent a more acute and
rapid process as compared with the neurodegenerative course
of glaucoma. Therefore, the aim of this study was to test the
same hypothesis in a nonhuman primate model of experimental
glaucoma. Longitudinal measurements of RNFL retardance
obtained by SLP and ERG measures of retinal function were
compared with RNFLT measurements made by OCT and
specifically evaluated an early stage of experimental glaucoma
as defined by the onset of optic nerve head (ONH) surface
topography change. This time point was chosen because it is
thought to represent a very early stage of experimental
glaucoma in nonhuman primates.31-33

METHODS

Subjects

The subjects of this study were 33 rhesus macaque monkeys (Macaca
mulatta). Table 1 lists the age, weight, and sex of each animal. All

experimental methods and animal care procedures adhered to the
Association for Research in Vision and Ophthalmology’s Statement for
the Use of Animals in Ophthalmic and Vision Research and were
approved and monitored by the Institutional Animal Care and Use
Committee at Legacy Health.

Anesthesia

All experimental procedures began with induction of general
anesthesia using ketamine (15 mg/kg IM) in combination with either
xylazine (0.8-1.5 mg/kg IM) or midazolam (0.2 mg/kg IM), along with a
single subcutaneous injection of atropine sulphate (0.05 mg/kg).
Animals were then intubated and breathed 100% oxygen for retinal
function testing by ERG, during which anesthesia was maintained using
a combination of ketamine (5 mg/kg/hr IV) and xylazine (0.8 mg/kg/hr
IM). Upon completion of retinal function testing, ketamine-xylazine
administration was discontinued and isoflurane gas (1%-2%) was
mixed with oxygen to provide anesthesia during SLP scan acquisition.
Anesthesia for all other structural imaging sessions (see below) was
maintained using isoflurane gas (1%-2%; typically 1.25%) via endotra-
cheal tube. During all procedures, heart rate and arterial oxyhemoglo-
bin saturation were monitored continuously and maintained above 75/
min and 95%, respectively. Body temperature was maintained at 37°C.
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ONH Surface Topography

ONH surface topography was measured by confocal scanning laser
tomography (CSLT; Heidelberg Retina Tomograph II, Heidelberg
Engineering GmbH, Heidelberg, Germany) as recently described.3* A
minimum of three individual scans were acquired at each CSLT imaging
session and averaged to create a mean topography for each eye. All
CSLT scans were performed 30 minutes after IOP was manometrically
lowered to 10 mmHg because the ambient IOP level is known to
significantly influence ONH structure and surface topography.3!:35-37
Thus, elastic deformation of ONH tissues due to IOP elevation existing
at the start of any given imaging session was eliminated, leaving
primarily only the permanent changes to influence the topography.3?

A trained technician outlined the optic disc margin within the
baseline image of each eye using a disc photograph for reference where
necessary; this contour line was automatically transferred to all
subsequent images in the longitudinal series. For the current study,
the parameter mean position of the disc (MPD) was calculated for each
CSLT session as described previously.>®> Briefly, MPD refers to the
height of the surface of the ONH (.e., average height of all pixels
located within the disc margin contour line) relative to the height of a
reference plane (320 pum).3® The MPD value used in this analysis was
derived from the averaged topography. All CSLT scans in this study had
an acceptable quality score whereby the mean pixel height standard
deviation was 40 or less (99.5% were <30; 92% were <20).

Peripapillary RNFL Thickness

Peripapillary RNFLT was measured using spectral domain OCT (SD-
OCT, Spectralis; Heidelberg Engineering GmbH). For this study, the
average peripapillary RNFLT was measured from a single circular B-scan
consisting of 1536 A-scans. Nine to 16 individual sweeps were averaged
in real time to comprise the final stored B-scan at each session. The
position of the scan was centered on the ONH at the first imaging
session and all follow-up scans were pinned (identical) to this location.
A trained technician manually corrected the accuracy of the
instrument’s native automated layer segmentations when the algorithm
had obviously erred from the inner and outer borders of the RNFL to an
adjacent layer (such as a refractive element in the vitreous instead of
the internal limiting membrane, or to the inner plexiform layer instead
of the outer border of the RNFL). All segmentations were then
exported for extraction of RNFLT values by custom software. All SD-
OCT scans in this study had an acceptable quality score above 15 (99%
were >20; 50% were >30).

