Reflectance Decreases before Thickness Changes in the
Retinal Nerve Fiber Layer in Glaucomatous Retinas
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Purpose. Glaucoma damages the retinal never fiber layer
(RNFL). RNFL thickness, measured with optical coherence
tomography (OCT), is often used in clinical assessment of the
damage. In this study the relation between the RNFL reflec-
tance and thickness at early stages of glaucoma was investi-
gated.

MEerHODS. A rat model of glaucoma was used that involved laser
photocoagulation of the trabecular meshwork. The reflectance
of the RNFL in an isolated retina was measured, followed by
immunohistochemical staining of the axonal cytoskeleton.
RNFL thickness was measured by confocal fluorescence imag-
ing. RNFL reflectance was calculated for bundle areas located
at radii of 0.22, 0.33, and 0.44 mm from the optic nerve head
(ONH) center. Linear regression was used to study the relation
between reflectance and thickness. For glaucomatous eyes,
only those bundles with no apparent structural damage were
used.

Resurrs. Bundles in 11 control retinas and 10 treated retinas
were examined. Bundle thickness of both groups at each radius
was similar (P = 0.89). The reflectance of the bundles at radii
of 0.33 and 0.44 mm was found to be similar in both control
and treated retinas (P > 0.5). However, the reflectance of the
bundles at the 0.22-mm radius decreased significantly in the
treated group (P = 0.005).

Concrusions. Elevation of intraocular pressure causes decrease
in RNFL reflectance for bundles near the ONH. Change in RNFL
reflectance precedes thinning of the RNFL. The results suggest
that a decrease in RNFL reflectance near the ONH is an early
sign of glaucomatous damage. (Invest Opbthalmol Vis Sci.
2011;52:6737-6742) DOI:10.1167/iovs.11-7665

he retinal nerve fiber layer (RNFL) consists of axons of

retinal ganglion cells (RGCs). Glaucomatous damage to the
RNFL usually precedes detectable visual field loss, and direct
assessment of the RNFL is therefore often used in clinical
diagnosis of the disease. Common optical diagnostic methods,
such as optical coherence tomography (OCT), use light re-
flected from the RNFL to assess the change in thickness during
the development of glaucoma. Knowledge of the reflectance
property of the RNFL in diseased retina can enhance the
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interpretation of clinical measurements and improve detection
of damage or progression of the disease.

RNFL reflectance in normal retinas has the following char-
acteristics: (1) The reflectance is very directional.’ A nerve
fiber bundle is visible only when the reflected light is measured
in a conical sheet concentric with the bundle axis. The direction-
ality suggests that RNFL reflectance arises from light-scattering by
the cylindrical structures of axons.? (2) RNFL reflectance is pro-
portional to its thickness.® Proportionality implies that the re-
flected light arises from throughout the entire volume of a
nerve fiber bundle. (3) RNFL reflectance declines with increas-
ing wavelength. Wavelength dependence implies that different
scattering mechanisms underlie RNFL reflectance at different
W::lvelengths.4 (4) With the use of colchicine, studies have
identified microtubules as one contributor to the RNFL reflec-
tance,”° yet other scattering components are not clear.

Glaucoma damages axons of RGCs.” ' The degree of dam-
age varies from distortion of axonal ultrastructure to total loss
of axons. Immunohistologic studies show that elevation of
intraocular pressure (IOP) causes alteration of the axonal cy-
toskeleton, and such cytostructural distortion precedes macro-
scopic change in the RNFL. Hence, cytostructural change is an
early sign of RNFL damage.

Because RNFL reflectance arises from light scattering by the
ultrastructure in axons,'> changes in the axonal cytoskeleton
must cause changes in RNFL reflectance. In this study, we used
a rat model of glaucoma to investigate the relation between
RNFL reflectance and its thickness at early stages of glaucoma-
tous damage. The knowledge gained will be helpful in under-
standing early pathologic states of axonal degeneration.

