
Journal of Biomedical Optics 9(1), 94–102 (January/February 2004)
Measurement and imaging of birefringent properties
of the human cornea with phase-resolved,
polarization-sensitive optical coherence tomography

Erich Götzinger
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Abstract. Optical coherence tomography (OCT) is an emerging tech-
nology for high-resolution, noncontact imaging of transparent and
scattering media. Polarization-sensitive optical coherence tomogra-
phy (PS-OCT) is a functional extension of OCT that can image bire-
fringent properties of a biological sample. PS-OCT was used to mea-
sure and image retardation and birefringent axis orientation of in vitro
human cornea. We used a two-channel PS-OCT system employing a
phase-sensitive recording of the interferometric signals in two or-
thogonal polarization channels. Using an algorithm based on a Hil-
bert transform, it is possible to calculate the retardation and the slow
axis orientation of the sample with only a single A-scan per transversal
measurement location. While the retardation information is encoded
in the amplitude ratio of the two interferometric signals, the axis ori-
entation is encoded entirely in their phase difference. We present
maps of retardation and the distribution of slow axis orientation of the
human cornea in longitudinal cross-sections and en face images ob-
tained at the back surface of the cornea. The retardation increases in a
radial direction and with depth; the slow axis varies in the transversal
direction. Knowledge of the retardation and the slow axis distribution
of the cornea might improve nerve fiber polarimetry for glaucoma
diagnostics and could be useful for diagnosing different types of pa-
thologies of the cornea. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1629308]
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1 Introduction
Optical coherence tomography~OCT! is a noninvasive imag-
ing technique that generates high-resolution cross-section
images of biological tissue.1–3 Based on low-coherence inter-
ferometry, the technique measures spatially resolved back
scattered intensity in transparent and scattering samples. Th
development of polarization-sensitive~PS! OCT takes advan-
tage of the additional polarization information carried by the
reflected light.4 PS-OCT can reveal important information
about biological tissue, such as the quantitative distribution o
birefringence, which is unavailable in conventional OCT. Bi-
refringence occurs in various biological components, espe
cially in fibrous tissues~muscle, tendon, corneal stroma, reti-
nal nerve fiber layer! and in dental enamel.

Several reports on PS-OCT have demonstrated its ability t
measure and image birefringence distribution in different
tissues.5–8 While early work on PS-OCT measured only re-
flectivity and retardation of a sample, in recent years many
proposals have been made to extract more information on th
polarization properties of a sample. These improved tech
niques were used to measure and image Stokes vectors of t
backscattered light9,10 and distribution of Mu¨ller11 and Jones
matrices12 in biological samples. Among the suggested medi-
cal applications of PS-OCT are estimation of burn depth,13

diagnosis of caries,7 and measurement of the thickness of the
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retinal nerve fiber layer for early detection of glaucoma.14,15

While Müller and Jones matrices contain the maximu
possible information on the polarizing properties of a samp
the images of Mu¨ller matrix and Jones matrix elements a
difficult to interpret. Furthermore, the measurement of the
matrices requires either several measurements with diffe
input and analyzer polarization states11 or the use of two light
sources illuminating the sample with different input polariz
tion states simultaneously,12 which makes the measureme
more time-consuming or the instrument more complex.

An important parameter of birefringence with straightfo
ward physical interpretation is the slow birefringent axis o
sample. In fibrous tissues where birefringence is caused
form birefringence, this parameter is a measure of the fi
orientation. If the traditional PS-OCT setup first devised
Hee et al.4 is used, a careful analysis of the polarization sta
by the Jones calculus reveals that the slow axis orientatio
entirely encoded in the phase difference between the in
ferometric signals recorded in two orthogonal polarizati
channels.5,6,16 Extraction of the slow axis orientation, there
fore, requires a two-channel, polarization-sensitive PS-O
system that is phase sensitive, i.e., that records the full in
ferometric signal and not only its envelope. This method
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Measurement and imaging of birefringent properties . . .
lows the determination of three parameters simultaneously
reflectivity, retardation, and slow axis orientation can be de
termined with only one A-scan per measurement location. Re
cently, a first application of this method to map the transversa
distribution of axis orientation in muscle tissue was
reported.16 ~It should be mentioned that similar information
can be extracted from the Stokes vectors of backscattere
light!.9