Peripapillary RNFL Retardance

Peripapillary RNFL retardance measurements were obtained by SLP
(GDxVCC; Carl Zeiss Meditec, Inc., Dublin, CA) as previously
described.303240 The instrument compensates for the effects of
anterior segment (primarily corneal) birefringence to more accurately
determine RNFL birefringence.#!#? Thus, anterior segment birefrin-
gence measurements are obtained prior to initial baseline RNFL scans,
then used to compensate all subsequent RNFL scans. A bite-bar, which
rotates in three axes, was used to properly align the head and eye, and
autorefraction is used for each scan. Three RNFL scans were averaged
for each eye at each time point.

The SLP instrument detects the relative phase retardance of a cross-
polarized source after a double pass through the tissue sample,
assumes that RNFL thickness is linearly related to retardance, then
calculates and reports an estimate of RNFL “thickness” using a linear
conversion factor of 0.67 nm/um® (as stated in the instrument
manual®®). Values of RNFL thickness were exported for the “small”
peripapillary locus, which is an 8-pixel wide band centered on the
optic disc with a mean scan radius of 4.84°,%3 corresponding to about
1.12 mm on the macaque retina.>® After conversion back to units of
retardance, the average of the 64 exported peripapillary samples was
taken as the summary parameter for each eye and time point.
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Assessment of Function

Retinal function was evaluated by multifocal ERG (mfERG) as
previously described.3%4445 Briefly, mfERGs were recorded using a
multifocal system (VERIS; Electro-Diagnostic Imaging, Inc., Redwood
City, CA). The mfERG stimulus consisted of 103 unscaled hexagonal
elements subtending a total field size of ~55°. The luminance of each
hexagon was independently modulated between dark (1 c¢d/m?) and
light (200 cd/m?) according to a pseudorandom, binary m-sequence.
The temporal stimulation rate was slowed by insertion of 7 dark frames
into each m-sequence step (“7F”). The m-sequence exponent was set
to 12, thus the total duration of each recording was 7 minutes, 17
seconds. Signals were amplified (gain = 100,000); band-pass filtered
(10-300 Hz; with an additional 60-Hz line filter); sampled at 1.2 kHz
(i.e., sampling interval = 0.83 ms); and digitally stored for subsequent
offline analyses. Two such recordings were obtained for each eye at
each time point and averaged.

From the average of the two recordings at each time point, a subset
of local responses from the full array, limited to the central element and
the three rings surrounding it (37 local responses in total), was
processed to derive summary outcome parameters. A high-pass filter
(5-pole, >75 Hz) was applied to each local mfERG response to extract
the high frequency components (HFC). The low frequency component
(LFC) of each response was represented as the raw response minus the
HFC. The amplitude of the HFC was calculated as the root mean square
(RMS) for the epoch between 0-80 ms of each filtered record. Peak
amplitudes for LFC features were quantified as follows: the first
negative feature (N1) was calculated as the maximum negative
excursion from baseline in the epoch up to 30 ms; the amplitude of
the first positivity (P1) was calculated as the voltage difference
between the maximum peak and the N1 trough; and the second
negativity (N2) was calculated as the difference between baseline and
the minima from 30-80 ms. The global average (of 37 response
locations) for each parameter represented the measurement for each
eye at each ERG session.

IOP Measurements

IOP was measured in both eyes at the start of every session using an
applanation tonometer (Tono-Pen XL; Reichert Technologies, Inc.,
Depew, NY). The value recorded for each eye was the average of three
successive measurements.