MATERIAL AND METHODS

Rat Model of Glaucoma

Female Wistar rats weighing 250 to 350 g were used. The animals were
housed in a 12-hour light-12-hour dark cycle, with standard food and
water provided ad libitum. Experimental glaucoma was induced by
translimbal laser photocoagulation of the trabecular meshwork.'® An-
imals were anesthetized with intraperitoneal ketamine (50 mg/kg) and
xylazine (5 mg/kg) and topical proparacaine 1% eye drops. The laser
treatment (a diode laser with wavelength of 532 nm, 500-mW power,
0.6-second duration, and 50-um diameter spot size) was administered
to the left eye of each rat. Approximately 55 to 60 trabecular burns
were evenly distributed. After a week, a second treatment was applied
to those eyes that did not maintain elevated IOP. The contralateral eye
was untreated and served as the control.

A rebound tonometer (Tonolab; Icare, Helsinki, Finland) was used
to monitor IOP after the animals were deeply anesthetized. IOP in both
eyes was measured just before treatment and 1, 3, 5, and 7 days after
treatment and then once a week, until enucleation or until IOP re-
turned to baseline.

All experiments adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The protocol for the use
of animals was approved by the Animal Care and Use Committee of the
University of Miami.
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Tissue Preparation

Three weeks after the first laser treatment, both eyes of each animal
were used in the study. Tissue preparation followed previously devel-
oped procedures.'” Briefly, one eye of an anesthetized animal was
removed and prepared for optical measurements. After completion of
the first eye’s measurement, the other eye was removed and subjected
to the same experimental procedures. The animal was then euthana-
tized. For each eye, an eye cup of 5-mm diameter that included the
optic nerve head (ONH) at the center of the eye cup was excised and
placed in a dish of warm (33-35°C) oxygenated physiologic solution.
The retina was dissected from the retinal pigment epithelium and
choroid and then draped across a slit in a black membrane with the
photoreceptor side against the membrane. A second, thinner mem-
brane with a slit matched to the black membrane was put on the RNFL
surface to gently stretch the retina and eliminate wrinkles. The above
procedure was performed with intense white illumination, which
thoroughly bleached the visual pigment in the photoreceptors and
ensured that the reflectance in this layer remained constant. The
mounted retina was placed in a chamber perfused with warm physio-
logic solution to keep the tissue alive.

Measurement of RNFL Reflectance

A multispectral imaging microreflectometer was used to detect the
reflectance of the RNFL. The device has been described in detail
previously.® Briefly, light from a tungsten-halogen lamp followed by an
interference filter (10-nm full width at half maximum) provided mono-
chromatic illumination to a retina. The mounted retina was placed in
the chamber at the center of a spherical window. It was imaged onto
a cooled, charge-coupled device (CCD) (U47+ Digital Imaging System;
Apogee Instruments, Inc., Logan, UT) that provided a digital resolution
of 2.2 um/pixel in an aqueous medium and a full field of view of 2.3 X
2.3 mm on the retina. The chamber was mounted on a precision stage
that could be adjusted for translation and rotation. The optical axes of
light source and camera, both approximately intersecting at the center
of the spherical window, could also be moved.

In the experiments, the bundles were oriented approximately ver-
tically, and the camera and light source were adjusted to the positions
that gave near maximum (on-peak) reflectance of the nerve fiber
bundles, with a dark, uniform background.

Images of the RNFL were collected by the CCD camera at wave-
lengths ranging from 400 to 830 nm. Exposure duration of the CCD
camera was selected to ensure that no saturation occurred in any
images at any wavelength. Black images taken with the same exposure
duration, but with the light source off, were subtracted from each
image, to compensate for the dark current and bias level of the CCD.
The resulting pixel values were directly proportional to the reflected
intensity. The pixel values were then converted to relative diffuse
reflectance using images of a diffuse white reflector (6080 White
Reflectance Coating; Eastman Kodak Company, Rochester, NY). Here-
after, the relative reflectance is simply called reflectance.

