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ABSTRACT

Recently developed optical techniques provide quantitative structural measurements of the retinal nerve
fiber layer (RNFL). A complete interpretation of these measurements requires understanding of the optical
properties of the RNFL. This paper gives a review of the polarization properties and relevant anatomy of the
ocular tissues, followed by a thorough discussion of the optical properties of the RNFL. The RNFL reflec-
tance arises from light scattering from cylinders. Microtubules are a major component contributing to the
reflectance. The RNFL reflectance exhibits weak intrinsic diattenuation and well preserves polarization.
RNFL birefringence varies across the retina; the variation suggests that birefringence depends on the ultra-
structure of the nerve fiber bundles, which offers hope that measurement of RNFL birefringence may be
able to provide early detection of subcellular changes in glaucoma.
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RÉSUMÉ

Des techniques optiques récemment développées permettent d’effectuer des mesures structurelles quanti-
tatives de la couche de fibres nerveuses rétiniennes (CFNR). Une interprétation complète de ces mesures
requiert la compréhension des propriétés optiques de la CFNR. Cet article fait état des propriétés de polar-
isation et de l’anatomie inhérente aux tissus oculaires, et contient une description approfondie des pro-
priétés optiques de la CFNR. La réflectance de la CFNR émane de la diffusion de la lumière depuis les
cylindres. Les microtubules sont un composant majeur contribuant à la réflectance. La biréfringence de la
CFNR varie au sein de la rétine ; cette variation indique que la biréfringence dépend de l’ultrastructure des
faisceaux de fibres nerveuses, ce qui permet d’espérer que la mesure de la biréfringence de la CFNR per-
mettra une détection précoce des changements subcellulaires dans le glaucome.
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INTRODUCTION

The retinal nerve fiber layer (RNFL) consists of the unmyelinated axons of retinal ganglion cells
gathered into bundles lying just under the retinal surface.62 The RNFL is damaged in glaucoma
and other optic nerve diseases. Clinical observation and red-free fundus photography provide
qualitative assessment of the RNFL 35,64 and recently developed optical techniques provide quan-
titative structural measurements.26,36,44,66,77,83 Because structural damage often precedes de-
tectable field loss,1,63-64,70 measurement of the RNFL has achieved an important role in the
diagnosis and management of glaucoma. Understanding the optical properties of the RNFL is
essential for a complete interpretation of the measurements.
Among the optical properties of the RNFL, its polarization properties are of particular interest
because polarized light interacts with matter at the scale of the wavelength of light, meaning
that measurement of RNFL polarization properties may reveal information about its microscopic
structure.
In optical measurements of the RNFL, the eye acts as an ’’optical device’’ for passing light to and
from the retina. The detected signals are related not only to the properties of the RNFL, but also
to the optical properties of other ocular tissues. Because polarized light and polarization sensi-
tive detectors are common in RNFL assessment instruments, polarization properties of the oc-
ular media can act as a confounding variable. Thus, knowledge of the optical properties of other
ocular tissues is also necessary for understanding the measured signals.
This paper will give a basic description of polarization, followed by a review of the polarization
properties and relevant anatomy of the ocular tissues and a thorough discussion of the reflec-
tance and polarization properties of the RNFL.