A biological tissue of great interest for PS-OCT imaging is
the human cornea. It has long been known that the cornea
optically birefringent, and several papers on corneal birefrin-
gence have been published; for an overview, see Ref. 17. Di
ferent models on the nature of corneal birefringence hav
been reported that are partly contradictory; e.g., the corne
was modeled as a uniaxial18 and a biaxial crystal.19 The
present state of knowledge on corneal structure and its rela
tion to birefringence can be summarized as follows: The cor
neal tissue is arranged in several layers. More than 90% of it
thickness is made up by the stroma, which consists of ap
proximately 200 lamellae with a thickness of 1.5 to 2.5mm.
Each of these lamellae is composed of parallel collagen fibril
embedded in an optically homogeneous ground substance.20,21

For modeling the cornea’s birefringence, each lamella is re
garded as a birefringent plate, with its slow axis lying along
the direction of the collagen fibrils.22 The fibrils in successive
lamellae are usually oriented at large, approximately orthogo
nal angles to each other, so that the birefringence properties
successive lamellae largely cancel each other. X-ray studie
have revealed two preferred directions of orientation in the
cornea. Sixty percent of the fibrils are oriented within the
45-deg sectors around the inferior-superior and nasa
temporal preferred directions, while 40% are oriented in the
oblique sectors in between.23,24 A slight prevalence of one
lamella orientation causes a net retardation and a net opt
axis orientation.

Several techniques of ophthalmic imaging use polarized
light in one or another way. Scanning laser polarimetry25

should be especially mentioned in this context. This tech
nique, which is used for diagnosing glaucoma, measures an
images the distribution of birefringence of the retinal nerve
fiber layer through the cornea. Reliable results therefore re
quire a precise knowledge of corneal retardation and slow
axis orientation.26 While initially a fixed retardation and axis
orientation was assumed for the entire population, a compre
hensive study has shown that these parameters vary consid
ably in individual subjects.27

The majority of studies on corneal birefringence performed
measurements only in the central cornea. However, som
studies also reported on the distribution of birefringence in the
cornea.19,28–30The results of these studies are somewhat con
tradictory. While Van Blokland and Verhelst19 report a saddle-
back distribution of corneal birefringence, Bour and Lopez
Cardozo28 and Bueno and Vargas-Martin29 observed an in-
crease in retardation with distance from the corneal apex in a
radial directions. The results on slow axis distribution were
also contradictory.29,30

This study is investigating human corneal birefringencein
vitro by PS-OCT, a method not yet used for this purpose
~except for a preliminary study on retardation in rabbit
corneas22!. This independent method will be used to shed
more light on the somewhat contradictory results of previous
Journa
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studies. We present the method and subsequently use
obtain 3-D datasets of the distribution of retardation and~cu-
mulative! slow axis orientating. From these datasets we der
cross-sectional PS-OCT images and, for the first time, en f
OCT images demonstrating the distribution of retardation a
slow axis orientation at the posterior corneal surface. Fina
we discuss the results and explain them by a birefringe
model based on stromal lamella stacks.

2 Materials and Methods
Our phase-sensitive PS-OCT technique to image reflectiv
retardation, and axis distribution simultaneously is describ
in detail elsewhere.16 Here we provide a brief summary, to
gether with a description of the changes made to the prev
setup.

