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ABSTRACT

We map the three-dimensional distribution of birefringence of the normal human cornea and provide in-
sight into structures and mechanisms causing corneal birefringence, establishing standard patterns of 3D
birefringence distribution.
A polarization sensitive optical coherence tomography (PS-OCT) system was developed that allows mea-
surement and imaging of three tissue parameters simultaneously: reflectivity, retardation, and slow optic
axis orientation. This instrument was used to obtain 3D PS-OCT data sets of normal human corneas in
vitro. From the 3D data sets, conventional cross sectional, as well as en face images of reflectivity, retar-
dation, and optic axis orientation were derived. Preliminary results from a healthy cornea in vivo and a
keratoconus cornea in vitro are also presented.
In transversal direction the retardation distribution of the normal cornea has a radially symmetric shape;
retardation is lowest at the center of the cornea and increases towards the periphery. At peripheral regions,
retardation also increases with depth. The distribution of the optic axis is not constant with the parallel
illumination scheme used. Optic axis orientation is an approximately linear function of azimuth angle, how-
ever, if averaged over the entire cornea, a preferential optic axis orientation is observed. In a keratoconus
cornea, the normal birefringence pattern is heavily distorted.
The results provide additional insight into corneal birefringence as compared to published work where cor-
neal birefringence is usually averaged over a larger area. The results can be explained by a birefringence
model based on stacked collagen fibril lamellae of different orientations. The observed birefringence pat-
terns in normal corneas might be used as standard patterns for comparisons with pathologic changes.
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RÉSUMÉ

Nous cartographions la répartition tridimensionnelle de biréfringence de la cornée humaine normale et
fournirons un aperçu des structures et des mécanismes provoquant la biréfringence cornéenne pour établir
des modèles standard de la répartition de biréfringence en 3D. Un système de tomographie par cohérence
optique sensible à la polarisation (TCO-SP) a été développé, lequel permet la mesure et l’imagerie simul-
tanées de trois paramètres tissulaires : réflectivité, retard, et orientation de l’axe optique lent. Cet instru-
ment a été utilisé pour obtenir des ensembles de données 3D par TCO-SP de cornées humaines normales
in vitro. Des images transversales conventionnelles ainsi que des images de face de réflectivité, de retard
et d’orientation de l’axe optique ont été dérivés des ensembles de données 3D. Des résultats préliminaires
issus d’une cornée saine in vivo et d’une cornée kératocône in vitro sont aussi présentés. Dans une direc-
tion transversale, la répartition du retard de la cornée normale présente une forme radialement symétrique;
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le retard le plus faible se situe au centre de la cornée et augmente vers la périphérie. Au niveau des régions
périphériques, le retard augmente aussi avec la profondeur. La répartition de l’axe optique n’est pas con-
stante avec le schéma d’éclairage parallèle utilisé. L’orientation de l’axe optique est une fonction pratique-
ment linéaire de l’angle d’azimut, cependant, si elle est moyennée sur la totalité de la cornée, une orien-
tation préférentielle de l’axe optique est observée. Dans une cornée kératocônique, le modèle normal de
biréfringence est fortement distordu. Les résultats fournissent un aperçu supplémentaire de la biréfrin-
gence cornéenne par rapport au travail publié dans lequel la biréfringence cornéenne est habituellement
moyennée sur une plus grande surface. Les résultats peuvent s’expliquer par un modèle de biréfringence
basé sur des lamelles de fibrilles de collagène empilées dans différentes orientations. Les modèles de biré-
fringence observés dans des cornées normales peuvent être utilisées comme des modèles standard pour
effectuer des comparaisons avec les changements pathologiques.