POLARIZED LIGHT AND POLARIZATION

PROPERTIES OF MATERIALS

Polarization of light describes the behavior of the electric field E of a light wave, which changes
periodically in time and spatial position (Fig. 1 A, B).7,45,67 In general the motion of E traces an
ellipse that represents the polarization state of the light and the light is called elliptically polar-
ized (Fig. 1 C). There are two special cases: circularly and linearly polarized light. When the
direction of oscillation of E changes randomly in time, the light is depolarized and is called un-
polarized light.
When light interacts with an object its polarization changes in a manner determined by the po-
larization properties of the object.2,19 Diattenuation is the dependence of the intensity of the
exiting beam on the polarization state of the incident beam (Fig. 2 A). Diattenuation can be in-
duced by reflection or absorption; if the change of intensity is due to absorption, diattenuation is
also called dichroism. A material has birefringence, when light polarized in a direction with high-
er refractive index (slow axis) travels more slowly through the material than light polarized in the
perpendicular direction with lower refractive index (fast axis) (Fig. 2 B). The delay experienced
by the slower component is called retardation (Fig. 2 B). Optical rotation or rotary birefringence
causes rotation of polarized light (Fig. 2 C). Depolarization characterizes the transformation of
polarized light to unpolarized light (Fig. 2 D). Depolarization in a tissue is closely related to mul-
tiple scattering e.g. in a cataractous lens. Polarizance is the transformation of unpolarized light
to polarized light (Fig. 2 E), as occurs for example, when light is reflected from an oblique, smooth
surface. Thus, polarized sun glasses remove windshield reflections even though the incident sun-
light is unpolarized.
In biological media, very often polarization properties indicate structural arrangements.2 For ex-
ample, birefringence in tissues is frequently due to the presence of asymmetrical oriented struc-
tures of a given refractive index (such as, collagen fibrils, microtubules, actin, and myosin fila-
ments) dispersed in a medium of different refractive index (such as, cytoplasm, extracellular flu-
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id). This type of birefringence, known as form birefringence, is directly related to an ordered ar-
rangement of structures, whose size is large compared with the dimensions of molecules but
small compared with the wavelength of light (Fig. 3).2,7 In a birefringent material, there is at
least one direction along which an incident light has equal propagation velocities regardless of
its polarization state. Such a direction is called an optic axis (Fig. 3).2,45,67 Note that in the
examples shown in figure 3 light propagating perpendicular to the optic axis experiences maxi-
mum retardation.

OPTICAL ANATOMY AND POLARIZATION

PROPERTIES OF OCULAR TISSUES

The optical function of the eye is to form the image of an object onto the retina. As illustrated in
figure 4, light is refracted by the cornea and the lens, then traverses the vitreous humor, and
finally forms a sharp image on the retina. Meanwhile light is absorbed, reflected and scattered
by the fundus.9,23,74

The healthy cornea is a clear, transparent tissue that forms the strongest refracting surface of the
eye. The cornea is mainly made up by the stroma (nine-tenths of the corneal thickness), which
consists of about 200 sheets of collagenous fibers, the stromal lamellae, lying parallel to the
surface.9,58 The fibers within each individual lamella are parallel, but the fibers in adjacent lamel-
lae make large angles with one another. The stack formed by the stromal lamellae displays form

Fig. 1. Polarization of light. A) A light wave, propagating along the Z axis, is described as an oscillating electric vector E
(arrows). The motion of E in general traces an ellipse when the tip of E is projected onto a plane perpendicular to the
propagation direction; B) the light is linearly polarized when E oscillates in a plane; C) representation of the polarization
states of light. λ: wavelength.
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birefringence with the fast axis perpendicular to the corneal surface.8-9 Meanwhile, due to pre-
ferred direction of the fibers, rather than random orientation, the cornea becomes biaxial with
the slowest axis parallel to the surface.9,72 For a light beam approximately perpendicular to the
corneal surface, the cornea behaves as a linear retarder with the slow axis parallel to the sur-
face. In an individual eye, the retardation is approximately constant in the central cornea but
slightly increases with eccentricity.13,55,72 Among subjects the retardation and axis in the cen-
tral cornea varies over a wide range (Fig. 5).31,55,79 The maximum values of corneal retardance
can be large enough to affect the polarization state of a measuring beam and should be regarded
as a significant confounding variable for any polarization sensitive technology.

A. Diattenuation: intensity dependence of polarization state

Ex

Ey

B. Birefringence: refractive index dependence of polarization state

E x

E y

Retardation (nm)

no

ne

C. Optical rotation: change of the orientation of polarized light

D. Depolarization: coupling of polarized light to unpolarized light

E. Polarizance: coupling of unpolarized light to polarized light

Fig. 2. Polarization properties. Ex, Ey: components of the electric vector E; no, ne: refractive indexes.
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The biconvex lens can be divided into two regions: the nucleus, the central region of the lens,
and the cortex, the outer layers, which has an ’’onion-like’’ or layered structure.18 The lens also
presents birefringence, but has small retardation in comparison to the cornea (by a factor of
10).4,8-9,11,14,76 The weak birefringence probably is due to the cancellation of the intrinsic (re-
sulting from an asymmetrical alignment of chemical bonds, ions or molecules) and form birefrin-
gence of the lenticular fibers.4,11