Figure 1 shows a sketch of the instrument. The opti
setup is based on the original PS low-coherence interfer
eter first described by Hee et al.4 Light from a superlumines-
cent diode~SLD! with a center wavelength of 828 nm and
bandwidth of 22.4 nm, corresponding to a roundtrip coh
ence lengthl c513.5mm, is vertically polarized and illumi-
nates a Michelson interferometer, where it is split by a no
polarizing beamsplitter~NPBS! in a sample beam and
reference beam. The reference beam transmits a quarter-
plate, oriented with its fast axis at 22.5 deg to the horizon
and is reflected by a retroreflector and the reference mir
After backpropagating through the quarter-wave plate, the
entation of the beam polarization plane is at 45 deg to
horizontal, providing equal reference power in two orthogo
polarization states. The quarter-wave plate in the sample
is oriented at 45 deg to provide circularly polarized light
the sample. After reflection at the sample and propaga
back through the quarter-wave plate, the light in the sam
arm is in an elliptical polarization state, containing inform
tion on retardation and axis orientation of the sample. Af
recombination with the reference beam at the interferome
beamsplitter, both beam components are directed towa
polarization-sensitive two-channel detection unit.

Fig. 1 Sketch of PS-OCT setup. Ch.1,2; detection channels 1 and 2;
NPBS, nonpolarizing beamsplitter; PBS, polarizing beamsplitter; Pol,
polarizer; PS detection, polarization-sensitive detection; Retro, ret-
roreflector; RM, reference mirror; SLD, superluminescent diode; l/4;
quarter-wave plate.
l of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 95
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Götzinger et al.
Three-dimensional datasets are obtained by recordin
A-scans~z! on a two-dimensional(x-y) lateral matrix on the
sample. A-scans are recorded by shifting the retroreflector;
focusing lens mounted on the same translation table ensur
dynamic focusing~matching of coherence gate and focal point
in the sample!.31 Contrary to standard OCT and earlier ver-
sions of PS-OCT, not just the envelopes of the interferometric
signals are recorded. Instead, for each detection channel,
independent detector–amplifier–AD-converter combination
records the whole interference signalI H,V(z) ~H, V; horizon-
tal and vertical polarization channel, respectively!. The axial
resolution is equal to the roundtrip coherence lengthl c . In our
case, the transversal resolution is determined by the step in
crements in the transverse direction~100 mm!. A 3-D dataset
consists of 80380 A-scans, each of 2.5-mm length.

Sample reflectivity and birefringence information are de-
rived from the interferometric signalsI H,V recorded in the
horizontal and vertical polarization channels, as previously
reported.16 At first, complex functionsÃH,V(z) are obtained
by analytical continuation of the measured signals using a
algorithm based on a Hilbert transformH32,33:

ÃH,V~z!5I H,V~z!1 iH $I H,V~z!%

5AH,V~z!exp@ iFH,V~z!#, ~1!

whereAH,V(z) are the interferometric signal envelopes in the
horizontal and vertical channels, as a function of sample dept
z, and FH,V(z) are the corresponding phase values. From
these values, sample reflectivityR, retardationd, and slow
axis orientationQ are calculated by

R~z!}AH~z!21AV~z!2, ~2!

d~z!5arctanS AV~z!

AH~z! D , ~3!

and

Q~z!52
DF~z!

2
, ~4!

with DF(z)5FH(z)2FV(z). On OCT tomograms, the
backscattered signal intensity(;AR) is displayed on a loga-
rithmic false color scale andd andQ are displayed on linear
false color scales. The unambiguous ranges ofd andQ deter-
mination are 0 to 90 deg and 0 to 180 deg, respectively. I
should be pointed out that the interpretation of the slow axis
data requires some care:~1! The algorithm used to calculateQ
causes a 90 deg change inQ at depth positionsz where d
crosses 90 deg~or multiples of 90-deg!. ~2! If several layers
with different slow axes are stacked on top of each other, th
measured valueQ(z), at a given depth positionz, is a cumu-
lative, or effective, axis. It is the slow axis of a single layered
birefringent plate that would give rise to the same change o
polarization state as the multilayered sample does up to
depthz. Differentiating the axis orientations of individual lay-
ers would require~1! that these individual layers be resolved,
i.e., be thicker than the coherence length, and~2! the using of
an algorithm based on the information obtained on the over
lying layers and propagating the polarization state from laye
to layer.
96 Journal of Biomedical Optics d January/February 2004 d Vol. 9 No.
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We have previously shown that imperfect polarizing pro
erties of the optical elements used in a PS-OCT system ca
a systematic~approximately constant! error of the measured
axis.16 To calibrate our instrument, we measured the axis o
set in the case of a retardation plate of known retardation
axis orientation. The measured axis orientation was corre
by subtracting that offset value.

