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Abstract

Background: This paper aims to provide an overview of corneal birefringence (CB), system-
atize the knowledge and current understanding of CB, and identify difficulties associated
with introducing CB into mainstream clinical practice. Methods: Literature reviews were
conducted, seeking articles focused on CB published between the early 19th century and
the present time. Secondary-level searches were made examining relevant publications
referred to in primary-level publications, ranging back to the early 17th century. The key
search words were “corneal birefringence” and “non-invasive measurements”. Results:
CB was first recorded by Brewster in 1815. Orthogonally polarized rays travel at different
speeds through the cornea, creating a slow axis and a fast axis. The slow axis aligns with
the pattern of most corneal stromal collagen fibrils. In vivo, it is oriented along the superior
temporal-inferior nasal direction at an angle of about 25° (with an approximate range of
—54° to 90°) from the horizontal. CB has been reported to (i) influence the estimation of
retinal nerve fiber layer thickness; (ii) be affected by corneal interventions; (iii) be altered
in keratoconus; (iv) vary along the depth of the cornea; and (v) be affected by intra-ocular
pressure. Conclusions: Under precisely controlled conditions, capturing the CB pattern
is the first step in a non-destructive process used to model the ultra-fine structure of the
individual cornea, and changes thereof, in vivo.

Keywords: birefringence; cornea; polarization; refractive index; retinal nerve fiber
layer; OCT

1. Introduction

Ocular Coherence Tomography (OCT) and Scanning Laser Polarimetry (SLP) are two
game-changing terms that have entered the lexicon of eye care over the last two decades.
Fine details of intra-ocular structures are made visible and become amenable to analysis,
and the assessment of the retinal nerve fiber layer (RNFL) has become a key feature in
the monitoring and overall analysis of the retina. The assessment of the RNFL, like those
from the OCT- and SLP-acquired images, is affected by the birefringent properties of the
cornea and, to a lesser extent, the crystalline lens [1-23]. The process of estimating the
thickness of the RNFL is affected by changes in corneal birefringence following corneal
refractive surgery, and this apparent change in the RNFL may be misdiagnosed as resulting
from an insidious cause when it is actually an artefact resulting from a change in corneal
birefringence [1,3,8-10,12-17,19,22]. Monitoring corneal birefringence has been proposed as
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a method for the non-invasive assessment of glucose levels in the anterior chamber [24-27]
and intra-ocular pressure [28-32], though clinically viable instruments that fulfil these roles
are not available. Eye care specialists may recognize the term corneal birefringence but may
not be familiar with it. So, what is birefringence? Birefringence was first reported to occur
in crystals by Bartholin in 1669 [33], and in the ex vivo cornea by Brewster in 1815 [34];
Valentin (in 1861) described seeing colored fringes and a dark cruciform image after placing
a human cornea between crossed polarizers [35]. In 1921, Koeppe [36] was the first to use
polarized light for the biomicroscopic examination of human corneas in vivo, and Cogan
(in 1941) provided more precise descriptions of the dark cross [37]. An example of corneal
birefringence consisting of isochromatic zones and dark regions in the shape of a cross is
shown in Figure 1.
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Figure 1. Example of an eye observed using a slit-lamp biomicroscope, at x10 magnification,
(a) without polarizers, followed by (b) the view with crossed polarizers. On both occasions, the
incident beam was in the wide beam setting at 30°, with the subject glancing along the observation
beam. For image (b) a polarizer with the axis of polarization parallel to the plane of the cornea
was mounted in the path of the incident beam and a second polarizer with the axis of polarization
perpendicular to the first was placed in the path of the observation beam.

What causes birefringence? What brings about a change in birefringence? How can
corneal birefringence be assessed in a clinical setting? Is there a place for routine assessment
of corneal birefringence in a clinical setting? The aim of this review paper was to provide a
summary of corneal birefringence with reference to these questions.

2. Materials and Methods

This was a narrative review conducted in accordance with established guide-
lines [38,39]. Primary literature searches were conducted at the British Library and Glasgow
Caledonian University Library, in addition to searches on MEDLINE and Google for rele-
vant publications from the early 19th century to the current time. Secondary-level searches
were made on relevant publications referenced in primary-level publications stretching
back to the early 17th century. The key search words were “cornea birefringence” and
“non-invasive measurements”.