MOTS-CLÉS
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INTRODUCTION

It has long been known that the cornea is optically birefringent and several papers on corneal
birefringence have been published. An overview of the work on corneal birefringence can be found
in Bour L.J.3 Different models on the nature of corneal birefringence have been reported which
are partly contradictory: e.g. the cornea was modeled as a uniaxial 30 and a biaxial crystal.31

The present state of knowledge on corneal structure and its relation to birefringence can be sum-
marized as follows: the corneal tissue is arranged in several layers. Over 90 % of its thickness is
made up by the stroma, which consists of approximately 200 lamellae with a thickness of 1.5-
2.5 µm. Each of these lamellae is composed of parallel collagen fibrils embedded in an optically
homogeneous ground substance.9,24 For modeling the birefringence of the cornea, each lamella
is regarded as a birefringent plate with its slow axis lying along the direction of the collagen
fibrils.11 The fibrils in successive lamellae are usually oriented at large, approximately orthogo-
nal angles to each other, so that the birefringence properties of successive lamellae cancel each
other largely. X-ray studies of the cornea have revealed two preferred directions of orientation in
the cornea. 60 % of the fibrils are oriented within the 45° sectors around the inferior-superior
and nasal-temporal preferred directions, while 40 % are oriented in the oblique sectors in be-
tween.6,25 A slight prevalence of one lamella orientation causes a net retardation and a net optic
axis orientation.
The importance of a detailed knowledge on the corneal birefringence lies mainly in the fact that
several techniques of ophthalmic imaging use polarized light in one or another way. Scanning
laser polarimetry 10 is especially noteworthy in this context. This technique, which is used for
glaucoma diagnostics, measures and images the distribution of retinal nerve fiber layer birefrin-
gence through the cornea. Reliable results therefore require a precise knowledge of corneal re-
tardation and slow axis orientation.33 While initially a fixed retardation and axis orientation was
assumed for the entire population, a comprehensive study has shown that these parameters vary
considerably between individual subjects.23

The majority of studies on corneal birefringence performed measurements only in the central
cornea. However, some studies also reported on the distribution of birefringence in the
cornea.4-5,20,31 The results of these studies are somewhat contradictory: While Van Blockland
and Verhelst report a saddleback distribution of corneal birefringence,31 Bour and Lopez Car-
dozo,4 and Bueno and Vargas-Martin5 observed an increase of retardation with distance from
the corneal apex in all radial directions. Results on slow axis distribution were also contradic-
tory.5, 20

In this paper, we report results on the birefringence of the human cornea obtained with a rather
new imaging technique: polarization sensitive optical coherence tomography (PS-OCT).8

This independent method has been shown to be able to shed more light on the somewhat con-
tradictory results of previous studies.14 We present the method and subsequently use it to ob-
tain 3D data sets of the distribution of retardation and (cumulative) slow axis in human cornea
in vitro. From these data sets we derive cross sectional PS-OCT images and en face OCT images
demonstrating the distribution of retardation and slow axis orientation at the posterior corneal
surface. The results are discussed and explained by a birefringence model based on stromal lamel-
la stacks. Finally, we show first results obtained in pathologic corneas in vitro and in healthy
corneas in vivo and discuss the differences and possible implications for corneal diagnostics.

METHODS

Description of instrument

Optical coherence tomography is a non-invasive imaging technique that generates high resolu-
tion cross sectional images of biological tissue.2,12,18 Based on low coherence interferometry,
the technique measures spatially resolved backscattered intensity in transparent and scattering
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samples. PS-OCT takes advantage of the additional polarization information carried by the re-
flected light and can provide quantitative information on tissue birefringence.8 While early work
on PS-OCT measured only reflectivity and retardation of a sample, in recent years many propos-
als have been made to extract more information on the polarization properties of a sample. These
improved techniques were used to measure and image Stokes vectors of the backscattered
light,7,28 Müller matrix 32 and Jones matrix 21 distribution in biologic samples.
While Müller and Jones matrices contain the maximum possible information on the polarizing
properties of a sample, the images of Müller matrix and Jones matrix elements are difficult to
interpret. Furthermore, the measurement of these matrices requires either several measure-
ments with different input and analyzer polarization states 32 or the use of two light sources
illuminating the sample with different input polarization states simultaneously,21 which makes
the measurement more time consuming or the instrument more complex. An important param-
eter of birefringence with straightforward physical interpretation is the slow birefringent axis of a
sample. In fibrous tissues where birefringence is caused by form birefringence, this parameter is
a measure of the fiber orientation. We have recently developed a PS-OCT method that measures
and images three parameters: reflectivity, retardation, and (cumulative) slow axis orientation si-
multaneously with only a single A-scan per measurement location.16