Human donor corneas were received from the eye b
~Department of Ophthalmology, General Hospital, Univers
of Vienna!. Only hepatitis B-positive corneas, which cou
not be used for transplantation and would have otherw
been discarded, were used in this study. Full-thickness cor
transplants were stored in Optisol~Chiron, California! and
imaged by PS-OCT within 2 weeks after enucleation. T
corneas had been extracted with a small scleral ring still
tached, which ensured sufficient stability during handling a
measurement. For PS-OCT imaging, the corneas w
mounted in a specimen holder consisting of a metal c
sealed with a glass window through which imaging was p
formed. The metal case was filled with Optisol to preve
dehydration during the imaging.

3 Results
We measured three-dimensional datasets ofin vitro human
corneas; 80380 A-scans inx andy directions, with a depth of
2.5 mm, were recorded. The step width in both directions w
100mm ~i.e., a transversal area of 838 mm was covered!. The
depth resolution was 13.5mm. Figures 2 and 3 show cross
sectional images ofx-z- and y-z-planes derived from the
three-dimensional dataset through the center~apex! of the cor-
nea~horizontal section, Fig. 2! and about 1.5 mm off the ape
~vertical section, Fig. 3!, respectively. Figure 2~a! and Fig.
3~a! show intensity images~logarithmic color scale!. Figure
2~b! and Fig. 3~b! show retardation images~linear color
scale!. The parts of the image shown in gray correspond
regions where the signal intensity is not significantly abo
the noise level~in this case, a reliable calculation of retard
tion and axis values is not possible6!. The retardation in-
creases in the radial direction. Toward the periphery, the
tardation increases with depth. At the margin of the imag
about 4 mm from the corneal apex, the color indicating ret
dation makes about one full oscillation from blue at the an
rior corneal surface over red to blue again at the poste
surface, indicating a retardation of about 180 deg over the
corneal thickness at the periphery. Figure 2~c! and Fig. 3~c!
show the slow axis distribution across the cornea~linear color
scale!. The cumulative slow axis varies in the radial directio
but is roughly constant over the corneal thickness at a gi
transversal position~except for the 90 deg color chang
caused by the algorithm at positions whered.90 deg!.

Figure 4 shows en face PS-OCT images derived from
same 3-D dataset of the same cornea. The distribution o
tardation @Fig. 4~a!# and of the slow axis orientation@Fig.
4~b!# corresponding to the back surface of the cornea
shown~the posterior surface was approximated by a polyn
mial fit to the interface as measured from the OCT reflectiv
dataset!. The red lines in Fig. 4 indicate the positions corr
sponding to the two sectional tomograms of Fig. 2 and Fig
Figure 4~a! shows that the retardation is lowest in the cen
and increases in the radial direction. Figure 4~b! indicates that
1
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Measurement and imaging of birefringent properties . . .
Fig. 5 Histogram of slow axis distribution in human cornea in vitro.
Plot of frequency of observed slow axis (ordinate) versus slow axis
orientation (abscissa, degrees).
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the slow axis orientation varies approximately linearly with
azimuth angle. Along the positivey-axis, Q>0 deg; Q in-
creases in a clockwise direction, to about 90 deg along th
positivex-axis, and further to about1180 deg near the nega-
tive y-axis. Owing to thep ambiguity of the algorithm used,
the axis orientation can only be mapped from 0 to 180 deg
Because of the earlier mentioned 90-deg color jumps inQ at
positions whered.90 deg, the overall image pattern of ap-
proximately constantQ 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 im
age of slow axis orientation that corresponds to a position in
the middle of the cornea, about halfway between the anterio
and posterior corneal surface. This image is shown in Fig
4~c!. Sinced,90 deg in this depth throughout the cornea, the
axis distribution pattern is undisturbed. A comparison of Figs
4~b! and 4~c! further indicates that the axis orientation is
roughly constant in depth.