Experimental Design and Protocol

Each animal had a minimum of three (average of 5) weekly baseline
recordings for each of the above-described measurements. Argon laser
photocoagulation was then applied to the trabecular meshwork of one
eye of each animal to induce chronic elevation of IOP4%47 Initially, 180°
of the trabecular meshwork was treated in one session, then the
remaining 180° was treated in a second session approximately 2 weeks
later. If necessary, laser treatments were repeated in subsequent weeks
(limited to a 90° sector) until an IOP elevation was first noted or if the
initial post-laser IOP had returned to normal levels. The average
number of laser treatments (£SD) was 5.6 * 3.2.

Weekly measurements continued during the post-laser follow-up
period in alternating fashion such that CSLT and SD-OCT scans were
acquired during a single session in 1 week, then ERG and SLP during the
next week. Thus, each measurement (within a given type) was separated
by approximately 2 weeks. This schedule continued for each animal until
its predefined study endpoint had been reached. Specific endpoints were
based on the primary study to which each animal was assigned and were
determined based on those specific protocols. Thus, the specific endpoint
targets and details of sacrifice procedures differed across animals.

For this study, however, the time point of interest was the onset of
ONH surface topography change from baseline, which is thought to
represent a very early stage of experimental glaucoma in nonhuman
primates.31-343¢ This time point was determined using two parameters
from the CSLT data for each animal as follows. The 95% confidence
limits of baseline variability were calculated for the MPD parameter in
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Example of experimental time course for a single representative animal. (A) IOP versus time. Green arrows indicate dates of trabecular

meshwork laser photocoagulation. (B) ONH surface topography over time, with TCA showing significant posterior (red pixels) and anterior (green
pixels) deformation as compared with baseline (BL). (C) The CSLT parameter MPD versus time.

each eye. The first observation (longitudinal time point) at which the
MPD parameter fell below the lower limit of baseline variability with
two sequential confirmatory observations served as the MPD change
onset point. ONH surface topography change was also evaluated using
topographic change analysis (TCA)*®4° in masked subjective fashion by
one of the authors (CFB) on two separate occasions separated by 2 or
more months; any difference between successive judgments was
adjudicated with a second reader (BF). For this study, the onset of ONH
surface topography change was defined as the earlier date between the
two change indicators (MPD or TCA).

The SD-OCT, SLP, and ERG results were then grouped together (N =
33 EG eyes and N = 33 fellow control eyes) at baseline (three baseline
time points each, chosen randomly when more were available) and at
the onset of ONH surface topography change for each EG eye. Since
SD-OCT and CSLT scans were always acquired in the same session, the
ONH surface change onset point coincided with an RNFLT measure-
ment in each eye, but was separated by ~1 week from the next nearest
RNFL retardance (SLP) and retinal function (ERG) measurement; thus,
the latter are grouped by the next nearest session available immediately
prior to and immediately after the ONH onset point. Figure 1 provides
an example of the longitudinal course for one individual animal.

Statistics

Data are represented by box plots, which indicate the median, inter-
quartile range, and extremes (hashmarks) of the grouped data at each
time point. Two-way analysis of variance for repeated-measures was

used to test the effects of the treatment group (EG versus control) and
time with an interaction term (Prism 5; GraphPad Software, Inc., La
Jolla, CA). Post hoc tests of differences between groups and/or time
points were performed as paired #tests with Bonferroni’s correction for
multiple comparisons.

RESULTS

Table 1 lists the IOP results for each individual animal as well as
the group averages and standard deviations. The mean IOP
values listed for each animal represent the average of all
observations between the date of the first laser treatment in
the EG eye and the date of ONH surface topography change in
that eye; the peak values represent the peak observed within
that same span. The data in Table 1 show that chronic IOP
elevation was modest: post-laser mean IOP in EG eyes was only
2 mmHg higher, on average, than the mean IOP in fellow
control eyes. The peak IOP observed in EG eyes was just under
10 mmHg higher than the peak observed in the fellow control
eyes, on average. Only 2 of the 33 EG eyes had a peak IOP
measured above 40 mmHg prior to onset of ONH surface
topography change.

