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PURPOSE. Retinal nerve fiber layer (RNFL) reflectance is often
used in optical methods for RNFL assessment in clinical
diagnosis of glaucoma, yet little is known about the reflectance
property of the RNFL under the development of glaucoma.
This study measured the changes in RNFL reflectance spectra
that occurred in retinal nerve fiber bundles with different
degrees of glaucomatous damage.

METHODS. A rat model of glaucoma with laser photocoagulation
of trabecular meshwork was used. Reflectance of the RNFL in
an isolated retina was measured at wavelengths of 400–830
nm. Cytostructural distribution of the bundles measured
optically was evaluated by confocal imaging of immunohisto-
chemistry staining of cytoskeletal components, F-actin, micro-
tubules, and neurofilaments. RNFL reflectance spectra were
studied in bundles with normal-looking appearance, early F-
actin distortion, and apparent damage of all cytoskeletal
components. Changes of RNFL reflectance spectra were
studied at different radii (0.22, 0.33, and 0.44 mm) from the
optic nerve head (ONH).

RESULTS. Bundles in 30 control retinas and 41 glaucomatous
retinas were examined. In normal retinas, reflectance spectra
were similar along the same bundles. In glaucomatous retinas,
reflectance spectra changed along bundles with the spectra
becoming flatter as bundle areas approached the ONH.

CONCLUSIONS. Elevation of intraocular pressure (IOP) causes
nonuniform changes in RNFL reflectance across wavelengths.
Changes of reflectance spectra occur early in bundles near the
ONH and prior to apparent cytoskeletal distortion. Using the
ratio of RNFL reflectance measured at different wavelengths
can provide early and sensitive detection of glaucomatous
damage. (Invest Ophthalmol Vis Sci. 2012;53:5869–5876) DOI:
10.1167/iovs.12-10001

Glaucoma causes damage of the retinal nerve fiber layer
(RNFL), which consists of axons of retinal ganglion cells.

In clinical diagnosis of glaucoma, red-free fundus photography
can often identify RNFL defects years before detectable visual
loss.1–3 Currently often-used optical coherence tomography

(OCT) provides quantitative measurement of RNFL thickness
and has high sensitivity and specificity to identify glaucoma
patients with moderate to severe RNFL damage.4–7 However,
studies have shown that OCT is unable to detect some subtle
RNFL defects that are apparent in red-free photographs and,
overall, OCT is not better than fundus photography assessed by
experienced observers in distinguishing normal eyes from
those with early glaucomatous damage, especially when it
appears as localized defects.8–13 Reasons for high resolution
OCT being not superior in detecting RNFL defects may include
limited lateral resolution, algorithm limitations for detecting
RNFL defects, and large variation of RNFL thickness in
normative databases.6,9–11 In this study, we proposed the
additional hypothesis that changes of RNFL reflectance due to
glaucomatous damage are not uniform across wavelengths.

RNFL reflectance arises from light scattering by cylindrical
structures of axons.14,15 In normal retina, RNFL reflectance is
wavelength dependent with reflectance high at visible
wavelengths and lower at near infrared wavelengths.15 An
RNFL reflectance spectrum can be described by a two-
mechanism scattering model, in which both thin and thick
cylinders contribute to the reflectance, with thin cylinders
contributing more at short wavelengths and thick cylinders
dominating the reflectance at long wavelengths.15 Studies
show that microtubules (MTs) contribute to RNFL reflectance;
other scattering structures have not yet been identified.16,17

Glaucoma damages axonal cytostructure, including F-actin,
MTs, and neurofilaments (NFs).18–26 Degree of damage varies
from early distortion of F-actin to severe distortion and total
loss of the axonal cytoskeleton. Early cytostructural distortion
occurs prior to thinning of the RNFL.25,26 Recent studies show
that a decrease in RNFL reflectance also precedes changes in
RNFL thickness (Vermeer KA, et al. IOVS 2011;52:ARVO E-
Abstract 3666)27,28 and, therefore, direct measurement of
RNFL reflectance may provide detection of axonal damage at a
time during which damage is reversible.