Selection of Material for Review and Data Retrieval

Publications were included for review based on their relevance to the main objective.
The included items related to the history and analysis of birefringence, the basic optical re-
quirements for birefringence, properties and classification of corneal birefringence, and the
main factors that influence corneal birefringence. Where necessary, numerical information
was retrieved for purposes of comparison.

3. What Is Birefringence?

Birefringence, or double refraction, occurs when two waves of different states of polar-
ization travel in the same direction through a transmitting medium in which the velocities
(and hence, refractive indices) vary depending on the state of polarization. The resulting
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image is an interference pattern produced in the transmitting medium. A birefringent
pattern is observed when the incident light is divided into two sets (ordinary and extraor-
dinary rays) of differing path lengths that are linearly, circularly, or elliptically polarized
along mutually orthogonal planes. When these two rays are out of phase by 90°, the light
is described as either circularly polarized (when they are of equal amplitude) or elliptically
polarized (when the amplitudes are unequal) [40]. The difference in path lengths, termed
retardation, depends on the difference in the refractive indices (n; — ny) and the thickness
(t) of the transmitting medium. The difference (n; — ny) also leads to a difference in the
phase between the two orthogonally polarized rays of differing path lengths. This phase
difference is termed retardance. Hence, the pattern in Figure 1 depends on the polarization,
wavelength, and direction of the incident light. Each isochromatic zone is a region in which
the retardation, or retardance, is the same. Other than the demonstration of retardation, the
cornea has also been credited as having linear, circular, or elliptical polarization properties;
characteristics like those observed in uni- and biaxial crystals; and an axis of polarization.
These points are explored in more detail under Sections 7.1 and 8.1.

4. What Causes Birefringence?

The root cause of the birefringence could be at a supramolecular level (e.g., in crys-
talline structure), associated with the structure of the material (e.g., arrangement of fibers),
associated with stress (e.g., optical, electrical, magnetic, or mechanical), or a combination of
factors. A detailed analysis of the factors and methods suggested for quantifying birefrin-
gence is beyond the scope of this review, although it is thoroughly addressed in the standard
references [41,42]. The cornea has a layered structure consisting of an outer epithelium,
Bowman'’s layer, the stroma, Descemet’s layer, and an inner endothelium. The structure of
the corneal stroma consists mainly of stacked lamellae in which each single lamella is com-
prised of a near-parallel arrangement of cylindrical collagen fibers suspended in a medium
with a dissimilar refractive index. This fulfils a requirement for birefringence [43—45]. The
stroma, making up around 90% of the cornea, is generally accepted as the main source of
corneal birefringence. Therefore, the corneal birefringence pattern (CBP) can be interpreted
as being related to, or representative of, the structure of the stroma.

5. What Could Induce a Change in Corneal Birefringence?

Any procedure that alters corneal structure carries the potential to alter the CBP. This
includes changes resulting from corneal dystrophies, surgical intervention, or contact-lens
wear. For example, thinning of the epithelium [46,47], breaks in Bowman's layer [46—48],
compaction and irregular distribution of collagen fibrils [46,48,49], and modulations in
the biochemical and biomechanical pathways linked with alterations in collagen cross-
linking [50,51] are frequently encountered in the keratoconic cornea. These factors can be
expected to distinguish the CBP in keratoconus in comparison with normal cases. Any
alterations in these histological characteristics, such as those caused by keratoplasty or
contact-lens use, may affect the CBP. The same applies to the normal cornea. The cornea
is subjected to ongoing intermittent bursts of stress (e.g., from blinking, eye movements,
or rubbing) that could adjust corneal morphology and the CBP on a temporary basis. The
cumulative effects of these over several years may account for the reports on changes in
the CBP in relation to age [16,52,53] and intra-ocular pressure [28-32]. However, the link
between CBP and intra-ocular pressure is questionable [52-54].
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6. How Can the CBP Be Demonstrated and Observed in
a Clinical Setting?