Due to Fresnel reflection at boundaries between differing media, diattenuation is expected for
light interacting with the cornea and lens, except for normal incidence.18,20 Multiple scattering
occurring in the cornea and lens results in depolarization.28,57 However, both the diattenuation
and depolarization have been found very weak in the healthy cornea and lens.13 On the other
hand, depolarization increases in older and cataractous lenses and can significantly reduce the
detected signals that use the reflected light from the fundus.13-14,34 The transparent and gel-like
vitreous is 99 percent water and has no known polarization properties.
The posterior portion of the eye contains multiple layers that absorb, reflect, and scatter
light.23,27,49,80 The inner limiting membrane (ILM) separates the retina from the vitreous and,
being a smooth surface that provides a refractive index transition, produces specular reflec-
tion.23,30,46 The RNFL lies just under the retinal surface and its optical properties and relevant
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Fig. 3. Form birefringence. A) due to parallel fibrils; B) due to parallel discs. Black arrow: the propagation direction with
maximum birefringence; white arrows: optic axis along which no retardation is introduced to an incident light; no, ne:
refractive indexes.
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lens

Fig. 4. Light beam path in the eye. The polarization state of the beam changes along the path due to the polarization
properties of the ocular tissues (see text).
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anatomy will be discussed in detail later. Beneath the RNFL are the ganglion cell layer, inner
plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, and outer limiting
membrane, which together act as a weakly scattering matrix with some laminar structure.29,43

The photoreceptor layer is composed of the rods and cones, which can be divided into two opti-
cal regions, the inner segment layer (ISL) and outer segment layer (OSL). Light can experience
strong absorption in the OSL due to the photolabile visual pigments but clinical examination uses
sufficient light to bleach the visual pigments so that they do not alter fundus reflectance.10 For
optical techniques using infrared light, the absorption of the visual pigments is so weak that the
OSL is nearly transparent. Because the outer segments contain densely packed membranous
discs, the OSL exhibits diattenuation and birefringence.68 However, the discs are arranged per-
pendicular to the long thin cell bodies of the photoreceptors, the optical axes are along the cell
bodies and the OSL has negligible effect on the polarization properties of the normally incident
light (Fig. 3 B).
The retina is apposed to the pigment epithelium (RPE), a single layer of epithelial cells with
processes that surround the outer segments.33 The RPE captures stray light to prevent back re-
flection, especially at short and medium wavelengths, due to light absorption by granules of the
dark-brown pigment melanin.23,74 Additionally, the melanin granules contribute to scattering in
the infrared. Light is, therefore, significantly attenuated in the RPE. The choroid, separated from
the RPE by Bruch’s membrane, contains blood vessels and pigmented melanocytes. Light suf-
fers absorption and multiple scattering because of the hemoglobin and melanocytes.23,71,74 The
outermost layer of the eye is the sclera, the thick white coat of the eye that is often regarded as
a diffuse reflector.23,74

The retina has a capillary network lying in the outer retina with density varying with the thick-
ness of the RNFL. Except for large vessels, the retinal circulation has little influence on the fun-
dus reflectance.
The optic disc, where the optic nerve fibers leave the retina to the brain, and the fovea, the re-
gion of highest visual acuity, are specialized areas in the human eye. The tissues of the optic disc
are highly scattering.23 The fovea and its surrounding region, the macula, are recognized in his-
tology by the presence of the oblique and elongated Henle’s fibers (photoreceptor axons). The
macula contains yellow pigment that strongly absorbs blue light.27 The phenomenon of ’’Haid-
inger’s Brushes’’ (faint blue and yellow brushes seen if a white surface is viewed through a rotat-
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Fig. 5. The central corneal birefringence of 73 subjects plotted in polar coordinates: a line connecting a point and the
origin has the same orientation as the corneal slow axis and a length equal to the corneal retardance. Retardance values
are for a double-pass through the cornea. Approximately 80 % of retardance values are uniformly distributed between
40 and 140 nm; the mode of the slow axis distribution lies between 10° and 20° nasally down. RE: right eye; NU:
nasally up; and ND: nasally down. Adapted from Knighton55 with permission.
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ing polarizer) has been explained by the dichroism of the macular pigment or the form birefrin-
gence of Henle’s fibers.6,12 The birefringence of the macula behaves as a linear retarder with
radially distributed slow axes and approximately constant retardation.12,83 This property has been
used to measure the corneal birefringence in vivo.83

Although the polarization properties of the ocular tissues do not affect image formation on the
retina, they must be taken into account if polarized light is used in fundus examination or mea-
surement. In summary, the ocular tissues with the most effect on the polarization state of the
incoming light include the cornea, the lens, Henle’s fibers at the macula and the RNFL around
the optic nerve head (ONH). The picture of a linearly polarized light passing through the eye is
that the light becomes elliptically polarized when passing through the cornea and lens due to
their birefringence; additional retardation is added and partial depolarization occurs at the fun-
dus because of the birefringence of Henle’s fibers or the RNFL, and the scattering processes at
the fundus; the polarized part is affected again on its return path (Fig. 4).