Because each cytostructural component responds different-
ly to glaucomatous damage, RNFL reflectance is expected to
have nonuniform change across wavelengths. In this study, we
used a rat model of glaucoma to study wavelength dependence
of RNFL reflectance in retinas with different degrees of
glaucomatous damage.

MATERIALS AND METHODS

Rat Model of Glaucoma

Female Wistar rats weighing 250–350 g were used in this study. The rat

model of glaucoma has been described in detail previously.25 Briefly,

animals were anesthetized with intraperitoneal ketamine (50 mg/kg) and

xylazine (5 mg/kg) and topical proparacaine 1% eye drops. Experimental

glaucoma was induced by translimbal laser photocoagulation of the

trabecular meshwork.29 The laser treatment (a diode laser with a

wavelength of 532 nm, 500-mW power, 0.6-second duration, 50-lm–

diameter spot size) was administered in the left eye of each rat. Around
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55 to 60 trabecular burns were evenly distributed. A second treatment

after a week 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; Colonial Medical Supply, Franco-

nia, NH) was used to monitor the IOP after the animals were

anesthetized. The 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 the IOP returned to its baseline value. For each rat,

graphs of IOP (IOP in mm Hg versus days after treatment) for treated

and fellow eyes were constructed. Cumulative IOP, the area between

the curves for the two eyes in units of mm Hg-days, was calculated.

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.

Tissue Preparation and RNFL Reflectance
Measurement

Animals were sacrificed for optical experiments at approximately 3

weeks after the first laser treatment. Both eyes of each animal were

used in the study. Retinas were isolated free from the pigment

epithelium and choroid. Tissue preparation, following previously

developed procedures,27,30 was carried out with intense white

illumination, which thoroughly bleached the visual pigment in the

photoreceptors and ensured that the reflectance in this layer remained

constant. A prepared retina was placed in a chamber perfused with

warm physiologic solution to maintain the tissue alive.

A multispectral imaging microreflectometer was used to detect

RNFL reflectance. The device has been described in detail previously.30

Images of the RNFL were collected by a cooled charge-coupled device

(CCD camera, U47þ Digital Imaging System; Apogee Instruments Inc.,

Roseville, CA) at wavelengths ranging from 400 nm to 830 nm. In an

experiment, nerve fiber bundles were measured at near maximum

reflectance. 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 reflected intensity.

To calculate relative reflectance of the RNFL, images were also taken of

a diffuse white reflector (Kodak 6080 White Reflectance Coating;

Eastman Kodak Company, Rochester, NY). Pixel values of retinal

images were then converted to relative reflectance Rk by

Rk ¼ ck
P

Pw

Tw

T
ð1Þ

where ck is a known reflectance coefficient of the white reflector at

wavelength k; P and Pw are pixel values of the tissue and white

reflector, respectively; and T and Tw are their corresponding exposure

durations. Hereafter, the relative reflectance is simply called reflec-

tance. To compensate possible tissue shift during measurements, an

entire set of images was registered by horizontal and vertical

translation.