The pattern in Figure 1 was produced by placing a polarizer, with the axis of polar-
ization parallel with the plane of the cornea, in the path of the slit-lamp incident light and
interposing a second polarizer before the observation beam. Color fringes appear and
fade when the second polarizer is rotated. Faint color fringes could be made visible using
just one polarizer; however, the pattern is far more intense when two polarizers are used.
Specific features of this pattern depend not only on the birefringent properties of the cornea
associated with its fine structure, but also on the details of the process used to generate the
pattern. Several methods derived from this simple premise have been advanced for the
clinical observation of the CBP (see for example Knighton and Huang [55], Misson [56],
Lipari et al. [57], and Sobczak et al. [58]). In addition, the SLP [59] and polarization-sensitive
OCT [60] can also be used to derive information on corneal birefringence. Full descriptions
of these techniques are beyond the scope of this paper. The noted publications should
be consulted for further details. However, the key information revealed by the practical
applications of these techniques are discussed under Sections 7, 7.1, 8.1, 9.1 and 9.2.

The fine details of the CBP are systematically dependent upon the mechanism and
details of the system used to generate it.

7. How Can Corneal Birefringence Be Categorized?

Methods for the more recent clinical assessment of corneal birefringence include
SLP, (for example the GDX with variable corneal compensator [5]), polarization-sensitive
OCT (for example PS-OCT [61]), modified slit-lamp biomicroscopic techniques [23,54,
56-58,62-66], and some techniques patented solely for this assessment [23,62,63]. The
modus operandi of biomicroscopic techniques is centered mainly on the symmetry of the
birefringent pattern [23,54,56-63]. The pattern in Figure 1 features a cross, isochromatic
bands arranged in approximate quadrilaterals and dark patches. Every aspect of the pattern
is the result of the optical interference of two orthogonally polarized waves propagated
with different velocities and phase shifts. After passing through the second polarizer,
the waves are transferred to the same polarization plane and interfere. The cross marks
the region where only one wave emerges, and hence, optical interference cannot occur.
The darker patches may be regions with zero, or very little, interference. The various
angles, displacement of the cross, shape and orientation of the cross, asymmetry, and
dimensions of the isochromatic quasi-quadrilaterals have been used to categorize and
quantify corneal birefringence [23,42,43,54,57,58,63]. Irregularities of the cross and other
features in Figure 1 could be attributed to circular or elliptical polarization in conjunction
with linear polarization. SLP- and PS-OCT-based systems for assessing CB rely on precision
control of the polarization of light entering the eye, fine tuning the analysis of light back-
scattered out of the eye, with algorithms suitably adapted to compensate for birefringent
activity occurring in the macula, and the wavelength of the incident light (=780 nm for
SLP, ~840 nm for PS-OCT). The technical details of these systems are fully described in
other publications [59,60]. These systems generate maps that display CB activity across
multiple locations over the cornea, values which can subsequently be compounded into
single figures. This is further explored in Section 8.1. The nuances and fine features of the
observed pattern depend not only on the way the pattern is generated but also on how the
observed image is processed and the limitations of the applied algorithms.

7.1. Does the Cornea Have Characteristics of a Uni- or Biaxial Crystal?

A uniaxial crystal is an anisotropic medium with an optic axis where incident rays
parallel to this axis exhibit no birefringence [41,42]. The velocity and the refractive index
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along this direction are not related to the polarization of the propagated rays [67]. Uniaxial
crystals have two refractive indices along orthogonal axes. Biaxial crystals have, as stated
by Stoiber and Morse, two optic axes where rays travel at the same velocity. In every other wave
propagation direction there are two linearly polarized components at right angles to each other and to
the propagation direction; these have unequal velocities [68]. Therefore, CB could be categorized
as a uni- or biaxial crystal. According to Stanworth and Naylor, the cornea is analogous to
a bent uniaxial crystal [28,29], though more recent studies suggest the cornea is more akin
to a biaxial crystal [69-74] and the birefringence is thickness-dependent [17,54,75,76]. The
structure of the cornea in the region under examination and the treatment meted out to
the cornea will determine if it has uni- or biaxial properties. An individual cornea may be
erroneously identified as having properties of a uniaxial crystal when the angle between
the two optic axes is not detected. Categorizing the cornea as uni- or biaxial is of limited
value to the clinician interested in the structure of the cornea.