Figure 1 provides an example of the experimental course
for a single individual animal. IOP is plotted against time in
panel A; steady IOP elevation occurred after two laser sessions
in the treated eye. Panel B displays CSLT results for the EG eye
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Box plots represent distribution of MPD values (median, interquartile
range, and extremes) for the three BL sessions as well as the session
where ONH surface topography onset occurred for each EG eye and
the next nearest session prior to and after ONH surface topography
onset (which occurred a median of 20 days prior and 15 days after
ONH surface change onset, respectively). (B) MPD values normalized
to the BL average for each eye and plotted as the difference from BL
versus time. *P < 0.0001 versus each BL; tP < 0.0001 versus the
session just prior to ONH onset (median of 20 days prior).

(top series of 12 images) and control eye (bottom series).
Overlaid on the reflectance images are the TCA results with red
superpixels representing significant posterior displacement
and green superpixels representing significant anterior dis-
placement as compared with the first baseline topography.
This animal had five pre-laser baseline sessions across which
the TCA retest variability can be assessed. The result of masked
subjective TCA analysis in this eye indicated that the onset of
ONH topographic change occurred on day 142 (36 days after
the first trabecular laser). Quantitative analysis of the CSLT data
using the parameter MPD (Fig. 1C) also indicated that onset of
topographic change occurred at day 142. Thus, day 142 was
chosen as the ONH topography change onset point for this
animal. In 14 of the 33 animals, TCA and MPD analysis
identified the onset point as being on the same date. In 17
animals, the date indicated by TCA was earlier; in 2 animals,
the date indicated by MPD was earlier. The average difference
was 28 * 48 days earlier for TCA.

Figure 2 shows the longitudinal MPD results for the entire
group; the raw data was plotted in Figure 2A and normalized
data in Figure 2B. Data are shown for three (randomly selected)
baseline sessions as well as from the session identified in each
eye as the onset of ONH topography change and the next
nearest session both prior to and immediately subsequent to
the ONH onset date. The median duration between ONH onset
and the CSLT session immediately prior to onset was 20 days,
while the median duration from onset to the next CSLT session
after onset was 15 days. The time point indications along the
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Ficure 3. RNFL retardance and thickness versus time for the
individual example animal shown in Figure 1. SLP measurements of
RNFL retardance and SD-OCT measurements of RNFL thickness are
normalized to the baseline average and plotted versus time as change
from baseline.

abscissa in Figure 1 (and all subsequent figures) reflect these
values.

Figure 2A shows that the distribution of MPD values is
repeatable over the three baseline sessions. There was a
significant effect of time (P < 0.0001) and a time X treatment
group interaction (P < 0.0001), with post hoc tests revealing
that the EG group mean MPD at ONH onset was significantly
lower (the ONH surface was significantly more posterior, P <
0.0001) than at each of the baseline sessions for that group as
well as compared with the post-laser session immediately prior
to onset (~20 days prior). When the MPD values were
normalized to the average baseline value and plotted as change
from baseline (Fig. 2B), it became clear that MPD varied by as
much as =50 um (95% confidence interval) in the absence of
glaucomatous deformation or axon loss and despite manomet-
ric IOP control at the time of CSLT imaging. The average MPD
change at ONH onset in EG eyes was —51 pm (*+45); consistent
with the fact that in about half of the EG eyes, onset of ONH
surface topography change was detected earlier by TCA than
by MPD. There were no significant differences found across
time points in the control eye group.

Figure 3 plots the average peripapillary values for RNFL
thickness and RNFL retardance versus time for the same
individual animal shown in Figure 1. The open symbols
represent the longitudinal series for the control eye, filled
symbols for the EG eye. It is clear that RNFL retardance as
derived from the SLP measurements (solid triangles) began to
decline shortly after the chronic IOP elevation ensued but
prior to any RNFL thinning as measured by SD-OCT (solid
circles). At MPD onset in this EG eye (day 142, see Fig. 1),
RNFL thickness was essentially unchanged from baseline (4%
thicker), whereas RNFL retardance was 15% below its baseline
average value in the very next SLP measurement session (6
days later). The decline of RNFL retardance continued to lead
the decline of RNFL thickness for the duration of follow-up in
this animal.