Calculation of RNFL Reflectance and Comparison
of Spectral Pattern

To calculate RNFL reflectance, bundle areas were selected at

distances of approximately 0.22 mm, 0.33 mm, and 0.44 mm (ra,

rb, and rc) from the center of the ONH. Reflectance measured on

bundle areas included light reflected from the RNFL and its

underlying tissue. It is anatomically reasonable to assume that the

tissue underlying the RNFL is similar to the tissue between bundles,

that is, the gaps seen in Figure 1. Because the weak scattering of the

RNFL caused little attenuation to an incident beam, we assumed that

the reflectance from deep layers was approximately the same as that

from nearby gap areas between bundles. Areas, therefore, were

chosen both on bundles and on nearby gaps between bundles and the

average reflectance of gap areas was then subtracted from the total

reflectance measured on the bundle areas to get an estimate of the

bundle reflectance alone (Fig. 1).27,30

RNFL reflectance and its spectral pattern depend on measurement

geometry. A detailed description of the scattering geometry can be

found in an earlier publication.15 RNFL reflectance was calculated for

those bundles that were measured at on-peak or near-peak

reflectance. The incident and scattering angles for bundle areas to

be analyzed were also calculated. Only those bundle areas with

incident and scattering angles varying 6 108 and 6158, respectively,

around their mean values were used for data comparison. Because

RNFL reflectance depends on wavelength, mean reflectance at

wavelengths of 400 to 440 nm (R400–440); 500 to 560 nm (R500–560);

and 740 to 830 nm (R740–830) were calculated respectively. To

compare patterns of reflectance spectra, each spectrum was

normalized to its R500–560. Reflectance ratios, calculated as relative

reflectance at short and long wavelengths qS¼ R400–440 / R500–560 and

qL¼ R740–830 / R500–560, respectively, were then used to quantitatively

compare changes of reflectance spectra.

For each retina, two to three bundles were analyzed. Bundles from

the same retina were separated by at least one major blood vessel to

avoid repeat sampling of similar bundles in one retina.

Two-Mechanism Scattering Modeling of RNFL
Reflectance Spectrum

RNFL reflectance arises from light scattering by cylindrical

structures of the RNFL. In normal rat retina, an RNFL reflectance

spectrum can be described by a two-mechanism scattering model.15

The modeling demonstrates that both thin and thick cylindrical

structures may contribute to RNFL reflectance. In the model, the

thick cylinders have a ‘‘triangle’’ distribution with no radii below a

certain value s and the proportion of cylinders at each radius

declining linearly from s to zero over a range w (see the inset in Fig.

4). The thin cylinders could have any radius (rt) that is much less

than the shortest wavelength. By assuming refractive indexes for the

cylinders, the shape of the RNFL reflectance spectrum can be

characterized by three parameters (s, w, n), with n being the

FIGURE 1. Calculation of RNFL reflectance. Nerve fiber bundles
appear as bright stripes and are separated by gaps—the darker space
between bundles. The reflectance (R) of the defined bundle area (thick

box) includes the reflectance of the bundle alone (Rbundle) and its
underlying tissue (Rbackground). The reflectance of the bundle alone is
calculated as Rbundle¼ R� Rbackground, where Rbackground is estimated
from the average reflectance of nearby gap areas (thin boxes). Image at
440 nm.
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number of thin cylinders per unit-thick cylinder mechanism. We

assigned a value of 10 nm, the equivalent radius of microtubules,

and a relative refractive index (mt) of 1.08 to the thin cylinders and

an arbitrary refractive index (mT) of 1.03 to the thick cylinders.15 By

using a normalized reflectance spectrum, fitted values of s and w are

independent of the assigned rt, mt, and mT.
31 However, n depends

on these assigned values.

In this study, we used the two-mechanism scattering model to fit

measured RNFL reflectance spectra in the control and treated retinas

by assuming that mt and mT did not change with glaucomatous

damage. The fitted parameters (s, w, n) then may provide insight into

relative contributions of different structural mechanisms to the RNFL

reflectance under the development of glaucoma.

All data analysis was implemented with customized software

programmed in a numerical computing environment (MATLAB; The

MathWorks, Inc., Natick, MA).