Calculation of RNFL Reflectance

To calculate the reflectance of nerve fiber bundles, bundle areas were
selected at distances of approximately 0.22, 0.33, and 0.44 mm (7, 7,
and r.) from the ONH center, which was defined as the convergence
point of nerve fiber bundles within the ONH. At each radius, one to
three bundles was selected from each retina. If more than one bundle
was selected, they were separated by at least one major blood vessel.
The RNFL reflectance was calculated for those bundles, which were
measured at on-peak reflectance and had approximately uniform gap
areas between the bundles. Reflectance measured on bundle areas
included light reflected from the RNFL and its underlying tissue. Be-
cause the weak scattering of the RNFL caused little attenuation of the
incident beam, we assumed that the reflectance from deep layers was
approximately the same as that from nearby gap areas. Rectangular
areas, each containing approximately 10 pixels, were chosen from the
bundles and from the nearby gaps between bundles. The average
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reflectance of gap areas was then subtracted from the total reflectance
measured on the bundle areas to get an estimate of the bundle reflec-
tance alone. The reflectance of several closely defined areas on the
same bundle was then averaged. Because RNFL reflectance depends on
wavelengths, mean reflectance at wavelengths of 400 to 420, 500 to
560, and 740 and 830 nm were calculated.

The incident and scattering angles for the measured bundle area
were also calculated based on the properties of light-scattering from a
cylinder, which constrains all scattered rays to lie in a conical sheet
concentric with the axis of the bundle. The incident angle was defined
as the angle between the incident ray and a plane perpendicular to the
bundle; the scattering angle was defined as the angle between incident
and scattering planes, where the incident plane contained the incident
ray, and the bundle and the scattering plane contained the reflected ray
and the bundle. The backscattering angle was 180°. In the experi-
ments, the incident and scattering angles were estimated from the
orientation of a bundle’s projection in an image and the positions of
the light source and camera in the laboratory coordinate system. A
detailed description of the scattering geometry can be found in an
earlier publication.” Only those bundles with similar incident and
scattering angles were used for data comparison.

To compensate for possible tissue shift during the measurement,
the entire set of images was registered by horizontal and vertical
translation.

Confocal Laser Scanning Imaging

After reflectance measurement, a retina was fixed in 4% paraformalde-
hyde for 30 minutes at room temperature and rinsed thoroughly in
phosphate-buffered saline (PBS). The tissue was then removed from
the membranes for immunohistochemical staining. Three major cyto-
skeletal components of axons were labeled in a whole-mounted retina
with phalloidin to stain F-actin, anti-B-tubulin monoclonal antibody to
mark microtubules, and anti-neurofilament antibody to label neurofila-
ments. Nuclei in the inner retina were also identified by 4’,6-diamidino-
2-phenylindole (DAPD) fluorescent counterstain. The detailed proce-
dure for fluorescence staining is described in a recently published
paper.'

Confocal imaging of a stained retina was performed according to a
previously developed procedure.>'* Briefly, a confocal laser scanning
microscope (TCS SP5; Leica Microsystems, Bannockburn, IL) was used
to provide both en face and cross-sectional images of a whole-mounted
retina. A 40X oil objective provided en face images of the tissue, with
a full field view of 389 X 389 um and a resolution limited to the
sampling density of 0.76 pm/pixel. To cover bundles around the ONH,
at least a 3 X 3 tiled array of images was taken that covered a retinal
area of 1.2 X 1.2 mm with the ONH at the center. To measure RNFL
thickness, en face images were collected in each array position at
evenly spaced depths (1 um apart in tissue), starting from the RNFL
surface through the retina, to a depth at least including the ganglion
cell layer. The retina was then reconstructed in 3-D, and cross-sectional
images were synthesized from the reconstruction with customized
software.