Longitudinal results for peripapillary RNFL thickness and
RNFL retardance are shown for the entire group in Figure 4.
For RNFL thickness (Fig. 4A), there was a significant
interaction (P < 0.0001)—that is, the effect of time (P =
0.0001) differed between the EG and control eye groups. This
was confirmed by post hoc analysis, which revealed that RNFL
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(B) Retardance. Values normalized to BL average are plotted in (C) and (D), respectively. (E) RNFL values for EG eyes—expressed relative to fellow
control eye of each animal—versus time. For RNFL thickness data: *P < 0.001, versus each BL; 1P < 0.05 versus ONH surface topography onset; f P
< 0.0001 versus the session prior to ONH onset (median of 20 days prior). For RNFL retardance data: §P < 0.01 versus each BL; #P < 0.0001 versus
each BL and the session just prior to ONH onset (median of 9 days prior). (E): *P < 0.01 versus each BL; TP < 0.0001 versus each BL and the session

just prior to ONH onset (median of 9 days prior).

thickness was reduced in the EG eyes at the final time point
(median of 15 days after ONH topographic change onset) as
compared with each of the baseline sessions (P < 0.001), to
the session just prior to ONH onset (P < 0.0001) and to the
ONH topographic onset point itself (P < 0.001). However,
there were no significant differences between RNFL thickness
at the ONH topographic onset point and any of the baselines or
the session just prior to onset (median of 20 days earlier).
Control eye values of RNFLT did not change significantly across
any of the time points.

Figure 4B shows that RNFL retardance changed significantly
over time in the group of EG eyes (P < 0.0001, time and
interaction) such that there was a significant decline during the
session just prior to ONH topographic change onset (median of
9 days earlier) as compared with each of the baseline sessions

(P < 0.01). The next available SLP measurement (median of 7
days after ONH topographic onset) also showed that RNFL
retardance had declined compared with each baseline mea-
surement (P < 0.0001) and had progressed significantly from
the previous SLP measurement (P < 0.0001, median of 17 days
earlier). Control eye values of RNFL retardance did not change
significantly across any of the time points.

The raw data shown in Figures 4A and 4B were normalized
to the baseline average to better show relative changes over
time by accounting for the variability across animals at
baseline. The baseline-normalized data for RNFL thickness
and retardance are plotted in Figures 4C and 4D, respectively.
This revealed a subtle trend for RNFL thickness: during the
session just prior to ONH topographic onset, there was a 2% *
6% thickening as compared with the baseline average;



I0OVS, June 2012, Vol. 53, No. 7

A. Local mfERG responses

B. Low-frequency components

t:,wfb-\_,_,_,_e_ﬁﬂ_. e = —

RNFL Retardance, Thickness, and ERG at Onset of Glaucoma 3945

C. High-frequency components
Control

Control EG

Ficure 5. Multifocal ERG responses from the final recording session of the same individual animal shown in Figures 1 and 3. The first pair of
columns (A) shows the local mfERG responses for the EG eye (left) and control eye (right); the middle pair of columns (B) contains the low-
frequency components and the rightmost pair of columns (C) contains the high-frequency components filtered from the local responses. The top
row of traces represents the response from the central stimulus element; the second group represents the first ring of responses around the center,
and so on. These 37 response locations represent the data used to generate the spatially averaged summary parameter as described in the Methods

section and shown in Figures 6 and 7.

however, this was not statistically significant. The only
significant difference found for RNFLT was at the final time
point, which represented a 4% * 7% thinning as compared
with baseline (P < 0.01), as well as a significant decrease
compared with the point ONH topographic onset (P < 0.05) or
to the session just prior to ONH onset (P < 0.0001). Again,
there were no significant differences over time for the group of
control eyes. Baseline normalization of the RNFL retardance
data (Fig. 4D) demonstrate a pattern of significant change in
the group of EG eyes (P < 0.0001, effects of time and time X
treatment interaction), whereby there was a 5% *= 8% decline
from baseline values of RNFL retardance during the session
prior to ONH topographic change onset (9 days before onset, P
< 0.01) and a significantly progressive decline to the next
session reaching 12% = 9% below the baseline average (P <
0.0001). There were no significant differences found across
time points in the control eye group.