OPTICAL PROPERTIES OF THE RNFL

Knowledge of the optical properties of the RNFL may help one to understand qualitatively the
brightness of the clinically observed RNFL and can be valuable to improve quantitative mea-
surements of the RNFL. This section summarizes current understanding of the RNFL reflectance
properties and their mechanisms and discusses implications for clinical observation and assess-
ment of the RNFL.

Relevant anatomy of the RNFL

The human RNFL is formed by the unmyelinated axons of retinal ganglion cells, and appears
nearly transparent. The axons, membrane-enclosed processes with diameters of 0.1-4 µm, are
gathered into bundles.33,59-60,62 Axons themselves form parallel arrays containing cylindrical
organelles: microtubules (MTs), neurofilaments, and mitochondria (Fig. 6). Axonal membranes
form cylindrical shells enclosing the axonal cytoplasm and have the typical structure of cell mem-
branes, 6-10 nm thick phospholipid bilayers with embedded proteins. A lipid bilayer exhibits
intrinsic birefringence due to hydrocarbon molecular chains that lie perpendicular to its sur-
face,68 but this birefringence is weak so that the axonal membrane can be treated as an optically
isotropic substance in most circumstances. Microtubules are tubular organelles with an outer
diameter about 25 nm, an inner diameter about 15 nm, and a length of 10-25 µm. Microtu-
bules are dynamic structures formed by the polymerization of the dimeric protein tubulin that
can be disrupted by anti-mitotic drugs (e.g. colchicine).21 Microtubules also exhibit weak intrin-
sic birefringence with the slow axis parallel to the microtubule.61,65 Neurofilaments are stable
protein polymers with a diameter of about 10 nm. Mitochondria are ellipsoidal organelles with
approximately 10:1 length to thickness ratio and diameters of 0.1-0.5 µm. In summary, ana-
tomically the RNFL possesses four cylindrical substructures: the cell membranes of axons; mi-
crotubules and neurofilaments as thin fibrils (diameters much less than the wavelength of light);
and mitochondria.81 Mammalian RNFL, including human, in addition to axons, also contains
the processes of glial and Muller cells running parallel to the axons.59

The thickness of the RNFL is strongly location-dependent.60,75 In human, the RNFL thickness
varies from 10 µm to 400 µm. The thickness decreases with increasing distance from the ONH.
Around the ONH, the RNFL is thicker in superior and inferior regions and thinner in temporal
and nasal regions.

The RNFL reflectance is highly directional

The microscopic appearance of the RNFL leads to the assumption that the RNFL reflectance
arises from light scattered by cylindrical structures. Investigations by Knighton et al. show that
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the reflectance of the RNFL is very directional and exhibits the same geometry as light scattering
by a cylinder (Fig. 7).5,48,52,54,73 Retinal nerve fiber bundles observed near the predicted scat-
tered cone appear as bright striations against a dark background (Fig. 8 A).48,52 However, the
reflectance falls very rapidly from the peak, as seen in figure 8 B; at 30° away from the peak
reflectance the bundles are entirely invisible.
Due to the misalignment of cylinders and finite apertures of light source and camera, the meas-
ured scattered sheet is broadened, as shown in figure 8 C. The angular spread functions, fitted
to the measured data, fall into two groups by wavelength; the width for the longer wavelengths
(660 nm, 830 nm) was significantly larger than for the shorter wavelengths (420 nm,
500 nm).52 This suggests that across wavelength the RNFL reflectance involves different
mechanisms.
The directionality of the RNFL reflectance is an important variation source in clinical observation
and optical measurements, because the intensity of a nerve fiber bundle depends on the relative
positions of the incident and exiting beams and bundle location on the fundus.54 An example of
the directionality phenomenon is seen in optical coherence tomography (OCT) images of the op-
tic disc, in which the RNFL reflectance disappears as the bundles turn to enter the disc.49