8. How Can Corneal Birefringence Be Quantified for Analysis and
Statistical Purposes?

8.1. Orientation of the Slow Axis, Estimating Corneal Retardation and Differences in the Refractive
Index (n; — ny)

All aspects of the CBP are amenable to statistical analysis. Some of the published
material is laden with jargon and difficult to interpret. However, monitoring the orienta-
tion of the slow axis of the cornea is a relatively simple way of interpreting the CBP by
reducing the complex pattern to a single number. But what does the “slow axis” represent?
A birefringent medium features slow and fast axes because orthogonally polarized rays
travel at different velocities through it. The retardation of light is greatest along the length
of a collagen fibril [38,39]. Therefore, n; — ny is the difference in the refractive indices along
the length and across the collagen fibril, and the orientation of the slow axis of the cornea
indicates the main direction of stromal collagen alignment.

The orientations of the slow and fast axes can be identified by placing the birefringent
medium between two crossed polarizers (at 90° and 180°) and passing light through
the three-part combination. The light emerging from the second polarizer is gradually
extinguished when the medium is rotated about an axis parallel with the direction of the
incident light. The transmitted light is extinguished when the retardation equals half the
wavelength of the incident ray (A/2) or multiples thereof. At this point the orientation of
the birefringent material axis is at 45° relative to the mutually perpendicular slow and fast
axes. It is worth considering the clinical procedure presented by Knighton and Huang [55]
to determine the angle of the slow axis of the cornea in vivo, because it was based on
the same principles. This involved observing the fourth Purkinje image during slit-lamp
microscopy. The polarizer before the light incident on the cornea is kept perpendicular to
the polarizer placed along the observation beam. The instrument is engineered to keep
the two polarizers mutually perpendicular while the first polarizer is rotated. The fourth
Purkinje image is observed, and the angle of the slow axis is determined by rotating the
first polarizer until the fourth Purkinje image is no longer visible. At this point, the axis of
the first polarizer is either aligned with, or perpendicular to, the slow axis of the cornea.
The polarizers are then rotated by 45°, making the fourth Purkinje image visible and a
commercially available, pre-calibrated, variable retarder is placed before the observation
beam aligned with the slow axis and the retardation is adjusted until the fourth Purkinje
image is extinguished. If the visibility of the fourth Purkinje image persists, then the
variable retarder is turned through 90° and the process is repeated, because the retarder
had mistakenly been placed along the fast axis. The reading on the variable retarder is an
estimate of the corneal retardation for the region of the cornea under observation. The exact
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value of the retardation could vary over the surface of the cornea under observation. The
reading on the retarder could be used to estimate the difference in refractive index (n; — ny)
if the actual thickness perpendicular to the outer surface of the cornea is known. Based on
a variety of assumptions, including an overall average corneal refractive index of 1.377 and
an apparent corneal thickness, Misson predicted this difference was ~ 0.00159 [77]. This
was a step towards modeling corneal structure, i.e., advancing a model of corneal structure
to account for the observation. However, the literature on corneal birefringence still raises
questions concerning the source, classification, and interpretation of the observed pattern.

A separate optical retarder can be included as part of the optical set up for detecting
corneal birefringence. Commercially available pre-calibrated optical retarders have been
used to either neutralize or change the appearance of corneal birefringence to a pre-set
pattern. So, the angle of the slow axis (some authors refer to this as the polarization
axis, [4,14,52,53,77]) of the corneal birefringence pattern can be estimated by adjusting
the separate optical retarder to a predetermined level. Some of the key publications on
estimating the orientation of the slow axis of the human cornea are noted in Table 1. The
main direction of the stromal collagen fibrils is commensurate with the slow axis, and so
the slow-axis values in Table 1 are indicative of corneal structure where collagen fibers are
orientated mainly along the superior temporal-inferior nasal direction. The angle can be
interpreted as a single-figure description of corneal structure. There is a similarity in the
mean reported values, but the wide range of values implies there are substantial differences
between corneas, or the computations are prone to systematic errors, or the reliability of the
procedures is questionable. Nevertheless, a change in this angle in an individual case, e.g.,
following a corneal procedure, could be interpreted as an alteration in the fine structure
of the tissue. This is further explored in Sections 9.1 and 9.2. Changes in the orientation
of the slow axis correlate with the depth of ablation following LASIK [17]. This suggests
the birefringent properties vary along the depth of the cornea. The disruption resulting
from exposure to the photoablating beam, coupled with the subsequent healing response,
cannot be dismissed as the prime cause of any shift in the orientation. The apparent change
in the birefringence may be an outcome dependent on the applied correction. However, if
there is a genuine depth-dependency, then the birefringence in a dystrophic cornea should
differ from the norm.