Measurement of RNFL Thickness

To relate measured optical properties of the RNFL to its underlying
cytostructure, the location of an individual nerve fiber bundle mea-
sured optically was identified in the corresponding confocal image of
the same retina with a procedure modified from a previously devel-
oped method.'® Briefly, the en face confocal image of a retina (Fig. 1A)
was registered onto the optical image of the same retina (Fig. 1B) by
matching the blood vessel patterns. The bundle areas that were origi-
nally defined in the optical image were then marked in the confocal
image. To determine the cross-sectional image of the bundle, a line
across the area and perpendicular to the bundle was defined. The
cross-sectional image along the line was obtained from a recon-
structed 3-D confocal laser scanning microscopy (cLSM) image. The
thickness of the selected nerve fiber bundle was measured from the
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FIGURE 1. Image registration and measurement of RNFL thickness.
(A) En face confocal image of a normal retina (40X objective). Bright
stripes are retinal nerve fiber bundles with fluorescent stain of micro-
tubules. The image is registered to the reflectance image of the retina
in (B). Yellow line: a bundle area selected for reflectance analysis.
Dasbed line: defined to derive a cross-sectional image of the bundles.
(B) Reflectance image obtained at 440 nm. Black stars: portions of
retina held by the mounting membranes; white star: retinal area across
the slits of the membranes. Bundle reflectance was measured in this
region. (C) Cross-sectional image along the dashed line in (A). Bundle
thickness was measured as the length of the rectangle. Arrowbeads
and BV: blood vessels. Scale bar: (B) 100 um; (C) 50 wm horizontally;
25 um vertically.

image as the length of a rectangle that passed through the center of
the bundle (Fig. 10).

Data Analysis

The purpose of this study was to investigate the change in RNFL
reflectance at early stages of glaucomatous damage. Because RNFL
reflectance depends on the geometric settings of a measurement, data
were selected by using the following procedure: (1) Bundles measured
at on-peak reflectance were chosen, and the incident and scattering
angles were calculated; (2) the bundles with incident angles between
10° and 30° and scattering angles between 160° and 180° were se-
lected; (3) confocal images of these bundles were examined. Bundles
were excluded if any cytoskeletal components appeared distorted in
the confocal images.

In normal retinas, RNFL reflectance is proportional to its thickness.
In this study, linear regression was used to fit a scatterplot of bundle
reflectance and thickness. The regression used a straight line y = mx +
b, where y is reflectance, x is thickness in micrometers, the slope m is
the proportionality constant between reflectance and thickness in
units of reflectance per micrometer, and b is the y intercept represent-
ing a constant reflectance added to all points.

Reconstruction of 3-D confocal image and measurements of RNFL
reflectance and thickness were implemented with customized soft-
ware (programmed in MatLab; The MathWorks, Inc. Natick, MA).
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Image registration was implemented in image-management software
(CorelDraw Version 11; Corel Corporation, Ottawa, ON, Canada).

Bundle thickness was compared with a linear mixed-model analysis
accounting for the correlation between multiple measurements made
on the same retina and post hoc least-significant-difference tests. Inci-
dent angle and scattering angles were compared in an unequal variance
t-test. The influence of treatment group and bundle location on the
proportionality constant was studied with the analysis of covariance
formulation of the general linear model, which included tests of pro-
portionality constant and group interactions (SPSS/PASW Statistics 18;
IBM Corporation, Somers NY). The significance level was set at P <
0.05.

RESULTS

Fourteen Wistar rats were treated unilaterally. The mean IOP
increased from 11 £ 0.5 to 41 = 8 mm Hg. The IOP of all
treated eyes remained elevated for about 2 weeks. Bundles that
satisfied the selection criteria described above were measured
in 11 control and 10 treated retinas. Bundle thickness
(mean * SD) at each radius was compared between the con-
trol and treated retinas (Table 1). There was no difference
between the control and treated retinas (P = 0.89). However,
in both groups r, was significantly thicker than both 7, and 7,
(P < 0.001), but 7, and . were not different from each other
(P = 0.10). The incident and scattering angles were not differ-
ent between the groups (P > 0.6), with the average incident
angles of 18° = 6° and 19° = 6° for control and treated retinas,
respectively, and average scattering angles of 170° = 6° for
both groups.