The RNFL reflectance is proportional to its thickness

As commonly assumed by clinicians, the RNFL reflectance is proportional to its thickness.50

The relation between reflectance and the thickness is confounded, however, by the directional

Fig. 6. Cross section of the rat RNFL reveals the axonal membranes (AM), microtubules (MT), neurofilaments (NF), and
mitochondria (Mit)

cylinder axis

incident ray

scattering rays

Fig. 7. The geometry of cylinder scattering. The light scattered by a cylinder is confined to a conical sheet coaxial with
the cylinder axis. The apex angle of the cone is the twice the angle between the cylinder axis and the incident ray.
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reflectance of the RNFL. For a localized RNFL defect, where affected bundles lie adjacent and
parallel to less affected bundles, the observed brightness variation corresponds to a variation in
thickness. Equally thick areas located in different regions of the fundus are not necessarily equal-
ly bright, however, and the brightness of a given area will depend on the geometry of obser-
vation, as mentioned earlier.
A corollary of the proportionality is that the reflected light arises from throughout the entire vo-
lume of the RNFL, which is demonstrated directly by OCT. Volume reflectance may affect those
techniques that use the reflected light to establish the topography of the RNFL surface, such as
confocal scanning laser tomography. The accuracy of locating the surface is determined by the
uncertainty in the location of origin of the reflected light as well as the geometry of observation.

The RNFL reflectance is wavelength dependent

The reflectance of the RNFL varies with wavelength (λ);47,52 reflectance declines rapidly with
increasing wavelength at shorter wavelengths (< 560 nm), declines slowly between 560 nm to
700 nm, and declines rapidly again after 700 nm (Fig. 9). The shape of a reflectance spectrum
depends on incident and scattering angles (Fig. 9 B). As discussed later, spectral measurements
provide data for modeling the mechanisms of the RNFL reflectance.

Microtubules contribute to the RNFL reflectance

The steep slope of the RNFL reflectance spectrum at short wavelengths suggests that thin cyl-
inders contribute to the scattering. MTs and neurofilaments within axons are two likely candi-

Fig. 8. The directional reflectance of the rat RNFL at four wavelengths. The RNFL reflectance was measured at the small
area indicated. A) Images obtained with the light source near the predicted cone (elevation = (15°); B) images obtained
with the light source 30° above the predicted cone (elevation = +15°); C) angular spread of the scattered light meas-
ured in two vertical scans (circles). The filled circles correspond to the images in (A) and (B). The solid line fitted to the
measured data is a symmetrical decaying exponential convolved with the instrument aperture function. Image size: 320 µm
× 250 µm. Reproduced with permission from Knighton.52
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dates. The role of MTs in the RNFL reflectance was examined by using the anti-mitotic agent
colchicine to prevent polymerization of MTs.51 In the experiment illustrated in figure 10, the peak
reflectance of toad RNFL was measured at 440 nm over an extended period. During a 2 hour
baseline, the preparation was perfused with a solution containing no colchicine. During a 3 hour
treatment period, the solution was switched either to a solution containing colchicine or to a
control solution identical to the baseline solution. The control experiments demonstrate that the
RNFL reflectance is stable (Fig. 10 A). In contrast, the RNFL reflectance declined dramatically
during colchicine treatment (Fig. 10 B). These results indicate that, at least at short wave-
lengths, light scattered by MTs is a major component of the RNFL reflectance.

Evidence for two scattering mechanisms

The dependence of angular spread functions on wavelength (Fig. 8 C) suggests that multiple
mechanisms underly the RNFL reflectance. Although MTs contribute to the RNFL reflectance,51
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the measured RNFL spectra differ from the spectrum of an array of thin cylinders only (dashed
line in figure 9 A), which suggests that thicker cylinders also contribute to the reflectance. A
two-mechanism cylindrical scattering model successfully describes the measured spectra
(Fig. 9 B).52 The model suggests that both thin and thick cylinders contribute to the RNFL re-
flectance with the thin cylinder mechanism dominating the reflectance at short wavelengths and
the thick cylinder mechanism dominating at long wavelengths (Fig. 11). Thus, assessments ba-
sed on the RNFL reflectance at different wavelengths (e.g. photography with red-free light and
OCT with near-infrared light) may relate to different structures. The anatomic basis for the thick
cylindrical mechanism is unclear.
In summary, optically the RNFL behaves as a uniform thick array of approximately parallel cylin-
ders. The identities of the cylinders and their contributions to the RNFL reflectance, however,
are only partially known.