Table 1. Some of the key values for the angle of the slow axis of the human cornea published
since 2000.

. Angle of Slow
Authors Year Technique (Polarization) Axis (°)
Greenfield et al. [4] 2000 Slit lamp /4th Purkinje Image =~ Mostly 10 to 20 (—54 to 90), n = 112
Greenfield and . . 24 £ 18 (=13 to 67), n = 71. One year
Knighton [77] 2001 Slit lamp /4th Purkinje Image later, 21 + 15 (— 14 to 59)
Weinreb et al. [52] 2002 GDx™ with NFL analyser 2454174 (-13t073), R =40 + 157

nm (7-90), n =55 *

Knighton and Huang [55]

2002 Slit lamp /4th Purkinje Image (10 to 40), R = (40-140) nm, n =73

Angeles et al. [14]

31.5 (C127.7 t0 37.3), R = 41.6 nm (CI

5 ™
2004 GDx-VCC 36.6 to 46.5), n = 37

Knighton et al. [59]

2008 GDx-VCC™ 10to40,n =21
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Table 1. Cont.

. Angle of Slow
Authors Year Technique (Polarization) Axis ()
23 4+ 17 (—11to 71),
- 1
Irsch and Shah [78] 2012 GDx-VCC™ R=39nm £ 16 (10to 77)

10 £ 13 (—6to51), R=39nm £+ 17
(7 to 78) 2

Mean and =+ s.d. values are noted where readily available, n = number of eyes, R = retardation (nm). Figures
in parentheses are ranges. A positive value indicates the direction is along the superior temporal-inferior nasal
direction, a negative value indicates the direction is along the lower temporal-upper nasal direction, n = number of
eyes, R = retardation (nm). * = significant correlation between angle of slow (polarization) axis and/or retardation
with age in glaucoma. ! In children aged 3-18 years. 2 In adults aged 18+ years. CI = range of 95% confidence
interval, NFL = nerve fiber layer, GDx = scanning laser polarimeter, GDx-VCC = scanning laser polarimeter
with a variable corneal compensator, GDx and GDx-VCC = estimates of the polarization values for wavelength
(A) =780 nm. Other values are measurements for visible wavelengths (A ~ 585 nm). Some authors refer to the
slow axis as the polarization axis.

8.2. Matrix Analysis of Birefringent Patterns

The passage of polarized light through a medium can be described using either the
Jones or the Mueller matrix analytical procedures. These have been used to further explore
the properties of corneal birefringence, and the information generated by their usage has
resulted in the construction of models of the cornea [27,58,64]. The specific information
revealed by these analyses can be difficult to interpret without an in-depth knowledge and
understanding of matrix analysis and applications thereof. These matrices are mathematical
tools for image analysis, and they have their limitations. The Mueller calculus is useful for
describing depolarized or partially polarized light, while the Jones calculus can describe
fully polarized light. Details of corneal birefringence revealed by these tools will depend
on the specific characteristics of the polarized light directed into, and passing out of, the
cornea. Thus, according to Shurcliff, the Mueller calculus is useful for understanding the
particular characteristics of the cornea that lead to polarization activity, characteristics that
the Jones calculus does not provide [79]. On the other hand, the Jones matrix will reveal
information about properties of the cornea that the Mueller calculus cannot [79].

9. Can the CBP Be Used to Model Corneal Structure?

Prior to proceeding further, it is important to note that Pierscionek and Weale found
there was almost complete neutralization of the corneal cross when a gonioscopy lens
was applied to a small number of normal and glaucomatous eyes [65]. They concluded
the reflection at the external corneal surface was the main contributor to the observed
pattern. This raises the question of whether the pattern in Figure 1 is primarily influenced
by reflections at the external corneal surface or by corneal structure. If the pattern in
Figure 1 is the result of reflectance at the external corneal surface, then

(i) Fresnel equations should predict the intensity distribution of the polarized light
reflected off the ocular surface [80];

(if) Characteristics of the dark cross over the surface of a powered contact lens placed on
the eye should differ in comparison with the dark cross over the ocular surface;

(iii) The characteristics of the cross should be markedly different in cases of ectasia;

(iv) The appearance of the cross should change in response to changes in the characteristics
of the precorneal tear film during the interblink interval.