Evaluation of Axonal Cytoskeleton

After reflectance measurement, retinas were fixed and processed for

immunohistologic evaluation of axonal cytoskeleton. The prepara-

tion details of the immunohistologic staining and confocal micro-

scopic imaging have been published previously.25 Briefly, retinas

were stained with antineurofilament antibody to label NFs (a

primary antibody of 1:500 rabbit antineurofilament 200 kD, Sigma;

a secondary antibody of 1:250 Alex Fluor 647 goat antirabbit IgG;

Invitrogen, Grand Island, NY); anti-b-tubulin antibody to stain MTs

(1:100 Cy3 conjugated anti-b-tubulin antibody; Sigma); and a

solution of phalloidin to identify F-actin (1:100 Alexa Fluor 488

Phalloidin; Invitrogen). The antineurofilament antibody is a poly-

clonal antibody that has cross-reactivity against both phosphorylated

and nonphosphorylated forms. In addition, nuclei were identified by

4 0,6-diamidino-2-phenylindole (DAPI) fluorescent counterstain. Con-

focal imaging with a 403 oil objective provided both en face and

cross-sectional images of retinas covering a 1.2 3 1.2-mm area

around the ONH with a pixel resolution of 0.75 lm.

To relate axonal cytostructure to its measured reflectance, the

location of an individual nerve fiber bundle measured optically was

identified in the corresponding confocal and optical images of the same

retina by matching the blood vessel patterns.27,32 In glaucomatous

retina, the appearance of bundles was graded as normal appearance

FIGURE 2. Axonal cytoskeleton in retinas with different degrees of glaucomatous damage. Retinas were stained simultaneously for F-actin, MTs, and
NFs. (A) Normal-looking bundles with uniformly stained cytoskeletal components within the bundles. (B) Bundles with irregularly stained F-actin
(thin white arrows) and nuclei (thick white arrows) embedded within the bundles. (C) Severely damaged bundles with apparent network (yellow

arrows) of F-actin between bundles and distorted strands of F-actin, MTs, and NFs within bundles. Images taken with 403 oil objective. Arrow

heads: blood vessels.
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(G1), distortion of F-actin (G2), and distortion of all cytoskeletal

components (G3).

Statistical Analysis

Reflectance ratios, qS and qL, between normal and treated groups were

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. Incident angle and

scattering angles were compared using an unequal variance t-test. The

influence of treatment group and bundle location on qS, qL, and fitted

parameters (s, w, n) was studied with the analysis of covariance

formulation of the general linear model, which included tests of group

interactions (SPSS/PASW Statistics 18; IBM Corporation, Somers, NY).

The significance level was set at P < 0.05.

Averaged parameters are reported as mean 6 standard deviation.

The fitted parameters (s, w, n) are reported as fitted value 6 standard

error with the standard error estimated from the Jacobian matrix of the

nonlinear least square fitting of RNFL reflectance spectra.33

RESULTS

Forty-one Wistar rats were treated unilaterally. The mean
IOP increased from 11 6 0.5 to 41 6 8 mm Hg. The
cumulative IOP ranged from 87 to 311 mm Hg days with the
mean of 152 6 61 mm Hg days. Fifty-two bundles of 30
control retinas (OD) and 131 bundles of 41 treated retinas
(OS) were examined. All bundles satisfied the selection
criteria described above. The average incident angles were
168 6 78 for both control and treated retinas; and the
average scattering angles were 1618 6 118 and 1628 6 128

for control and treated retinas, respectively.

Change of Axonal Cytoskeleton in Glaucomatous

Retinas

Nerve fiber bundles were identified as bright stripes in en face
images by fluorescence-labeled F-actin, MTs, and NFs. In the
control retinas, the stain of the cytoskeletal components
appeared strong and uniform within bundles.

IOP elevation caused localized distortion of axonal cyto-
skeleton. Normal-looking bundles and bundles with different
degrees of cytoskeletal distortion were often found in the same
retinas. Figure 2A shows a retinal region with normal-looking
bundles (G1), which have approximately uniform, stained
cytoskeletons within the bundles and well-defined bundle
boundaries. At an early stage of glaucomatous damage (G2),
stains of MTs and NFs were nearly normal-looking; however,
nuclei were embedded in the RNFL and the en face image of F-
actin showed strings with bright phalloidin stains and
indiscernible bundle boundaries (Fig. 2B). In further damaged
retinas (G3), strings of F-actin, MTs, and NFs became apparent
within bundles; stains of all three components were not
uniform along bundles; and an F-actin network, appearing as
phalloidin stain, was apparent between bundles (Fig. 2C).
Detailed studies of the cytoskeletal change have been
published separately.21,25 In this study, confocal images were

FIGURE 3. Reflectance spectra of gap areas are similar in normal
(black line) and glaucomatous (gray line) retinas. Solid lines: average
spectra of all gap areas defined for the bundles analyzed in this study.
Dashed lines: 6 standard deviation. Reflectance value was calibrated
with the diffuse white reflector (see text for details).