Figure 1 shows a sketch of the instrument. The optical setup is based on the original polarization
sensitive low coherence interferometer first described by Hee et al.15 A super luminescent diode
(SLD) emits a beam with center wavelength λ0 = 828 nm and a bandwidth of ∆λ ≈ 22.4 nm,
corresponding to a round trip coherence length of λc ≈ 13.5 µm. This beam illuminates, after
being vertically polarized, a Michelson interferometer where it is split by a non-polarizing beam
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Fig. 1. Sketch of PS-OCT instrument. Det, detectors; NPBS, non-polarizing beam splitter; PBS, polarizing beam splitter;
Pol., polarizer; PS detection, polarization sensitive detection; QWP, quarter wave plate; Retro, retro-reflector; RM, refe-
rence mirror; SLD, super luminescent diode.

156



splitter (NPBS) into a reference and a sample beam. The reference beam transmits quarter wave
plate QWP2, oriented with its fast axis at 22.5° to the horizontal, and is reflected by a retrore-
flector and a reference mirror. After backpropagating through QWP2, the orientation of the beam
polarization plane is at 45° to the horizontal, providing equal reference power in two orthogonal
polarization states. The quarter wave plate QWP1 in the sample arm is oriented at 45° to pro-
vide circularly polarized light to the sample. After reflection at the sample and propagating back
through QWP1, the light in the sample arm is in an elliptical polarization state containing infor-
mation on the birefringence and optic axis orientation of the sample. After recombination with
the reference beam at the interferometer beam splitter, both beam components are directed to-
wards a polarization sensitive two-channel detection unit.
Three dimensional data sets are obtained by recording A-scans (z) on a two dimensional (x-y)
lateral matrix on the sample. A-scans are recorded by shifting the retro reflector; a focusing lens
mounted on the same translation table ensures dynamic focusing (matching of coherence gate
and focal point in the sample).29 Contrary to standard OCT and earlier versions of PS-OCT, not
only the envelopes of the interferometric signals are recorded. Instead, for each detection chan-
nel an independent detector/amplifier/AD-converter combination records the whole interference
signal IH, V(z) (H, V: horizontal and vertical polarization channel, respectively). The axial resolu-
tion is equal to the round trip coherence length lc. In our case, the transversal resolution is deter-
mined by the step increments in transverse direction (100 µm). A 3D data set consists of
80 × 80 A-scans each of 2.5 mm length.

Calculation of polarization states

The polarization state of a fully polarized light beam traversing polarizing optical elements can
be calculated by the Jones formalism.19,22 The beam incident on the Michelson interferometer,
after passing the polarizer, is in a linear, vertical polarization state. Its Jones vector can be writ-
ten as:

In this notation, we ignored a term oscillating with light frequency and set the electric field am-
plitude = 1. The upper and lower components of the vector in equation (1) correspond to the
horizontal and vertical components of the electric field vector. The Jones vector of a beam tra-
versing an optical element can be found by multiplying the Jones vector of the incident beam by
the Jones matrix corresponding to the optical element. The Jones matrix is a 2 × 2 matrix con-
sisting of - usually complex - elements. If more than one optical element is traversed, the input
Jones vector has to be multiplied by the Jones matrices of each element, in the order they are
transmitted by the beam.
The reference beam passes both, the beam splitter and the quarter wave plate QWP2, twice.
The effect of the beam splitter is simply to reduce the intensity of the reference beam by a factor
of 2 at every pass, leading to a total intensity reduction of a factor of 4, equivalent to a reduction
in field amplitude by a factor of 2. The Jones matrix of a general retarder of retardation δ and fast
axis orientation θf is:13

For the reference beam, δ = 90° and θf = -22.5°. The Jones vector of the reference beam, after
double passing QWP2 (and the beam splitter) is:
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This is a linearly polarized beam with its polarization axis oriented at 45°, providing equal ref-
erence intensity for both, the horizontal and the vertical polarization component, which are sep-
arated by the polarizing beam splitter PBS of the detection unit. Furthermore, no phase shift
occurs between the two polarization components (this would cause at least one of the vector
components to have an imaginary part). Therefore, the reference beam influences neither the
intensity ratio nor the phase of the interference signals recorded in the two detection channels.
The sample beam passes the beam splitter QWP1 and the sample (reflectivity: R) twice each.
Again, the effect of the beam splitter is simply to reduce the field amplitude by a factor of 2.
QWP1 has retardance and axis values of δ = 90° and θf = 45°, respectively. The change of
polarization state caused by the sample is described by Jsample, a general retardation matrix of
the form given by equation (2). The Jones vector of the sample beam, after exiting the interfer-
ometer, is:

Determination of sample reflectivity, retardation, and axis

orientation

As is well known from the theory of partial coherence interferometry, a sample interface located
at depth position z0, and with reflectivity R, gives rise to an intensity Ik(z) recorded by the detec-
tor in channel k:1

Ir,k and Is,k are the intensities that would be recorded at the detector k from the reference mirror
and the sample interface, respectively, without interference; k = H,V for the horizontal and ver-
tical polarization state, respectively, Φk = 2π(z-z0)/λ0 is the corresponding phase term of the
oscillating interference signal, and zy(z-z0)z is the modulus of the complex degree of cohe-
rence.
With equations (4) and (5), and with Ir,k ∝ Er,k

2 and Is,k ∝ Es,k
2, (Er,k and Es,k are given by equa-

tions (3) and (4)), we can derive the physical parameters: reflectivity R, retardation δ, and fast
optic axis orientation θf. To determine reflectivity and retardation, we need only the envelope of
the AC term of equation (5). This is usually obtained by AC coupling the detector signal and
subsequently rectifying and low pass filtering the amplified signal. However, to measure the op-
tic axis orientation, we need the phase difference ∆Φ = ΦV - ΦH occurring between the two
signals. Therefore, we use a different approach. After AC coupling, the full interferometric signal
is recorded. Amplitude Ak(z) and phase Φk(z) of the oscillating term of each interference signal
at any depth are extracted from the complex function:

which is determined by analytic continuation of the measured interference signal Ik(z) by use of
the Hilbert transform H.
Comparing equations (5) and (6), we see that . From equation (4),
we can now see that maps of sample reflectivity R and phase retardation δ can be obtained by:15

Furthermore, equation (4) indicates that only the signal corresponding to the vertical polariza-
tion state (channel V) depends on the sample fast axis orientation θf, while both signals oscillate
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synchronously with retardation δ. Therefore, the axis orientation is directly encoded in the phase
difference ∆Φ(z) = ΦV(z) - ΦH(z) which can be obtained with the help of equation (6):

The slow axis orientation is oriented perpendicular to the fast axis:

On OCT tomograms, backscattered signal intensity (∼'R) is displayed on a logarithmic false co-
lor scale, δ and θs are displayed on linear false color scales. The unambiguous ranges of δ and
θs determination are 0° to 90° and 0° to 180°, respectively.
It should be pointed out that the interpretation of the slow axis data requires some care: (i) the
algorithm used to calculate θs causes a 90° change in θs at depth positions z where δ crosses
90° (or multiples of 90°). (ii) If several layers with different slow axes are stacked on top of each
other, the measured value θs (z), at a given depth position z, is a cumulative, or effective, axis:
it is the slow axis of a single layered birefringent plate that would, on double pass, give rise to
the same change of polarization state as the multi-layered sample does up to a depth z. To diffe-
rentiate the axis orientations of individual layers would require that (a) these individual layers
are resolved, i.e. are thicker than the coherence length, and (b) to use an algorithm based on the
information obtained on the overlying layers and propagating the polarization state from layer to
layer.

Sample preparation

Human donor corneas were received from the eye bank (Department of Ophthalmology, General
Hospital, Medical University of Vienna). Only corneas that were not hepatitis B negative and
therefore could not be used for transplantation were used in this study. Full-thickness corneal
transplants were stored in Optisol (Chiron, CA) and imaged by PS-OCT within two weeks after
enucleation. The corneas had been extracted with a small scleral ring still attached which en-
sured sufficient stability during handling and measurement. For PS-OCT imaging, the corneas
were mounted in a specimen holder consisting of a metal case sealed with a glass window through
which imaging was performed. The metal case was filled with Optisol to prevent dehydration
during the imaging.