Interestingly, the Fresnel equations have been used for the non-invasive estimation of
the refractive index of the corneal epithelium. The values ranged from 1.410 to 1.416 [81,82].
The outermost surface of the cornea is the lipid layer of the precorneal tear film, and the
refractive index of the lipid is about 1.482 [83]. Thus, it is reasonable to adopt this value
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when estimating the intensity of light reflected by the ocular surface. Figure 2 shows
the regions where the intensities of reflections are minimal when a 10 mm wide beam
of linearly polarized light (polarized in a direction parallel to the plane of reflection) is
incident upon the cornea from the temporal side at an angle of 20° or 40°. The form of the
dark region depends on the angle of illumination and is located on the nasal side of the
pupil. The calculations underlying Figure 2 are shown in the appendix [Appendix A]. The
predictions do not resemble Figure 1. Reflections from the ocular surface are discounted, as
the structure chiefly determines the pattern observed in Figure 1. The pattern in Figure 1 is
remarkably stable during the inter-blink interval, and it is on par with the images obtained
from ex vivo samples by light transmission [70,84-86]. Thus, the internal architecture of
the cornea is the chief determinant of this image. The CBP should not occur when incident
rays strike the cornea perpendicular to the surface, as the instances of birefringence formed
within the lamellae are expected to cancel each other out when the stromal fibers are
uniformly distributed within each lamella and the lamellae are stacked randomly on top
of each other [87]. The fact that corneal birefringence is observed in vivo indicates there is
some order in the arrangement of the stromal lamellae, unless it is an artefact.

Loci of reflections of minimal intensity

.__—..___.\\ L Y

4 e —e—20°
~

—

—— - — —

Distance along vertical axis (mm)
Above(+ve) & Below(-ve) pupil centre

Distance from apex of cornea (mm)
along the nasal direction

Figure 2. Estimated regions where the specular reflections have minimal intensity when the ocular
surface is illuminated with light linearly polarized in a direction parallel to the plane of reflection,
from the temporal side, and at angles of 20° or 40°. These regions gradually collapse towards the
horizontal axis along the nasal direction from the pupil center.

9.1. Modelling the Architecture of the Corneal Stroma

The values for the slow axis of the cornea in Table 1 indicate the alignment of stromal
collagen fibers. The procedure described by Knighton and Huang utilizes information
obtained from a small paracentral region along the horizontal axis of the cornea [55]. Thus,
the value for the slow axis is an indicator of the orientation of stromal fibers in this small
paracentral region. Corneal birefringence determinations acquired by SLP and PS-OCT
cover the central and paracentral regions. Therefore, the information obtained by SLP
and PS-OCT could be used to build up more comprehensive models of stromal structure
covering the whole cornea. Bueno et al. described an experimental combined aberrometer
and polariscope arrangement used to investigate the birefringence within the pupil [88].
In a small number of eyes (four normal, four post-LASIK), they found the slow axis was
directed mainly along the superior temporal—inferior nasal direction, with variations over
the pupil area. In this small group, there was a shift in the orientation of stromal fibers over
the central pupillary zone. On an individual case-by-case basis, there was a centrifugal
change in the retardation from the center of the cornea [89], and it appears this is linked
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to pupil size [90]. No major large-scale studies have been reported either supporting or
refuting these claims. This suggests the stromal structure varies topographically from the
corneal apex to the limbus.

The demonstration in Figure 1 requires light to be reflected by the iris. If the informa-
tion revealed is affected by the nature of this reflection, then it may be the case that the
pattern will change with dilation, be pupil-related, and depend on the quality of the iris
surface. A search to find definitive studies linking the quality of the CBP with the texture
or appearance of the iris did not meet with success. However, a study based on six subjects
reported pharmacologically induced constriction, or dilation, of the pupil-adjusted corneal
birefringent characteristics [91]. The implication is that the shift in pupil dynamics induces
stress in the cornea or adjusts the fine structure of the cornea, or that the pattern is linked
with light scattered / diffracted by the surface of the iris or the optical properties of the other
intraocular structures.