Axonal Cytoskeleton in Retinas with Elevated IOP

All treated retinas showed different degrees of structural dam-
age. Figure 2 demonstrates a treated retina with localized
alteration of cytoskeleton. Around the ONH, the area with
normal-looking bundles (Fig. 2A, solid box) had approximately
uniform stain of F-actin, microtubules, and neurofilaments
within the bundles (Fig. 2B). However, localized damage oc-
curred in the same retina. Figure 2C showed distorted struc-
ture in all cytoskeletal components. Wavy strands of cytoskel-
etal components ran along the bundles. Aberrant strands of
F-actin and neurofilaments crossed the bundles. Nuclei were
abundant and embedded within the bundles. Detailed studies
of the cytoskeletal change have been published separately.” In
this study, the confocal images were used to identify normal-
looking bundles and calculate their thickness as described in
Figure 1C.

RNFL Reflectance and Spectrum

In normal retinas, nerve fiber bundles stand out in high-con-
trast against a darker background. The bundles measured near
on-peak reflectance appeared as bright stripes (Fig. 3A). How-
ever, the reflectance further along the same bundles decreased
due to a tilt of the retinal tissue. In this study only bundle

TasBLE 1. Average Bundle Thickness at Different Distances (+) from
the ONH

Thickness (pum)

r, = 0.22 mm r, = 0.33 mm r. = 0.44 mm

14 + 4 (20)
16 =5 2D

12 +5(13)

Control 21 + 10 (22)
+ 144017

Treated 22 102D

Data in parentheses are the total number of bundles analyzed.
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regions measured at on-peak reflectance were selected for data
analysis.

RNFL reflectance is wavelength dependent. Figure 3B
shows a reflectance spectrum of the bundle area marked in
Figure 3A. The reflectance was higher at short wavelengths and
declined with increasing wavelength.

In retinas with mild glaucomatous damage, bundles still
appeared as bright stripes against a dark background, but had
lower contrast compared with normal bundles. Figure 3B com-
pares the reflectance spectra of one bundle each in control and
treated retinas. Both bundles had a thickness of 26 um and
were measured at a similar geometric setting (19° and 172°
incident and scattering angles, respectively). The pattern of
reflectance spectra was similar. However, the bundle reflec-
tance in the treated retina was lower at all wavelengths.

Relation between RNFL Reflectance
and Thickness

The relation between RNFL reflectance and thickness was
studied at different distances away from the ONH center.
Figure 4A demonstrates the relation in bundle areas selected at
a distance of 0.33 mm from the center of the ONH. The
scatterplot shows that for both control and treated retinas the
bundle reflectance was approximately proportional to its thick-
ness. A linear fitting of the data gave a proportionality constant
m, which represented an average reflectance per micrometer
thickness of the RNFL. At the distances of 0.33 and 0.44 mm
(data not shown), the fitted m (= SE) was equal to
0.07% £ 0.01%/um for both the control and treated groups.
For bundle areas near the ONH (Fig. 4B, r, = 0.22 mm), the
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FIGURE 2. RNFL assessment by con-
focal microscopy (40X objective).
The treated retina had simultaneous
fluorescent staining with F-actin
(green), microtubules (red), and neu-
rofilaments (magenta). (A) A mon-
tage of the en face images of the
RNFL with F-actin stain. (B) Enlarged
view of the solid box in (A) with 90°
rotation. Normal-looking bundles ap-
pear as bright stripes with uniform
staining of cytoskeletal components
within and along the bundles. (C)
Enlarged view of the dashed box in
(A). Altered cytostructure shows dis-
torted strands of cytoskeletal compo-
nents. Nuclei (arrows), identified by
DAPI stain (not shown) are embed-
ded in the bundles. Arrowbeads and
BV: blood vessels.

bundle reflectance of both groups also increased with increas-
ing thickness. However, linear regression fitting showed that
the slope of the treated group was significantly lower than that
of the control (P = 0.005).