POLARIZATION PROPERTIES OF THE RNFL

Clinical studies suggest that direct detection of changes in the RNFL can provide earlier diagno-
sis of glaucoma and other neuropathies. Several optical methods have been developed to assess
the RNFL quantitatively and provide a promising way for clinical diagnosis and management of
these diseases.26,36,44,66,77,83 In these techniques polarized light and/or polarization sensitive
detectors are commonly used. Knowledge of polarization properties of the RNFL is essential for
understanding these methods and may help reduce their measurement variability and improve
their assessment ability. Besides, polarization properties of the RNFL are directly related to its
ultrastructure; measurement of these properties may provide a means to detect early structural
change.

The RNFL reflectance has weak intrinsic diattenuation

Diattenuation can be caused by reflection or absorption but, because the RNFL is nearly trans-
parent, dichroism is unlikely.19-20,53 The RNFL reflectance, however, may exhibit diattenuation
due to scattering by the preferential orientation of cylindrical structures.38,81 Diattenuation also
depends strongly on the geometry of the incident and scattering beams.5,20,73 The diattenuation
inherent in a measurement geometry is derived from the Rayleigh-Gans (R-G) theory of light
scattering by particles. It forms a limiting value from which intrinsic diattenuation will deviate.
In vitro experiments show that RNFL diattenuation is close to the R-G limit (Fig. 12), which

Fig. 11. Fractional contributions of hypothetical thin and thick cylinders to the measured spectra shown in figure 9B.
The two-mechanism cylindrical scattering model has three free parameters. The inset shows the ’’triangle’’ distribution
of the thick cylinder diameters. For a unit area under this distribution there are n thin cylinders. Adapted from Knighton
52 with permission.
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suggests that the RNFL reflectance has weak intrinsic diattenuation.39 RNFL diattenuation is
also found to be low in human eyes.26

Weak diattenuation of the RNFL allows modeling the RNFL as a linear retarder in optical mea-
surements, such as scanning laser polarimetry (SLP) and polarization sensitive OCT.22,56,82 How-
ever, diattenuation dependence of the measurement geometry, i.e. the Rayleigh-Gans mecha-
nism, has to be taken into account in any clinical technology for assessing the RNFL diattenu-
ation.3

The RNFL is a polarization preserving reflector

Degree of polarization (DOP), a measure of the polarized portion of a partially polarized beam, is
often used to characterize the amount that polarization is preserved when light is reflected by a
tissue.19,26,29,71 Decrease of DOP results from depolarization. Physically, depolarization is clo-
sely related to multiple scattering or incoherent scattering processes.5,73 DOP has been measu-
red in human fundus; a nearly 90 % DOP in the backscattered light from the fovea has been
found, and DOP ranging from 50 % to 80 % is measured around the ONH.26,72 These measu-
rements, however, include light reflected from the retina and its underlying tissues. DOP of the
light reflected from the RNFL alone is found to be nearly 100 % for wavelengths ranging from
blue to near infrared.39 The result suggests that the RNFL reflectance comes from single scat-
tering and that the RNFL is a polarization-preserving reflector. High DOP may contribute to the
RNFL appearance as a highly scattering layer in OCT.36

The RNFL birefringence depends on the structure of nerve

fiber bundles

The RNFL exhibits form birefringence due to cylindrical structures in the retinal axons.24-26,32,37,81

The birefringence of the RNFL can be well demonstrated qualitatively, when a retina is viewed in
transmission between two crossed polarizers (Fig. 13).37 The value of birefringence, ∆n, can be
calculated as retardance per unit thickness (birefringence is a dimensionless number; however,
units of nm/µm explicitly acknowledge the relation between retardance and thickness and, hence,
are used in this paper). ∆n of the RNFL is approximately constant across visible wavelengths
and the near infrared.37 The result is consistent with a mechanism of form birefringence from
thin cylindrical organelles. Newly experiments suggest that microtubules substantially contrib-
ute to the RNFL birefringence.42