We recorded PS-OCT datasets in a similar way in five
donor corneas. The results were essentially similar to thos
observed in Figs. 2 to 4. Central corneal retardation~at the
posterior surface! ranged from 13 to 30 deg. Although slow
axis orientations within the total interval 0 to 180 deg are
observed, they are not evenly distributed. Figure 5 shows
histogram of the distribution of slow axis orientation of one of
the five corneas which clearly illustrates this feature. There is
a frequency maximum for axis values near 0 and 180 deg, an
a minimum for values near 90 deg. It should be mentioned
that Fig. 5 indicates that there is an overall preferential orien
tation of the slow axis within the cornea; since the excised
corneas were not marked, the absolute orientation of the ax
with respect to the horizontal meridian of the intact eye is no
available.

To check whether our findings~lowest retardation at the
apex; slow axis orientation increasing with azimuth angle,
with the rotation center at the apex! can be interpreted to
show that the corneal apex is a center of symmetry~as far as
birefringence is regarded!, or whether the results simply de-
pend on the angle of incidence of the sample beam, we re
Journa
s
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peated the measurements with a cornea tilted by about 30
about they-axis. Figure 6 shows the results. Figure 6~a! shows
elevation data; the position of the anterior corneal surfac
indicated on a linear false color scale. The areas nearest to
instrument are shown in red. The center of this area, at wh
the plane tangential to the cornea is perpendicular to the i
dent sample beam, is shifted to the right.@Owing to the lim-
ited depth range of our setup~;2.5 mm!, this topmost part of
the cornea is truncated, i.e., it is not within the range of
depth scan; this caused the somewhat grainy shape of
corresponding image area; the orange color at the leftm
image area is an artifact of the dataset#.

Figure 6~b! shows the corresponding en face retardat
map derived at the posterior corneal surface. The area of l
est retardation is clearly shifted to the point of highest ele
tion, indicating that retardation is lowest at a perpendicu
sample beam incidence, not at the apex in the case of
tilted cornea. Toward the left side of the image, where
apex is located, strong birefringence is observed~at the left
rim of the image, the retardation corresponds to nearly t
full oscillations, or almost 360 deg!. Figure 6~c! shows an en
face image of~cumulative! slow axis orientation at the poste
rior corneal surface. The point of rotation, about which t
slow axis increases with azimuth angle, is also shifted to
point of highest elevation.~It should be mentioned that cross
sectional tomograms of the inclined cornea are somewha
consistent. For most parts of the cornea, there is an increa
retardation with depth, as expected. However, directly bene
the truncated area, the cornea seems to show increased
dation, which, however, vanishes as the posterior surfac
approached. Further experiments will have to clarify whet
this effect really exists or if this is just an artifact.!

Our results on optic axis distribution in the cornea are
contradiction to previously reported results obtainedin vivo
with a liquid-crystal imaging polarimeter29 ~see Sec. 5!. To
clarify this discrepancy, we decided to repeat the experime
reported in Ref. 29 in a simplified form. We used the sa
SLD as in our PS-OCT experiments as a light source. T
beam was expanded to about an 8-mm diameter and pa
through a polarizer that rendered the beam in a vertical lin
polarization state. This beam transmitted the cornea~placed in
a specimen holder similar to that used for PS-OCT, but w
an additional glass window at the posterior side to ena
transillumination!, and subsequently a liquid-crystal retard
~fast axis oriented at 45 deg! and a second polarizer~vertical!.
Finally, a lens was used to image the cornea onto a C
camera~2563256 pixels!. The main difference from the ex
periment in Ref. 29 is that we measured the cornea in a
rectly transmitted beam~i.e., in single pass!, and avoided us-
ing the iris reflection.