The CBP is the result of a myriad of interactions between the light scattered within
the ocular media and then reflected out of the eye. Therefore, it is reasonable to expect
the pattern to differ in the pseudophakic eye where the surface of the intra-ocular lens is
smoother, flatter, and more reflective, compared with the natural crystalline lens.

Misson used circularly polarized light to investigate corneal structure in fully dilated
eyes. The CBP observed over the cornea consisted of two quasi-circular dark patches
aligned along the superior temporal-inferior nasal direction, and fine lines [56,62]. The
orientation of a line drawn through the centers of the dark patches is comparable with
the slow-axis values noted in Table 1. This orientation can be interpreted as representing
the average direction of the stromal fibers. The fine lines were recognized as representing
bundles of stromal fibers. Furthermore, the distribution of these fine lines was typically
elliptical, or pear shaped. These fine lines mirror the fine architecture of the stromal
fibers, and there were no obvious differences in the patterns obtained from phakic and
pseudophakic eyes.

Moreover, the details of the patterns were not affected by the characteristics of the
rays passing out through the pupil after traversing and reflecting off other intra-ocular
structures. Under controlled conditions, the fine details of corneal birefringence patterns
can be mapped out by suitably filtering and analyzing the captured images [20,32,56,62,72].
The validity of the map is reliant upon the reliability of the corneal birefringence image,
the robustness of the algorithms used, and the cumulative systematic error resulting from
the various assumptions made during the analytical process. Nevertheless, Misson’s
results stem from the presumption that the stromal structure has a common feature in all
corneas [53,59]. The finer details, like fingerprints, are unique to each cornea.

9.2. Is the CBP Representative of Corneal Thickness, Distribution, or Structure?

Centofanti et al. found that a change in the angle of the slow axis correlated with the
depth of ablation following LASIK [17]. This suggests that the extent of the intervention
affects the changes in the orientation of the stromal fibers or that the orientation varied along
the depth of the cornea. If there is a genuine depth dependency, then the birefringence
in unusually thick or thin corneas should differ from the norm. The CBP is altered in
keratoconus [20,56,76] and after various forms of corneal surgery [1,3,8-10,12-19,22,85].
Differences in the CBP may depend on the overall structure or be related to variations in the
distribution of corneal thickness [17,54,75,76]. If corneal thickness is the main contributor to
the CBP, then the pattern should change as an increase in thickness distribution is induced
by increasing corneal hydration (e.g., by bathing the cornea with distilled water) or in
Fuchs’ dystrophy. A search of the literature failed to identify any publication in which
changes in CBP were linked to corneal hydration. On the other hand, if the CBP is a direct
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consequence of corneal thickness distribution, then the physical properties of the pattern
should invariably correspond with a map of corneal thickness distribution. Any disconnect
between the two would, by process of elimination, be related to other factors or details
pertaining to corneal structure.

The models of corneal structure constructed from the CBP all describe patterns of
stromal fiber distribution. These models include descriptions of fibers arranged along
circumferential orientations [85] and passing from the apex towards the limbus along radial
lines [71]; stromal lamellae oriented mainly along two orthogonal axes, with the remainder
arranged randomly [76]; and fibers arranged predominantly along elliptical lines along
the direction of the slow axis, with the remainder organized in discrete fingerprint-like
patterns [55,56,87]. The models describe fibrillar distribution in the x—y plane over the
surface of the cornea, not along the depth of the cornea. The patterns of corneal structure
derived from the CBP do not appear to be influenced by corneal thickness distribution.