RESULTS

We measured three dimensional datasets of in vitro human corneas. 80 × 80 A-scans in x and
y direction, with a depth range of 2.5 mm, were recorded. The step width in both directions was
100 µm (i.e. a transversal area of 8 mm × 8 mm is covered). The depth resolution is 13.5 µm.
Figure 2 shows horizontal cross sectional images (x-z) derived from the three dimensional data-
set through the center (apex) of the cornea. Figure 2 A shows an intensity image (logarithmic
color scale). Figure 2 B shows a retardation image (linear color scale). The parts of the image
shown in gray correspond to regions where the signal intensity is not significantly above the noise
level (in this case, a reliable calculation of retardation and axis values is not possible). The
retardation increases in radial direction. Towards the periphery, the retardation increases with
depth. At the margin of the image of figure 2 B, ∼ 4 mm from the corneal apex, the color indi-
cating retardation makes ∼ one full oscillation from blue at the anterior corneal surface over red
to blue again at the posterior surface, indicating a retardation of ∼ 180° over the full corneal
thickness at the periphery. Figure 2 C shows the slow axis distribution across the cornea (linear
color scale). The cumulative slow axis varies in radial direction, however, is roughly constant
over the corneal thickness at a given transversal position (except for the 90° color change caused
by the algorithm at positions where δ s 90°).
Figure 3 shows en face PS-OCT images derived from the same 3D data set of the same cornea.
Retardation (Fig. 3 A) and slow axis orientation (Fig. 3 B) distribution corresponding to the back
surface of the cornea are shown (the posterior surface was approximated by a polynomial fit to
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the interface as measured from the OCT reflectivity data set). Figure 3 A shows that the retar-
dation is lowest in the center and increases in radial direction. Figure 3 B indicates that the slow
axis orientation varies approximately linearly with azimuth angle. Along the positive y-axis, θs ≈
0°; θs increases in clockwise direction, to ∼ 90° along the positive x-axis, and further to ∼ +180°
near the negative y-axis. Due to the π ambiguity of the used algorithm, the axis orientation can
only be mapped from 0° to 180°. Because of the above mentioned 90° color jumps in θs at posi-
tions where δ s 90°, the overall image pattern of approximately constant θs at a given azimuth
angle is disturbed at the periphery. For a better, undisturbed view of the slow axis orientation
pattern, we derived an additional en face image of slow axis orientation that corresponds to a
position in the middle of the cornea, ∼ half way between anterior and posterior corneal surface.
This image is shown in figure 3 C. Since δ < 90° in this depth throughout the cornea, the axis
distribution pattern is undisturbed. A comparison of figures 3 B and C further indicates that the
axis orientation is roughly constant in depth.
PS-OCT data sets were recorded in a similar way in five donor corneas. The results were essen-
tially similar to those observed in figures 2 and 3. Central corneal retardation (at the posterior
surface) ranged from 13° to 30°. Although slow axis orientations within the total interval 0° to

(a)

(b)

(c)

Fig. 2. Horizontal cross sectional PS-OCT images of human cornea in vitro. Axis labels: (optical) distances [mm].
(a) Reflectivity image (logarithmic color scale); (b) retardation image (linear color scale); (c) slow axis orientation image
(linear color scale). Adapted from Götzinger et al.14 by permission from the SPIE.
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(a)

(b)

(c)
Fig. 3. En face PS-OCT images of human cornea in vitro. Axis labels: distances [mm]. (a) Retardation distribution at
posterior corneal surface (linear color scale); (b) cumulative slow axis distribution at posterior corneal surface (linear
color scale); (c) cumulative slow axis distribution approximately half way between anterior and posterior corneal sur-
faces (linear color scale). Adapted from Götzinger et al.14 by permission from the SPIE.
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180° are observed, they are not evenly distributed. Figure 4 shows a histogram of slow axis
distribution of one of the five corneas which clearly illustrates this feature. There is a frequency
maximum for axis values near 0° and 180°, and a minimum for values near 90°. It should be
mentioned that figure 4 just indicates that there is an overall preferential orientation of slow axis
within the cornea; since the excised corneas were not marked, the absolute orientation of the
axis with respect to the horizontal meridian of the intact eye is not available.
Further experiments with a cornea tilted about the horizontal axis (not shown here), revealed
that the retardation is always lowest at perpendicular sample beam incidence, which does not
coincide with the apex in the case of the tilted cornea.14 Similarly, the point of rotation, about
which the slow axis increases with azimuth angle, is also shifted from the apex to the point where
the sample beam incidence is perpendicular to the corneal surface. These results clearly demon-
strate that the corneal apex is not a center of symmetry with respect to corneal birefringence;
rather, the observed birefringence effects are caused by the angle of incidence that the sample
beam makes with the corneal surface.