In order to visualize the relative changes more readily on a
single plot, the EG group data for each measurement type were
normalized relative to the control eye values as shown in
Figure 4E. There was a significant effect of time (P < 0.0001),
measurement type (RNFL thickness vs. retardance, P =0.0005)
as well as a significant interaction between those two variables
(P < 0.0001). During the span of a month around the onset of
ONH surface topography change, relative RNFL retardance can
be seen to decline prior to and faster than RNFL thickness. The
only significant difference found over time for relative RNFL
thickness was at the final time point, approximately 2 weeks
after ONH topography onset, when RNFLT was 5% * 8%
thinner than fellow control eyes (P < 0.01 versus each of the
other time points). In contrast, approximately 1 month earlier,

RNFL retardance had already become 5% * 8% lower than
fellow control eyes (P < 0.01 versus each baseline) and in the
week before the final time point, it had declined farther to
reach 11% = 10% below fellow control eye values. Thus, the
pattern shown in Figure 4E for the EG group data is quite
similar to the individual EG shown in Fig. 3.

Figure 5 shows the mfERG responses from the final
recording session of the same individual animal shown in
Figures. 1 and 3. The first pair of columns (Fig. 5A) shows the
local mfERG responses for the EG eye (left) and control eye
(right); the middle pair of columns (Fig. 5B) contains the low-
frequency components and the rightmost pair of columns (Fig.
5C) contains the high-frequency components (HFC) filtered
from the local responses. The top row of traces represents the
response from the central stimulus element; the second group
represents the first ring of responses around the center, and so
on. These 37 response locations represent the data used to
generate the spatially averaged summary parameter as de-
scribed in the Methods section. Note that the HFCs from the
EG eye are reduced as compared with the fellow control eye
responses at this final recording session, without much effect
on the low-frequency components. The spatial average values
for each of the four response components analyzed are plotted
versus time for this animal in Figure 6. It is clear from Figure 6D
that the HFCs in the EG eye begin to decline right around the
onset of ONH surface topography change (day 142; see Fig. 1).
In contrast, the three features measured in the LFCs, N1, P1,
and N2 (Figs. 6A, 6B, and 6C, respectively) do not show the
degree of change evident in the HFCs, though perhaps N2 was
trending below the response average in the fellow control eye.
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Ficure 6. Multifocal ERG response component amplitudes versus time for the same individual example animal shown in Figures 1, 3, and 5. Data
are normalized and plotted relative to the baseline average. (A) LFC features N1. (B) P1. (C) N2. (D) HFC.

The mfERG data for the entire group are plotted in Figure 7
for the same five time points that corresponding to the SLP
recording sessions (e.g., Fig. 4). There was a significant effect
of time and an interaction with the eye group (P < 0.0001 and
P = 0.001, respectively) for the HFCs, but none of the other
LFC features showed a significant effect of time nor a
significant time treatment interaction (P = 0.53, 0.29, 0.31,
for N1, P1, and N2 amplitudes, respectively). The mfERG HFCs
were reduced at the time point just prior to onset of ONH
surface topography change (P < 0.01 versus each baseline) and
demonstrated significant progression to the session immedi-
ately subsequent to the ONH surface topography onset point
(P < 0.001). There were no significant differences found across
time points in the control eye group.

DISCUSSION

The results of this study demonstrate that abnormalities of
RNFL retardance measured by SLP are present at (or before)
the onset of ONH surface topography change when RNFL
thinning as measured by SD-OCT has not yet begun to occur.
The results also demonstrate that mfERG abnormalities
representing specific RGC functional deficits3?-4445.50 are
present at (or before) the onset of ONH surface topography
change. Taken together, these results indicate that specific
structural and functional abnormalities exist prior to the onset
of thinning of the peripapillary RFNL axonal bundles in
nonhuman primate experimental glaucoma. These results