FIGURE 4. RNFL reflectance spectra in a normal retina. (A) Reflectance image (440 nm) shows bundles as bright stripes against a darker
background. Reflectance of bundle areas (box) was analyzed at radii of 0.22 (ra), 0.33 (rb), and 0.44 (rc) mm from the center of the ONH (not
shown). Arrow: blood vessel. (B) The RNFL reflectance spectra of the bundle areas defined in 4A. The reflectance decreases with increasing
wavelength. The reflectance spectra are similar along the same bundle. Solid line: fitted spectrum with a two-mechanism scattering model with
parameters n ¼ 134 6 38, s ¼ 165 6 14 nm, w¼ 141 6 47 nm, and R2 ¼ 0.97. The inset shows the scattering model (see text for details).
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used to grade degrees of damage for those bundles selected for
RNFL reflectance analysis.

Reflectance of RNFL Underlying Tissue in Normal
and Glaucomatous Retinas

In the reflectance images of a normal retina, nerve fiber
bundles appeared as bright stripes against a darker background
(Fig. 1). Bundles were often separated by gaps between
bundles. In this study, the reflectance of gaps was used to
estimate the reflectance of the retinal tissue underlying the
RNFL. For each selected bundle area, the mean reflectance of
nearby gaps was calculated (Fig. 1). Figure 3 shows the average
reflectance spectra of the gap areas that were defined for the
bundles used in this study. Gap reflectance varied with
wavelength. However, the spectra of gap reflectance in normal
and treated retinas were similar. The reflectance of the gaps at
any wavelength was not statistically different between the
groups (P > 0.5).

RNFL Reflectance Spectrum in Normal Retina

RNFL reflectance is wavelength dependent. As shown in Figure
4B, bundle reflectance was high at short wavelengths and
decreased with increasing wavelength. To compare RNFL
reflectance spectra, each spectrum was normalized to its
R500–560. Figure 4B displays the normalized spectra along the
same bundle with the bundle areas defined in Figure 4A. The
spectra were similar along the bundle.

To quantitatively compare RNFL reflectance spectra,
reflectance ratios were calculated for each spectrum. Table 1
summarizes reflectance ratios of the control retinas. Both qS

and qL were not statistically different along the bundles (P >
0.81).

Changes of RNFL Reflectance Spectrum in
Glaucomatous Retina

Figure 5 shows typical patterns of RNFL reflectance spectra in
retinas with different degrees of cytoskeletal distortion. The

bundles in Figure 5 were selected near the ONH. For the
bundle with normal-looking cytoskeletons (Fig. 5A), the
reflectance spectrum had a similar pattern as in the control;
however, the slope of the reflectance spectrum in the short
wavelength range (400–480 nm) was shallower than in the
control. For the bundle with F-actin distortion (Fig. 5B), the
reflectance spectrum was flatter in the short wavelength range
compared with the control and Figure 5A. In the bundle with
distortion of all cytoskeletal components (Fig. 5C), the entire
spectrum flattened across all wavelengths. It is important to
note, however, that bundles with distortion of all components
were still visible in reflectance images and their reflectance
was still directional (data not shown).