Preliminary experiments

Since the completion of the in vitro measurements on healthy normal corneas, further prelimi-
nary experiments were carried out on diseased donor corneas in vitro and on healthy corneas in
vivo.
Figure 5 shows results derived from a 3D data set obtained from a keratoconus cornea explanted
during a penetrating keratoplasty at the Department of Ophthalmology, General Hospital, Medi-
cal University of Vienna. The data sets were recorded in a similar way as described above, the
main difference was that the diameter of the explanted cornea was slightly smaller (6 mm) and
the specimen holder was modified accordingly. Figures 5 A and B show en face tomograms of
retardation and slow axis orientation, respectively, derived at the posterior corneal surface. Figu-
res 5 C and D show corresponding horizontal (x-z) cross sections derived along the horizontal
red line shown in figures 5 A and B; figures 5 E and F show corresponding vertical cross sections
(y-z, derived along the vertical red lines in figures 5 A and B). Compared to the PS-OCT images
obtained in the normal corneas (figures 2 and 3), both, the retardation and axis orientation pat-
terns of the keratoconus cornea are heavily distorted. Similar distortions can be observed in cor-
neal scars.
Figure 6 shows PS-OCT cross sectional images (x-z) obtained with a modified instrument in a
human cornea in vivo. The modified instrument was designed for high-speed imaging and is based
on a transversal scanning scheme that generates the carrier frequency by acousto optic fre-
quency shifting.17 Details of the setup will be reported elsewhere.26 There is an interesting diffe-

0 20 40 60 80 100 120 140 160 180
0

100

200

300

400

500

600

C
ou

nt
s

Slow axis orientation [deg]

Fig. 4. Histogram of slow axis distribution in human cornea in vitro.
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rence near the center of the retardation image (Fig. 6 B), as compared to that of the in vitro
images. Light scattered back roughly perpendicular to the corneal surface (from beneath the apex)
is depolarized. This is indicated by the greenish color in the retardation image. The color in the
retardation image might be confused with a retardation near 45°, however, the color is caused
merely by a mix of random retardation values. It should be pointed out that this depolarization
takes only place in the directly backscattered light. The transmitted light still has a high degree
of polarization corresponding to low retardation, which can be observed from light backscattered
at deeper structures (anterior lens surface, iris) not shown here. A similar effect of depolarization
of directly backscattered light while maintaining the polarization of transmitted light has recent-
ly been reported for the stratum corneum of human skin.27 Such an effect could be caused by

(a) (b)

(c) (d)

(e) (f)

Fig. 5. 3D PS-OCT data set of keratoconus cornea in vitro. En face images of retardation distribution (a) and cumulative
slow axis distribution (b); the red lines indicate the positions of the cross sectional images (c - f). (c) and (d) horizontal
cross sectional images of retardation and slow axis distribution, respectively; (e) and (f) vertical cross sectional images
of retardation and slow axis distribution, respectively.
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scattering at large, non-spherical particles, however, the details of the origin of the depolarized
backscattered light are not yet clear and require further studies.