10. Conclusions

The major clinical entities associated with corneal birefringence are listed in Table 2.
With new techniques for modifying corneal optics, artificial implants, and advancing
xeno-transplantation [92], there is a need for quick clinical procedures for modeling and
monitoring corneal structure. The validity and reliability of emerging technologies must
be established, and the limits of agreement between techniques should be determined.
The information that the CBP delivers remains unused by many clinicians. However, the
non-invasive CBP images are easy to demonstrate and capture for analytical purposes. The
determination of the CBP enables the creation of a profile, equivalent to a fingerprint, of
individual corneal structure, one beyond the limits of OCT. This is analogous to working
out the DNA profile of an individual. Alternatively, a library of hypothetical CBPs could be
assembled based on a range of distribution patterns of stromal collagen fibrils. Matching
the hypothetical CBP with the actual CBP could be a step towards categorizing the specific
distribution of stromal collagen fibrils of the individual. The contributions, if any, of other
features of the cornea on the CBP have yet to be fully understood. The epithelium is
optically distinct from the stroma and makes its own contribution to the overall refractive
properties of the eye. Thus, there is the possibility for changes within the epithelium to
affect the overall corneal birefringence pattern. For now, models of stromal architecture can
be formulated to account for a CBP and changes thereof.

Table 2. Summary of the main clinical features associated with corneal birefringence patterns.

Characteristic Feature Supportive Publications
Corneal architecture influences the CBP [45,55,56,62,70,88,91]
The cornea is akin to a biaxial crystal [69-74]
CBP may not be affected by intra-ocular pressure [52-54]
CBP can be used to model Fhe §tructure of the [56,62,88,59]
central cornea in vivo
CBP is altered in the abnormal corneas [1,3,8-10,12-20,22,56,75,90]
CBP is affected by corneal refractive procedures [1,3,8-10,12-19,22,89]

CBP = Corneal birefringence pattern.
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Abbreviations

The following abbreviations are used in this manuscript:

CB Corneal birefringence

CBP Corneal birefringence pattern

SLP Scanning laser polarimetry or Scanning laser polarimeter

OCT Ocular coherence tomography or Ocular coherence tomographer

RNFL Retinal nerve fiber layer
LASIK  Laser-assisted in situ keratomileusis
n; —ny Difference in the refractive indices

t Corneal thickness

G Angle of incidence

Y Angle of refraction

Ro Radius at the apex of the cornea

Rs Sagittal radius of the cornea at distance x from the apex
Appendix A

Fresnel equations estimate the relative intensity of light reflected off a dielectric sur-
face [80]. The relative intensity of the reflection for incident light linearly polarized in a
direction parallel to the plane of reflection is

R| = tan* (© — )/tan” (© + 1)

And the relative intensity of the reflection for incident light linearly polarized in a
direction perpendicular to the plane of reflection is

R, =sin? (® — )/sin? (© + )

In both equations, ® = angle of incidence, 1\ = angle of refraction.

Figure Al shows, for an aspheric surface with rotational symmetry about the axis,
with a normal beam passing through the apex and a parallel beam incident normal to the
apex, ® = @ and sin J = x/Rs.

According to Baker [93], Rs = {/[(Ro)? + (1 — p)x?], where Ro = radius at the apex
of the cornea, x = distance from apex, and p = shape factor describing the asphericity of
the surface.

. @ =arcsin {x//[(Ro)? + (1 — p)x*]}.

For a parallel beam incident at an angle of ©; to the apex (see Figure A2),
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Figure A1. An aspheric corneal surface, rotationally symmetrical about the axis, with the normal
beam passing through the apex, and a parallel beam incident along the axis normal to the apex.

Figure A2. A parallel beam incident at an angle of ®; to the normal, passing through the apex of
the cornea.

@229—@1&®3=®+®1
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. @, = arcsin {x/+/[(Ro)? — (1 — p)x*]} — O (A1)

& @3 = arcsin {x//[(Ro)* + (1 — p)x*]} + Oy (A2)

For a wide parallel beam incident at an angle of ®; to the apex (see Figure A3), the
first ray strikes the apex of the surface. A second ray strikes at e distant y; from the apex,

y1 = /(@) + (b?).

For an aspheric surface with rotational symmetry about the axis, the beam passing
through the apex, x is replaced by y; in Equations (A1) and (A2), along the hatched axis,
where Rs now = /[(Ro)? + (1 — p)y1?]

©; now = arcsin {[\/(a?) + (b?)]/Rs} — @1 and @3 now = arcsin {[,/(a%) + (b?)]/Rs}
+ @1

y1 = v/(@) +?).

Figure A3. A wide parallel beam incident at an angle of ®; to the normal at the apex of the cornea.
The first ray strikes the apex of the cornea. A second ray strikes at e distant y; from the apex.
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