Changes in RNFL reflectance spectra were different along
bundles in glaucomatous retinas. Figure 6 demonstrates the
reflectance spectra at different areas along the same bundle,
which had no apparent distortion of the cytoskeleton. For the
peripheral bundle area (rc), the spectrum was similar to the
control with an apparent decline of reflectance as the short
and long wavelengths increased. However, as the bundle area
approached the ONH, the decline of reflectance with
increasing wavelength became less steep. The entire spectrum
gradually became flat from rc to ra. Such spectral change was
often found in the bundles with normal-looking and slightly
distorted cytoskeletons.

To quantitatively compare reflectance spectra of different
groups, reflectance ratios at the short and long wavelengths (qS

and qL) were calculated for each measured spectrum and qS

and qL averages were summarized in Figure 7A. The values of
qS and qL of the control, also listed in Table 1, are discussed
above. For bundles with normal-looking cytoskeletons, qS and
qL of the peripheral regions (rb and rc) were not statistically
different than the control (P > 0.2); however, both qS and qL of
the bundle regions near the ONH (ra) were significantly
different than that of the control with lower qS (P < 0.01) and
higher qL (P < 0.04). For bundles with early and apparent
cytoskeletal distortion, qS and qL were significantly changed at
all radii compared with the control (P < 0.004 for qS and P <
0.02 for qL), except for qL at rb. The bar graph in Figure 7A
shows overall changes of qS and qL with increasing cytostruc-

TABLE 1. RNFL Reflectance Ratios of the Control Retinas at Different Radii

ra ¼ 0.22 mm rb ¼ 0.33 mm rc ¼ 0.44 mm

qS ¼ R400–440 / R500–560 1.27 6 0.15 1.27 6 0.14 1.34 6 0.21

qL ¼ R740–830 / R500–560 0.61 6 0.12 0.62 6 0.12 0.58 6 0.11

Bundle areas 32 37 18

FIGURE 5. RNFL reflectance spectra of bundles with different degrees of cytoskeleton damage (bundle areas shown in Fig. 2). (A) Normal-looking
cytoskeleton. The spectrum is similar to the control with slightly flat reflectance at short wavelengths. (B) Distorted F-actin. The spectrum has
apparent change at short wavelengths. (C) Severely distorted cytoskeleton. The whole spectrum becomes flat. Symbols: measured reflectance.
Solid line: fitted spectrum with a two-mechanism scattering model. Iang and Sang: incident and scattering angles, respectively. s, w, n: fitted
parameters (see text for details). qS and qL: reflectance ratios calculated from measured data points. Reflectance spectra are normalized to the
average reflectance at 500 to 560 nm and plotted on log-log coordinates.
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tural damage—that is, qS decreased with increased cytoskeletal
damage while qL gradually increased with increased axonal
damage. For the bundles near the ONH, qS of G2 and G3
decreased significantly compared with G1 (P < 0.03).

Two-Mechanism Model Fitting of RNFL Reflectance
Spectrum

Change of RNFL reflectance indicates underlying structural
change of axons. To evaluate relative contributions of different
structural mechanisms to RNFL reflectance, measured reflec-
tance spectra were fitted with a two-mechanism scattering
model. Figure 7B summarizes the fitted parameters. In each of
the normal retinas, s, w, and n were similar along bundles,
which is consistent with the results by comparing qS and qL

along the same bundles described above. In glaucomatous
retinas, s of G1 and G2 was similar to the control but
significantly increased in G3 at all radii (P < 0.003). Compared
with the control, w was not statistically different at any treated
groups and radii. For the bundles at ra and rb, the number of
thin cylinders (n) was significantly decreased in all three
groups (P < 0.001). For the bundles at rc, n decreased
significantly in G2 and G3 (P ¼ 0.05 for G2 and P ¼ 0.006 for
G3) but not in G1 (P¼ 0.12), though n of G1 was lower than
the control. Similarly, the bar graph in Figure 7B shows gradual
decrease of n with increasing cytostructural damage.