DISCUSSION

The results of our measurements on the birefringence of the normal human cornea in vitro by
PS-OCT can be summarized as follows: corneal retardation is low for beams incident approxi-
mately perpendicular to the corneal surface. At oblique angles, measured birefringence increa-
ses with deviation from perpendicular incidence. In case of illumination of the cornea with be-
ams parallel to the vision axis, as used in the experiments corresponding to figures 2 to 4, this
yields a circular symmetric retardation pattern where retardation is lowest near the apex and
increases towards the periphery. The cumulative slow axis orientation at a given lateral position
is roughly constant with depth. With the illumination scheme parallel to the vision axis, the slow
optic axis is not constant across the cornea but oriented approximately tangentially along circles
that are centered at the apex. In terms of inclination of the corneal surface, the slow axis is per-
pendicular to a plane made up by the incident beam and a vector perpendicular to the corneal
surface. A slight preferential slow axis orientation is overlayed over this general pattern.
These results can be explained by a birefringence model based on a stack of thin birefringent
lamellae with two preferential, nearly orthogonal, fibril orientations, superimposed on a back-
ground of lamellae with random orientation.6,25 To explain our results we use the sketch provid-
ed in figure 7. Figure 7 shows a section along the horizontal meridian through a thin stromal
layer composed of two lamellae with orthogonal fibril orientation, stacked on top of each other
(the full thickness stroma consists of ∼ 200 such lamellae). Two incident beam positions are
indicated. If the beam illuminates the cornea at the apex (A), it transmits both lamellae perpen-
dicular to their fibrils. The first lamella has its slow axis orthogonal to the drawing plane, the
second one parallel to that plane. The opposite birefringence effects cancel each other, and net
retardation is zero. Beam B illuminates the cornea at the periphery. The beam is still perpendi-
cular to the fibrils of the first lamella, but not to those of the second one, which have, due to the
corneal curvature, a component parallel to the incident beam. Since only those fibril compo-

(a)

(b)

Fig. 6. Horizontal cross sectional PS-OCT images of human cornea in vivo. Axis labels: (optical) distances [mm].
(a) Reflectivity image (logarithmic color scale); (b) retardation image (linear color scale).
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nents that are oriented perpendicular to the incident beam contribute to the birefringence en-
countered by the beam, the cancellation of birefringence effects of the two layers will be incom-
plete at the periphery and a net birefringence will be observed. At increasing distance from the
center, the fibrils in the second layer bend more towards the direction of the incident beam, the-
refore their vectorial component perpendicular to the beam decreases and the net birefringence
observed increases with distance from the center. The observed net slow axis orientation will be
parallel to the fibrils of the first layer (its birefringence dominates off the center, as mentioned
above), i.e. orthogonal to the plane made up by the incident beam and the corneal surface vec-
tor, in agreement with our observations.
The corneal stroma consists of ∼ 200 lamellae, ∼ 2/3 of which are oriented similarly to those
shown in figure 7. The remaining third is roughly randomly oriented, so the whole corneal stroma
should have a birefringence behavior essentially similar to that discussed above. A slight preva-
lence of one lamella orientation gives rise to a net retardation and axis orientation even in the
center of the cornea.23,33 Since the stromal lamellae have a thickness of ∼ 2 µm, and the cohe-
rence length of our SLD is ∼ 10 µm (in the tissue), the individual lamellae cannot be resolved,
and only a cumulative net birefringence is observed.
The birefringence model was so far explained for a horizontal section across the center of the
cornea, where we took advantage of the fact that the fibrils in the corneal lamellae have prefe-
rential orientations in horizontal and vertical directions. However, the model should be generally
valid which can be seen by considering that a fibril of any orientation can be vectorially decom-
posed in tangential and radial components. While the tangential components will always be per-
pendicular to the incident beam, the radial components will bend more and more towards the
direction of the incident beam as the corneal periphery is approached.
If we compare our results to published data on human corneal birefringence, we find similarities
but also deviations. The majority of studies performed so far measured retardation and axis orien-
tation only at single points, typically near the center of the cornea. A recent comprehensive study
performed in both eyes of 73 normal subjects reported a wide variation of retardance, ranging
from 0 to 95 nm (single pass) at a wavelength of 585 nm, the mean value was approximately
50 nm.23 Our central retardance values range from 13° to 30° or 30 to 69 nm (at a wavelength
of 828 nm) and are therefore well within the reported range. The slow optic axis is reported to
have a preferential orientation of typically 20° nasally downward, but also with large inter-indi-
vidual variability.23 Our results indicate that the slow axis orientation varies across the corneal
surface. A comparison with a measurement at a single point is difficult. However, if averaged
over a larger area, we find that there is a prevalence of one slow axis orientation which might be
called a net slow axis of the cornea. Since the excised corneas were not marked, we do not know
the absolute orientation of the net slow axis.