Three images of the intensity distribution at the CCD ca
era were recorded with different retardation values set at
liquid-crystal retarder. Equations~7! to ~9! of Ref. 29 were
used to calculate the distribution of the~fast! axis orientation
at the posterior surface of the cornea. Figure 7~a! shows the
result. Owing to speckle noise and an algorithm sensitive
divisions by zero, only a qualitative impression of the ax
distribution can be obtained. However, it is evident that t
optic axis is not constant across the cornea. The axis orie
tion changes with azimuth angle~the angle is oriented in re
lation to that of the liquid-crystal retarder, i.e., there is a 4
l of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 97



Götzinger et al.
Fig. 2 Horizontal cross-sectional OCT images of human cornea in
vitro. Axis labels: (optical) distances in millimeter. (a) Reflectivity im-
age (logarithmic color scale). (b) Retardation image (linear color scale,
degrees). (c) Slow axis orientation image (linear color scale, degrees).
98 Journal of Biomedical Optics d January/February 2004 d Vol. 9 No.
Fig. 3 Vertical cross-sectional OCT images of human cornea in vitro.
Axis labels: (optical) distances in millimeter. (a) Reflectivity image
(logarithmic color scale). (b) Retardation image (linear color scale,
degrees). (c) Slow axis orientation image (linear color scale, degrees).
1



Measurement and imaging of birefringent properties . . .
Fig. 4 En face OCT images of human cornea in vitro. Axis labels:
distances in millimeter. (a) Retardation distribution at posterior cor-
neal surface (linear color scale, degrees); horizontal and vertical red
lines indicate positions of cross-sectional images in Fig. 2 and Fig. 3,
respectively. (b) Cumulative slow axis distribution at posterior corneal
surface (linear color scale, degrees). (c) Cumulative slow axis distribu-
tion approximately halfway between anterior and posterior corneal
surfaces (linear color scale, degrees).
Journa
Fig. 6 En face OCT images of human cornea in vitro. Cornea tilted
about 30 deg about the y-axis. Axis labels: distances in millimeter. (a)
Elevation map of anterior corneal surface; red colors indicate posi-
tions closest to instrument (linear color scale, elevation in millimeter).
(b) Retardation distribution at posterior corneal surface (linear color
scale, degrees). (c) Cumulative slow axis distribution at posterior cor-
neal surface (linear color scale degrees).
l of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 99



Götzinger et al.
Fig. 7 Distribution of (fast) birefringent axis in human cornea in vitro
obtained by a liquid-crystal imaging polarimeter. (a) Experimentally
recorded image (image size about 838 mm2). (b) Simulated image:
black; axis orientation about 0 deg; white; axis orientation about 90
deg.
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deg offset!. The algorithm has ap/2 ambiguity, so the angle
can only be mapped within 90 deg. Figure 7~b! shows a simu-
lation of the expected axis distribution image under the as
sumption that the corneal retardation increases proportionall
to the square of the distance from the apex to the measur
ment position and that the axis orientation increases linearl
with azimuth angle. The agreement between measured an
simulated image is good over most parts of the cornea~at the
periphery of the image the light intensity was too low to ob-
tain reliable data!. This result is in good agreement with our
PS-OCT data and in contradiction to Ref. 29.

5 Discussion
The results of our measurements on corneal birefringence b
PS-OCT can be summarized as follows: Corneal retardation
low for beams incident approximately perpendicular to the
corneal surface. At oblique angles, the measured birefringenc
increases with deviation from the perpendicular incidence. In
the case of illumination of the cornea with beams parallel to
the vision axis, as used in the experiments corresponding t
Figs. 2 to 5, this yields a circularly symmetric retardation
pattern in which retardation is lowest near the apex and in
creases toward the periphery. The cumulative slow axis orien
tation 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, b
is oriented approximately tangentially along circles that are
centered at the apex. In terms of inclination of the cornea
surface, the slow axis is perpendicular to a plane made by th
incident beam and a vector perpendicular to the corneal su
face. A slight preferential slow axis orientation is laid over
this general pattern.