DISCUSSION

RNFL reflectance is often used in optical methods for RNFL
assessment in the clinical diagnosis of glaucoma, yet little is
known about the reflectance properties of RNFL under the
development of glaucoma (Vermeer KA, et al. IOVS

2011;52:ARVO E-Abstract 3666).27 This study provided com-
prehensive understanding of the changes in RNFL reflectance
spectra that occur in a rat model of glaucoma. RNFL
reflectance spectra were studied in normal retina and in nerve
fiber bundles of treated retina with normal-looking appearance,
early F-actin distortion, and apparent damage of the axonal
cytoskeleton. Because glaucoma causes nonuniform damage of
axons across the retina,19,21,25,34–36 RNFL reflectance spectra
were also studied at different radii from the ONH.

In normal retina, RNFL reflectance was high at visible
wavelengths and declined with increasing wavelengths.
Reflectance spectra of the normal RNFL were similar along

bundles. Similarity of spectra along bundles suggests that the
underlying structure contributing to RNFL reflectance does not
change very much along bundles in normal retina.

Glaucomatous damage causes loss of RNFL reflectance
(Vermeer KA, et al. IOVS 2011;52:ARVO E-Abstract 3666).27,28

However, the reflectance of gaps did not change with the
damage (Fig. 3), which suggests that glaucomatous damage
does not significantly change the scattering structure of retinal
layers other than the RNFL. This result is also consistent with
no apparent morphological changes in outer retinal layers of
glaucomatous retina reported by other groups.29,37–39 For the
reflectance of the RNFL only, our early study shows that
glaucomatous damage causes decrease of RNFL reflectance,
which occurs at all wavelengths and prior to RNFL thickness
change.27 The current study further showed that change of
RNFL reflectance was wavelength dependent and reflectance
at short wavelengths changed more than that at long
wavelengths. The result indicates that changes of RNFL
reflectance at short wavelength is more sensitive to damage
at least in the early stages of glaucoma. The finding provides a
possible explanation for the clinical observations that subtle
RNFL defects can be identified by red-free fundus photography
but not infrared OCT.8–13

Changes of RNFL reflectance spectra were found in bundles
with different degrees of cytoskeletal damage. Among treated
groups, decrease of qS and increase of qL became more evident
with increases in cytostructural distortion (Figs. 5, 7A). In
retinas with apparent cytostructural damage, the reflectance
was approximately constant across wavelengths (Fig. 5C).
These results suggest that RNFL reflectance change is
correlated with the degree of cytostructural damage. However,
exceptions to this pattern of spectral changes were also found
in several bundles with a severely damaged cytoskeleton. In
these bundles, the reflectance spectra were similar to the
control. One interpretation is that the measured reflectance
arises from the remaining normal axonal cytostructure. On the
other hand, this study also found that changes of RNFL
reflectance spectra occurred in bundles without apparent
distortion of the cytoskeleton. One possible explanation is that
cytostructural density decreases before detectable structural
distortion. Because reflectance of the RNFL depends on the

FIGURE 7. Quantitative comparisons of RNFL reflectance spectra. (A)
Calculated reflectance ratios qS and qL. (B) Fitted parameters (s, w, n)
of different groups at radii of 0.22 (ra), 0.33 (rb), and 0.44 (rc) mm from
the center of the ONH. s and w are measured in nanometers. n is the
number of thin cylinders. G1: bundles with normal-looking cytoskel-
eton. G2: bundles with distorted F-actin. G3: bundles with severely
distorted F-actin, MTs, and NFs. *Indicates statistically significant
difference between the treated groups and the control.