Fig. 7. Sketch of two stromal lamellae with fibril orientation perpendicular (upper layer) and parallel (lower layer) to the
drawing plane. See text. Reproduced from Götzinger et al.14 by permission from the SPIE.
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Some of the previously reported studies also measured retardation as a function of lateral posi-
tion across the cornea.4-5,31 Van Blockland and Verhelst 31 report a retardation distribution of
saddleback shape, i.e. an increase of retardation from the center towards the periphery along a
vertically oriented meridian, while retardation decreases towards the periphery along the hori-
zontal meridian. This is in contradiction to our results and those reported by Bour and Lopez
Cardozo 4 and Bueno and Vargas-Martin 5 who also found an increase of retardation towards the
periphery, independent of the meridian orientation. The discrepancy might be explained by the
fact that Van Blockland and Verhelst used light reflected at the retina for their measurements,
which might has changed the polarization state. Two previous studies measured optic axis distri-
bution across the cornea.5,20 Bueno and Vargas-Martin 5 used a liquid-crystal imaging polari-
scope to measure birefringence in human corneas in vivo. They illuminated the eye with a colli-
mated light beam and used light reflected at the iris to measure the distribution of retardation
and axis orientation in the cornea. Because the iris reflection was used, the central part of the
cornea could not be measured. They found that the axis was approximately constant across the
cornea. The latter result is in contradiction to our findings. Jaronski and Kasprzak 20 used a
phase stepping imaging polarimeter to measure birefringence in a human cornea in vitro. In fi-
gure 5 A of their paper, a non-uniform axis distribution with an axis orientation increasing with
azimuth angle in large parts of the cornea can be observed. Although the situation is not so clear
in the center of the cornea, and the authors do not further comment or interpret this image, we
think there is a general agreement with our results.
To clarify the contradictory results we repeated the experiment of Bueno and Vargas-Martin 5

with a simplified setup in an in vitro cornea.14 The result was in good qualitative agreement with
a varying optic axis oriented in a tangential pattern around the apex. This is in agreement with
our PS-OCT results and that of Jaronski and Kasprzak.20 The deviation to the results reported in
Bueno and Vargas-Martin5 is not easy to explain. Reasons might be increased speckle noise by
using the reflection at the rough iris surface in Bueno and Vargas-Martin 5 and the use of a com-
plicated equation sensitive to divisions by zero. On the other hand, the iris itself has an ordered
structure which has some circular symmetry. This structure might change the polarization state
of the backscattered beam in a way that makes it unreliable for subsequent corneal birefringence
determination.
The results of our study might have some implications for the use of ophthalmic diagnostic in-
struments operating with polarized light. Especially scanning laser polarimetry (SLP) of the reti-
nal nerve fiber layer requires that the corneal birefringence is compensated for. The first gene-
ration of these instruments assumed a fixed corneal retardation for the entire population. Since
this assumption is not true,23 the newest generation of SLP instruments has a variable corneal
compensator capable of compensating each cornea individually. This can improve the reliability
of the SLP as a glaucoma detection device considerably.33 Our results indicate that even within
a single cornea, the optic axis orientation varies. However, the geometry of the light path of the
SLP is different from that used in our study. A SLP illuminates the eye not parallel to the vision
axis but with a tilting beam that has its pivot point near the nodal point of the eye. In this case
the incident beam remains close to a perpendicular orientation to the corneal surface over the
transversal scanning range. Therefore, we assume that the sampling beam of the SLP encoun-
ters essentially the net retardance and optic axis orientation that we measured near the center of
the cornea. However, the beam diameter should not be too large, otherwise different parts of the
scanning beam (across the diameter) would encounter different corneal birefringence and the
compensation might be incomplete.

In case of corneal pathologies, such as keratoconus, the situation seems to be completely dif-
ferent. X ray diffraction studies have shown that fibril orientation patterns change considerably
in this disease.6 Preliminary PS-OCT experiments carried out in keratoconus (Fig. 5) and in cor-
neal scar tissue indicate that the birefringence patterns observed in figures 2 to 4 are dramati-
cally changed. This might be used to study and diagnose corneal pathologies by PS-OCT. On the
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other hand, these preliminary results indicate that techniques like SLP have to be used with
caution in patients that suffer from corneal pathologies like keratoconus.
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