match the pattern of changes observed after optic nerve
transection, a more acute RGC axonal injury with a faster time
course of neurodegeneration.>® The results provide further
evidence of the existence of a stage of experimental glaucoma
during which structural and functional abnormalities measur-
able in vivo by clinical instrumentation are present before
axonal degeneration manifests as thinning of the unmyelinated
axons within the RNFL. This stage is thus likely to precede
RGC death, though this study did not specifically count RGC
soma (follow-up post mortem histopathological studies are
underway). In this regard, the abnormalities observed here
might, in a clinical setting, serve as a “red flag” to advance
therapy in glaucoma patients. It is not yet known, however, if
the abnormalities documented here are reversible with therapy
or if that would also prevent subsequent axonal degeneration
manifested as thinning of the RNFL. Reversibility of retinal
functional abnormalities as detected by pattern ERG after IOP
was lowered has been demonstrated in glaucoma patients.>>2

The onset of ONH surface topography change is thought to
represent a very early stage of experimental glaucoma in
nonhuman primates.>!-3> Indeed, a previous study in a
separate cohort of monkeys also demonstrated that RNFL
thinning was not yet present at the onset of ONH surface
topography change defined by CSLT in a similar manner.3*
However, the results of that study also demonstrated evidence
of deep ONH structural changes detected by SD-OCT that were
present at this early time point, suggesting that glaucomatous
connective tissue changes within the laminar cribrosa and
peripapillary sclera®?3353 might precede even the onset of
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Ficure 7. Multifocal ERG response component amplitudes versus time for the entire group. Box plots (as in Fig. 2) representing the distribution of
raw values at each of the experimental recording sessions. (A) mfERG LFC features N1. (B) P1. (C) N2. (D) HFC. *P < 0.01 versus each BL. TP <
0.001 versus the session just prior to ONH onset (median of 9 days prior to ONH onset).

surface topography change.3* Ongoing studies will address the
course of those changes relative to the other early abnormal-
ities demonstrated in this study by SLP and ERG. It should be
noted that every EG eye in this study had exhibited ONH
surface topography change by specific criteria, but not all eyes
had reached RNFL or ERG change onset points by criteria with
similar specificity. The study aimed to compare RNFL and ERG
changes to each other (i.e., the ONH topography served as the
common indicator and was therefore not meant to be
compared to the other parameters).

There are several limitations to this study and caveats to
discuss. First, the eccentricity of the measurement location
(distance from the ONH) differed slightly for SLP and SD-OCT
as the SLP location was 1.16° (~275 um on the monkey retina)
closer to the optic disc margin than the SD-OCT location.
There is increasing evidence of retrograde degeneration in
experimental glaucoma models in both rodents?>54-58 and
primates (Cull G, et al. JOVS 2011;52:ARVO E-Abstract 179)
with retrobulbar axon counts revealing greater loss than either
RNFLT or RGC soma counts do. If axons are dying by
retrograde degeneration and there is otherwise no discrepancy
between relative loss of RNFL retardance versus thickness,
then this location mismatch could contribute to the apparent
lead time of SLP retardance changes observed here. Though
this is possible, the previous study of optic nerve transection
matched the measurement locations as precisely as possible
and still demonstrated a similar advance of RNFL retardance
changes ahead of RNFL thinning.?° That study included many
fewer subjects and longitudinal time points, so it was feasible
to accomplish the matching by manual techniques. Though it
is also possible that gliotic or other changes within the RNFL
could result in an increase in RNFLT, it is as yet unknown if
such changes occur at this early stage or whether they could
offset (nearly perfectly) any thinning or loss of axons.

A second caveat relates to the dynamic range of each
measurement. This study using longitudinal data demonstrated
that a decline in RNFL retardance and RGC function were
detectable before any peripapillary RNFL thinning was
detected by SD-OCT. At later time points, the relative loss of
RNFL retardance (as compared with either baseline values or
values in fellow control eyes) was greater than the relative loss
of RNFLT. However, if their dynamic ranges were different, the
relatively greater loss of RNFL retardance might not be as
apparent. For example, there is a well-documented floor-effect
for RNFLT at approximately 40% of normal values>>°°; thus,
judging decline from 100% of normal values would have a
dynamic range limited to just 60% of the apparent range and
any given loss might represent a larger actual loss for that
parameter than the percent change would indicate. Since the
floor effect asymptote is not yet known precisely for non-
human primates (until enough animals can be followed to a
severe stage), this question persists about the later time points
when several parameters are exhibiting loss. Should these data
become available, data could be re-scaled relative to the
dynamic range of each parameter and thus be enable
comparisons of relative loss across parameters on a similar
scale.