FIGURE 6. RNFL reflectance spectra along one bundle in a glaucoma-
tous retina with normal-looking cytoskeleton. The spectra are different
along the bundle. The slope of reflectance decrease at short
wavelengths becomes shallower as the bundle area approaches the
ONH. The whole spectrum looks flatter at ra, while the spectrum at rc

is similar to that of normal. ra¼ 0.22 mm, rb¼ 0.33 mm, and rc¼ 0.44
mm from the center of the ONH. Reflectance spectra are normalized to
the average reflectance at 500 to 560 nm and plotted on log-log
coordinates. Iang, Sang: incident and scattering angles.
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relative refractive index of the tissue, another explanation
could be that glaucomatous damage changes the optical
properties of extracellular constituents before distorting
axonal cytoskeleton.40

Although glaucoma causes distortion of the ultrastructure
and change in the RNFL reflectance spectrum, the directional
reflectance property of nerve fiber bundles was always
present, which suggests that even in the damaged RNFL,
cylindrical structures are the principal contributor to its
reflectance. To study the relationship between changes of
RNFL reflectance spectra and scattering structures contribut-
ing to RNFL reflectance, we used a two-mechanism scattering
model to fit reflectance spectra. Because MTs are experimen-
tally confirmed to contribute to RNFL reflectance, the radius
and relative refractive index of MTs were used in the modeling
of thin cylinders. However, thin cylinders can be any
cylindrical structure with a radius much less than the shortest
wavelength. The thick cylinders are not required to be circular,
but must be oriented parallel to the nerve fiber bundles.
Candidate structures could include mitochondria within axons,
glial processes between axons, and/or even those cylindrical
regions with a refractive index different than their surrounding
medium, such as regional condensations of cytoskeleton or
other constituents. In this study, the number of thin cylinders
per unit-thick cylinder mechanism (n) was found to signifi-
cantly decrease in all studied groups; while the average radius
of thick cylinders increased in bundles with apparently
damaged retinas (Fig. 7B). The decrease of n indicates a
reduced contribution of scattering by thin relative to thick
cylinder mechanisms. Because glaucoma damages axonal
structures, it is plausible to speculate that the decrease of n

represents the loss of thin cylinders, which is consistent with
the decrease of RNFL birefringence, and hence the number of
MTs, found in glaucomatous retinas.16,41–44 The decrease of n

was found on bundles with normal-looking cytostructures (G1
in Fig. 7B), which suggests that the loss of thin cylinders may
occur early in the context of glaucoma, and that the RNFL
reflectance at short wavelengths may be more sensitive to
glaucomatous damage.

The increased radius of thick cylinders found in group G3
might be explained by increased glial tissue and abnormal
accumulation of membrane-bound vesicles and mitochondria
in glaucomatous retina,45–48 but this study did not aim to
associate RNFL spectral change with damage of specific
cytoskeletal components and other retinal structures. Future
studies should use more refined methods, such as electron
microscopy, to investigate the anatomic basis for the cylinder
mechanisms and provide quantitative correlation between
changes of RNFL reflectance spectra and ultrastructure of
retina.

Two striking features of the changes in RNFL reflectance
spectra were found in this study: flattening of reflectance
spectra was more evident in bundles near the ONH and
spectral flattening even occurred in bundles without apparent
structural distortion (Figs. 5A, 6). These results are consistent
with the findings that the axonal cytostructure near the ONH is
more sensitive to glaucomatous damage24,25,49 and the RNFL
reflectance decreases before thinning of RNFL (Vermeer KA, et
al. IOVS 2011;52:ARVO E-Abstract 3666).27,28 Together, these
findings have a significant clinical implication in the diagnosis
and management of glaucoma—that is, measuring RNFL
reflectance near the ONH may provide detection of glaucoma-
tous damage at a time during which damage of ganglion cell
axons is reversible.

Although direct measurement of RNFL reflectance provides
a more sensitive detection of RNFL damage than measuring
RNFL thickness, it is difficult in practice to accurately measure
absolute reflectance of the RNFL.15,50 This study presented

evidence that reduction of RNFL reflectance is not uniform
across wavelength and reflectance ratios, as qS and qL used in
this study significantly changed at an early stage of glaucoma.
Recently developed dual-wavelength OCT demonstrates the
feasibility of measuring the RNFL reflectance at 415 nm and
808 nm in rat retinas.51 Simultaneous measurement of RNFL
reflectance at different wavelengths may provide a new means
for sensitive detection of early glaucomatous damage.
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