Birefringence is a tissue property. Theoretical models of RNFL birefringence show that ∆n is de-
termined by the volume fraction and relative refractive index of relevant cylinders and the refrac-
tive index of the surrounding medium.32,81 Differences in ∆n, therefore, must necessarily reflect
differences in the density or composition of the axons that make up the RNFL, i.e. ∆n depends
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bar at 740 nm: R-G limit of this particular measurement geometry and estimated uncertainty.
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directly on the ultrastructure of the nerve fiber bundles. In diseases such as glaucoma, mea-
surement of ∆n may provide a means for the detection of subcellular structure changes prior to
ganglion cell death.
RNFL birefringence has been studied by several investigators.15-17,40-41,78 Recently, the distri-
bution of RNFL birefringence in human has been studied by two different methods: by polar-
ization sensitive OCT and by combining commercially available technologies of OCT and
SLP.17,41 The findings from the two methods are similar. Because it may be more generally avail-
able, the second method is described here. The RNFL thickness (T) is measured by OCT on a
circular scan path around the ONH (Fig. 14 A, B); the RNFL retardance (R) is measured by SLP
and the R values along the same scan path are derived from the retardance image (Fig. 14 C, D).
A ∆n profile (Fig. 14 E) is then calculated from ∆n = R/T. A remarkable feature of the calculated

Fig. 13. Rat retina, isolated free from the pigment epithelium, viewed in transmission at 500 nm between two crossed
polarizers, which are set at 45° with respect to the nerve fiber bundles. Birefringence causes bundles to appear as bright
stripes (black arrows). Blood vessels (white arrows) appear as black due to strong absorption by hemoglobin in red blood
cells. Image size: 1152 µm wide × 360 µm high.

Fig. 14. Birefringence measured by OCT and SLP. A) OCT video fundus image of the peripapillary OCT scan path pro-
ceeding from temporal retina through superior, nasal, inferior, and back to temporal retina (TSNIT); B) RNFL thickness
profile along the scan path; C) RNFL retardance image obtained by SLP with compensation for anterior segment birefrin-
gence. Dashed line circle is the scan path transferred from OCT by image registration; D) profile of the single-pass retar-
dance around the path. Retardances on retina vessels (dots) are excluded from data analysis; E) birefringence profile
calculated from the pair of R and T profiles. Adapted from Huang 41 with permission.
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∆n shown in figure 14 E is that ∆n varies significantly along the scan path that crosses the nerve
fiber bundles. Similar appearance is found in most of studied subjects as shown in figure 15; ∆n
varies around the ONH with peaks in superior and inferior RNFL and valleys in temporal and
nasal RNFL (∆n ranges from approximately 0.24 to 0.40 nm/µm). Variation of ∆n around the
ONH is consistent with the fact that the density and composition of axons differ between the
retinal areas.60 In contrast to the variation around the ONH, ∆n is not expected to change along
bundles because once together axons remain bundled together, ∆n measured on multiple scan
circles confirms this expectation (Fig. 16). Together, the variation of ∆n across nerve fiber bun-
dles with constant ∆n along bundles, imply that RNFL birefringence directly depends on the un-
derlying structure of nerve fiber bundles, which offers hope that measurement of RNFL birefrin-
gence may be able to detect subcellular changes in glaucoma before irreversible loss of axons.
To explore this possibility, future studies must measure RNFL birefringence in patients with var-
ious degrees of glaucomatous damage.

CONCLUSION

The RNFL reflectance arises from light scattering from cylinders. The directionality of the RNFL
reflectance may be an important source of variability in clinical assessment methods. The RNFL

Fig. 15. Most normal subjects show variation in ∆n on a path across nerve fiber bundles. ∆n profiles on a 3.4 mm
diameter circle around the ONH in 12 eyes measured in one study group (A) and 11 eyes in a second study group (B).
Adapted from Huang 41 with permission.

Fig. 16. Similar birefringence variation on paths of different radii. A) T profiles obtained on OCT scan circles with radii
of 1.44, 1.69, 1.90, and 2.25 mm, as indicated; B) corresponding R profiles from a single SLP image; C) calculated ∆n
profiles. Adapted from Huang 41 with permission.
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reflectance exhibits weak intrinsic diattenuation and well preserves polarization. RNFL can be
modeled as a retarder in optical measurements. RNFL exhibits form birefringence. RNFL bire-
fringence, as a tissue property, depends on the ultrastructure of nerve fiber bundles. Birefrin-
gence measurements may, therefore, provide an early indicator of structural changes caused by
glaucoma.
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