Similarly, the relative measurement noise can vary across
parameters; for example, by bootstrapping all possible pre-
laser baseline pairs of observations, we found that the
measurement noise for RNFL retardance by SLP is ~50% larger
than that for RNFLT measured by SD-OCT (9% vs. 6%). If the
inverse had been found, a stronger caveat would be necessary
for the apparent lead time of detecting changes in retardance
versus thickness; however, the results demonstrated earlier
change for retardance, despite its larger measurement variabil-
ity, suggesting the observation is robust.
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It is possible that other ERG measures of RGC function and/
or other analyses of the mfERG recordings presented in this
study could reveal loss even more sensitively.’:°2 As in
previous studies, 304445 pattern-reversal ERG and full-field flash
ERG (specifically to evaluate the photopic negative response)
were also obtained in 21 of the 33 monkeys in this study but
neither were able to reveal changes at this early time point
(data not shown). Though the measurement variability was
higher as compared with the mfERG HFCs, the lack of
detection of RGC functional loss by these other techniques
as compared with the mfERG could also be a function of the
smaller sample size, so this study does not conclusively find
that the mfERG was more sensitive per se.

Another caveat common to all experimental disease models
is whether the results will prove generalizable to human
patients in a clinical setting. Longitudinal clinical studies are
underway at this and other institutions that will help
determine whether the findings of this study are ultimately
relevant to the care of glaucoma patients. The time course of
EG in nonhuman primates is compressed (as is the life span of
a monkey) compared with most glaucoma in human patients;
thus longitudinal clinical studies require a substantially longer
duration of follow-up, often complicated by changes in
instrumentation reflecting technological improvements. An-
other important question for generalizability to clinical care
will be the spatial relationships of RNFL changes: do the same
temporal relationships between RNFL retardance and thick-
ness hold not only for spatially averaged (global) parameters,
but also sector by sector and also during later stages of
neurodegeneration? Preliminary evidence suggests that RNFL
retardance changes do continue to lead loss of RNFLT into
subsequent stages of damage beyond the onset of ONH surface
topography change (Fortune B, et al. JOVS 2012;53: ARVO E-
abstract 240).

The rationale for this study evolved from the premise that
axonal cytoskeletal disruption might be an early-stage alter-
ation in the process of glaucomatous neurodegeneration,
perhaps as a direct or indirect result of biomechanical changes
within the ONH,31-33:53 and exist for a time prior to the total
degeneration of RGC axons. If true, then this might represent a
phase during which advancement of therapy could be most
efficacious (as compared with treatment after loss that would
otherwise represent only permanent damage). If microtubule
disruption is a large part of the cytoskeletal abnormality
implied by these early changes in RNFL birefringence, then it is
likely that axonal transport would also suffer at this early stage,
potentially contributing further RGC insult.20:21,56-58,63-68
There are otherwise very few studies that point to a specific
stage detectable in a clinical setting of glaucomatous RGC
“dysfunction” preceding death,°-72 though more central
changes in glaucoma’® may complicate interpretation in some
of these instances.

Finally, the visibility of axon bundles within the RNFL by
clinical ophthalmoscopy and photography depends on their
reflectance, which is also known to be greatly influenced by
normal cytoskeletal integrity.”* Thus, one might predict from
the results presented here that reflectance should also decline
prior to thickness”>~77 and that a degree of discordance should
occur between photographic and SD-OCT methods of assess-
ing the RNFL. Thus, clinical ophthalmoscopic and photograph-
ic methods should not be used as a reference standard to judge
the diagnostic performance of methods like SLP and OCT.
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