Figure 5 summarizes fitted m at different radii for each
wavelength. For the control retinas at any wavelength m was
similar along bundles (P > 0.7). For bundle areas near the ONH
m of the treated retinas was significantly lower than that of the
control at each corresponding wavelength (P = 0.003, 0.005,
and 0.02 for m measured at 400 - 440, 500 -560, and 740 - 830
nm, respectively). In contrast, in the peripheral regions m of
the treated retinas was similar to that of the control at all
wavelengths (P > 0.5).

DISCUSSION

In clinical assessment of RNFL with optical methods such as
OCT and scanning laser ophthalmoscopy, RNFL reflectance is
often used to derive the thickness of RNFL. The RNFL thick-
ness then is used for diagnosis and management of glaucoma
and other optic neuropathologic diseases. However, prelimi-
nary OCT evidence from glaucomatous patients shows that
change in RNFL reflectance precedes loss of RNFL thickness.'®
In this study, we used a rat model of glaucoma and in vitro
retinal preparations with carefully controlled reflectance ge-
ometry to study the relation between the RNFL reflectance and
thickness at early stages of glaucomatous damage.

Optically, the RNFL is a highly reflective layer in the retina.
The RNFL reflectance is very directional, so that the reflectance
of the RNFL depends on the geometric settings of reflectance

FIGURE 3. Reflectance of retinal nerve
B fiber bundles. (A) Reflectance image

(440 nm) of a normal retina. At near
on-peak, reflectance bundles (white
arrow) appear as bright stripes
against a darker background. The
same bundles (open arrow) become
dim at off-peak reflectance due to
tissue tilt. Black boxes: bundle areas
selected for reflectance analysis;
white boxes: gap areas selected for
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nm. (B) Reflectance spectra plotted on log-log coordinates. Reflectance was derived from bundle areas near the ONH (r, = 0.22 mm) in
control and treated retinas. Bundle reflectance of both retinas decreased with increasing wavelength. However, the reflectance of the treated retina

was lower than the control at all wavelengths.
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FIGURE 4. Relation between average RNFL reflectance at 500 to 560
nm and thickness. The RNFL reflectance increased with increasing
thickness. Bundle areas selected at 7, = 0.33 mm (A) and », = 0.22 mm
(B). Linear regression parameters (£ SE): (A)m = 0.07% * 0.01%/um
and b = —0.11% *+ 0.17% with R*> = 0.69 for the control group; m =
0.07% = 0.01%/um and b = —0.12% = 0.16% with R? = 0.73 for the
treated group. The two fitted lines overlap. B) m =
0.07% = 0.01%/um and b = 0.04% = 0.17% with R? = 0.85 for the
control group; m = 0.05% * 0.01%/um and b = 0.21% * 0.13% with
R? = 0.84 for the treated group.

measurements. We showed that RNFL reflectance measured at
on-peak reflectance was proportional to thickness in normal
retinas. The proportional relation between reflectance and
thickness suggests that the reflected light arises from the entire
volume of a nerve fiber bundle. A corollary of the proportional
relation is that the cytostructure contributing to the RNFL
reflectance distributes approximately uniformly within a nerve
fiber bundle. In normal rodent retinas, microtubules contribute
approximately 50% to the RNFL reflectance,® and electron
microscopy and immunohistological staining demonstrate ap-
proximately uniform distribution of microtubules in the
RNFL.?° Other cytostructures contributing to the RNFL reflec-
tance are not identified yet. Understanding characteristics of
scattering structure distribution within the RNFL aids interpre-
tation of signals measured by techniques using reflected light.
For example, reflectance signals with depth resolution, such as
A-scans obtained by OCT, should be approximately constant
when a light beam scans through a retinal nerve fiber bundle;
that is, the magnitude of the signal should not change very
much along the scan path within the bundle.