These results can be explained by a birefringence mode
based on a stack of thin birefringent lamellae with two pref-
erential, nearly orthogonal, fibril orientations, superimposed
on a background of lamellae with random orientation.23,24 To
explain our results, we use the sketch in Fig. 8, which show
a section along the horizontal meridian through a thin stroma
layer composed of two lamellae with orthogonal fibril orien-
tation, stacked on top of each other~the full-thickness stroma
consists of about 200 such lamellae!. Two incident beam po-
sitions are indicated. If the beam illuminates the cornea at th
100 Journal of Biomedical Optics d January/February 2004 d Vol. 9 No
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apex ~A!, it transmits both lamellae perpendicular to the
fibrils. The first lamella has its slow axis orthogonal to t
drawing plane, the second one parallel to that plane. The
posite birefringence effects cancel each other, and net reta
tion is zero. Beam B illuminates the cornea at the periphe
The beam is still perpendicular to the fibrils of the fir
lamella, but not to those of the second one, which have, ow
to the corneal curvature, a component parallel to the incid
beam. Since only those fibril components that are orien
perpendicular to the incident beam contribute to the birefr
gence encountered by the beam, the cancellation of the b
fringence effects of the two layers will be incomplete at t
periphery and a net birefringence will be observed. At incre
ing distance from the center, the fibrils in the second la
bend more toward the direction of the incident beam; the
fore their vectorial component perpendicular to the beam
creases and the net birefringence observed increases with
tance from the center. The observed net slow axis orienta
will be parallel to the fibrils of the first layer~its birefringence
dominates off the center, as mentioned earlier!, i.e., orthogo-
nal to the plane made by the incident beam and the corn
surface vector, which is in agreement with our observation

The corneal stroma consists of about 200 lamellae, ab
two-thirds of which are oriented similarly to those shown
Fig. 8. The remaining third is roughly randomly oriented,
the whole corneal stroma should have a birefringence beh
ior essentially similar to that discussed earlier. A slight pre
lence of one lamella orientation gives rise to a net retarda
and axis orientation, even in the center of the cornea.26,27

Since the stromal lamellae have a thickness of about 2mm,
and the coherence length of our SLD is about 10mm ~in the
tissue!, the individual lamellae cannot be resolved, and onl
cumulative net birefringence is observed.

The birefringence model so far was explained for a ho
zontal section across the center of the cornea, where we
advantage of the fact that the fibrils in the corneal lamel
have preferential orientations in horizontal and vertical dir
tions. However, the model should be generally valid, wh
can be seen by considering that a fibril of any orientation c
be vectorially decomposed in tangential and radial com
nents. While the tangential components will always be p
pendicular to the incident beam, the radial components
bend more and more toward the direction of the incident be
as the corneal periphery is approached.

Fig. 8 Sketch of two stromal lamellae with fibril orientation perpen-
dicular (upper layer) and parallel (lower layer) to the drawing plane.
See text.
. 1
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Measurement and imaging of birefringent properties . . .
If we compare our results with the published data on hu-
man corneal birefringence, we find similarities but also devia-
tions. The majority of studies performed so far measured re
tardation and axis orientation only at single points, typically
near the center of the cornea. A recent comprehensive stud
performed in both eyes of 73 normal subjects reported a wid
variation in retardance, ranging from 0 to 95 nm~single pass!
at a wavelength of 585 nm; the mean value was approxi
mately 50 nm.27 Our central retardance values range from 13
to 30 deg 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
deg nasally downward, but also with large interindividual
variability.27 Our results indicate that the slow axis orientation
varies across the corneal surface. A comparison with a mea
surement at a single point is difficult. However, if averaged
over a larger area, we find that there is a prevalence of on
slow axis orientation, which might be called a net slow axis of
the cornea. Since the excised corneas were not marked, we
not know the absolute orientation of the net slow axis.

Some of the previously reported studies also measured re
tardation as a function of lateral position across the
cornea.19,28,29Van Blokland and Verhelst19 reported a retarda-
tion distribution of a saddleback shape, i.e., an increase i
retardation from the center toward the periphery along a ver
tically oriented meridian, while retardation decreased toward
the periphery along the horizontal meridian. This is in contra-
diction to our results and those reported by Bour and Lope
Cardozo28 and Bueno and Vargas-Martin,29 who also found an
increase in retardation toward the periphery, independent o
the meridian orientation. The discrepancy might be explained
by the fact that Van Blokland and Verhelst used light reflected
at the retina for their measurements, which might have
changed the polarization state.