The proportionality constant m represents reflectance per
thickness of RNFL. In normal retinas, m did not change signif-
icantly along bundles, suggesting that the composition and
distribution of scattering structures are similar along bundles.
Because of the dependence of RNFL reflectance on wavelength
(Fig. 3B), m also varied with wavelength in normal retinas.

In this study, retinas exposed to elevated IOP were used to
determine the change in RNFL reflectance occurring in early
stages of glaucoma. We found a decrease in bundle reflectance
of bundles near the ONH. However, the reflectance of
the bundles farther from the ONH did not show significant
change compared with the control. This result indicates that
nerve fiber bundles near the ONH are more vulnerable to
damage caused by elevated IOP. The finding is consistent with
the early immunohistological studies of retinas in a rat model of
glaucoma, in which F-actin in the portion of a bundle near the
ONH is found to be altered while the peripheral regions in the
same bundle still appear intact and RGC loss occurs first near the
ONH.?! In a recent study of the pattern of RNFL defects in
glaucomatous patients, a significant proportion of mildly glauco-
matous eyes are found to have RNFL defects near the ONH
while the parapapillary RNFL thickness is normal as measured
by OCT.?* These results support that the site of primary dam-
age in glaucoma is at the ONH, one of the most often suspected
sites damaged by IOP elevation. The goal of this study was to
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investigate reflectance change at early stages of glaucomatous
damage. Confocal images of immunofluorescence-stained cy-
toskeletal components, including F-actin, microtubules, and
neurofilaments, were used to assess structural change in the
retinas. The bundles used in this study were specifically
selected—that is, the selected bundles did not have apparent
distortion in any of these cytoskeletal components (Fig. 2A)
and, in addition, the bundle thickness in the treated and con-
trol groups was similar (Table 1). Hence, the result, a decrease
in RNFL reflectance, suggests that a change in RNFL reflectance
occurred before the apparent change in axonal cytoskeleton
and detectable thinning of the RNFL. Decrease in reflectance of
bundles near the ONH can perhaps identify an early state of
axonal degeneration in which irreversible damage to the axons
of ganglion cells can be prevented.

Glaucoma damages axonal ultrastructure.®'°™'3 At early
stages of damage, structural change precedes thinning of the
RNFL. This evidence is consistent with the current finding that
RNFL reflectance decreases before thinning of the RNFL. More-
over, in this study, we found that a decrease in RNFL reflec-
tance occurred before an alteration of the cytoskeleton was
observed. This result conflicts with our expectation that a
change in bundle reflectance should relate to change in axonal
cytoskeleton. RNFL birefringence, an optical property of RNFL
due to preferentially oriented cytostructure, is also found to
change before a detectable loss of RNFL thickness.?> Because
both reflectance and birefringence of RNFL are determined by
the distribution and relative refractive index of the RNFL ultra-
structure, one possibility is that early glaucomatous damage
changes the optical properties of extracellular and/or cytoplas-
mic constituents before distorting the cytoskeleton.?* Because
in this study the cytostructural distribution was evaluated with-
out quantifying structural density, an alternative explanation
could be that a decrease in cytoskeletal density occurs before
structural distortion to produce the decrease in RNFL reflec-
tance. Alternatively, another cytostructure not stained in this
study, such as the axonal membrane, may contribute to the
RNFL reflectance. In future studies, a more refined analysis,
such as electron microscopy, might be necessary to identify
the anatomic and pathologic basis for change of the RNFL
reflectance.

In summary, RNFL reflectance decreases before thinning of
the RNFL. Measuring reflectance change in bundles near the
ONH is a sensitive way to detect early glaucomatous damage,
which may open a therapeutic window during which damage
of axonal structure may be prevented.
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