Two previous studies measured the distribution of the optic
axis across the cornea.29,30 Bueno and Vargas-Martin29 used a
liquid-crystal imaging polariscope to measure birefringence in
human corneasin vivo. They illuminated the eye with a col-
limated light beam and used light reflected at the iris to mea
sure the distribution of retardation and axis orientation in the
cornea. Because the iris reflection was used, the central part
the cornea could not be measured. They found that the ax
was approximately constant across the cornea. The latter r
sult is in contradiction to our findings. Jaronski and
Kasprzak30 used a phase-stepping imaging polarimeter to
measure birefringence in a human corneain vitro. In Fig. 5~a!
of their paper, a nonuniform 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 clea
in the center of the cornea, and the authors do not furthe
comment or interpret this image, we think there is a genera
agreement with our results.

To clarify the contradictory results of Ref. 29 on the one
hand, and our results and that of Ref. 30 on the other, w
repeated the experiment of Ref. 29 with a simplified setup in
an in vitro cornea~cf. Fig. 7!. The result is in good qualitative
agreement with a varying optic axis oriented in a tangentia
pattern around the apex@cf. the simulated image in Fig. 7~b!#.
This is in agreement with our PS-OCT results and that of Ref
30. The deviation from the results reported in Ref. 29 is no
easy to explain. On the one hand, the results of the exper
Journal
y

-

o

-

f

f
s
-

r

-

ments leading to Fig. 7~a! suffered from speckle noise, in
spite of using only a single transmission and no reflection
the iris. The speckle noise disturbs the overall pattern
allows only a qualitative comparison with the simulated im
age @Fig. 7~b!#. We expect that this speckle noise is mu
more pronounced if a beam reflected at the rough iris surf
is used. This might severely degrade the resulting inten
images from which retardation and axis orientation are to
derived by a complicated equation sensitive to divisions
zero. On the other hand, the iris itself has an ordered struc
that has some circular symmetry. This structure might cha
the polarization state of the backscattered beam in a way
makes it unreliable for subsequently determining corneal
refringence.

The results of our study might have some implications
the use of ophthalmic diagnostic instruments operating w
polarized light. In particular, scanning laser polarimetry~SLP!
of the retinal nerve fiber layer requires that the corneal b
fringence be compensated for. The first generation of th
instruments assumed a fixed corneal retardation for the en
population. Since this assumption is not true,27 the newest
generation of SLP instruments has a variable corneal comp
sator capable of compensating each cornea individually. T
can considerably improve the reliability of the SLP as a gla
coma detection device.26 Our results indicate that even withi
a single cornea, the optic axis orientation varies.

However, the geometry of the light path of the SLP
different from that used in our study. An SLP illuminates t
eye, not parallel to the vision axis, but with a tilting beam th
has its pivot point near the nodal point of the eye. In this c
the incident beam remains close to a perpendicular orienta
to the corneal surface over the transversal scanning ra
Therefore we assume that the sampling beam of the SLP
counters essentially the net retardance and optic axis orie
tion that we measured near the center of the cornea. Howe
the beam diameter should not be too large, otherwise diffe
parts of the scanning beam~across the diameter! would en-
counter different corneal birefringence, and the compensa
might be incomplete.

In the case of corneal pathologies, such as keratoconus
situation might be completely different. X-ray diffractio
studies have shown that fibril orientation patterns change c
siderably in this disease.24 Preliminary PS-OCT experiment
carried out in keratoconus and corneal scar tissues indi
that the birefringence patterns observed in Figs. 2 to 5
dramatically changed. A future study will investigate the p
tential of PS-OCT to diagnose corneal pathologies based
degeneration of stromal structure. The results of that st
might shed more light on the role of collagen fibril orientatio
in corneal disease.
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