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EYE FIXATION MONITOR AND TRACKER

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under grants from

the National Institutes of Health. The Government may have certain rights to this

invention.

FIELD OF THE INVENTION
This invention relates to ophthalmic devices and, more specifically, to
a method and apparatus for assessing the direction of fixation of an eye by using a

photodetection system to analyze polarization-related changes in light reflected from

the fundus of the eve.

BACKGROUND OF THE INVENTION
Numerous methods have been used to monitor or track the direction
of fixation of the eye. Infrared light emitters and sensors attached to glasses frames
or to helmets have been used to detect changing infrared light patterns as the eye
moves about (see, for example, U.S. Pat. Nos. 3,473,868 (Young et al.), 4,145,122
(Rinard et al.), 4,702,575 (Breglia), 4,735,498 (Uddén et al.), 5,345,281 (Taboada et

al.), and 5,382,989 (Uomorn et al.)).

Video-based eye trackers and fixation monitors have been used to
image the corneal light reflection against the background of the pupil of the eye. The
position of the comeal light reflection within the image of the pupil yields an
indication of the direction of fixation of the eye (see, for example, U.S. Pat. Nos.
3,462,604 (Mason), 4,836,670 (Hutchinson), 5,220,361 (Lehmer et al.), 5,327,191
(Shindo et al.), and 5,652,641 (Konishi)).

" Other methods have been used to record the relative position of the
first and fourth Purkinje images (the reflections from the anterior surface of the
cornea and postenor surface of the crystalline lens, respectively). Their relative
position 1s related'to the direction of fixation of the eye (See, for example, U.S. Pat.

Nos. 3,724,932 (Comnsweet et al.) and 4,729,652 (Eftert)).
Electro-oculography has been used to record the direction of eye
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fixation by measuring weak electrical potentials on the skin that are related to eye
position within the orbit (see, for example, U.S. Pat. No. 5,293,187 (Knapp et al.).

Search coils imbedded in scleral contact lenses have been used to
record eye movements and eye position. The subject's entire head 1s positioned
within a time-varying electromagnetic field. Depending on the angular position of
the search coil within the electromagnetic field, more or less alternating current i1s
induced in the coil as a measure of eye rotation (see, for example, Robinson DA, "A
Method of Measuring Eye Movement Using a Scleral Search Coil in a Magnetic
Field." IEEE Trans. Biomed. Electronics BME-10(4):137-145, 1963).

Each of the above techniques requires strict control of, or knowledge
of, head position to determine where the eye is actually looking, that is, to determine
the point of fixation of the eye. Apparatus must be attached to the head, or the head
must be clamped within a head support, to provide accurate results. Furthermore,
because these techniques monitor the position of the globe itself, and not the actual
visual axis or point of fixation, the signal obtained must be calibrated against known
directions of fixation of the eye, or known points of fixation, before useful
measurements can be 6btained. '

A useful variation of eye tracking via the position of the corneal hght
reflection with respect to the pupil has been still photography of both eyes while the
subject is instructed to look at a fixation light at or near the center of the camera lens
(see, for example, U.S. Pat. Nos. 4,586,796 (Molteno) and 4,989,968 (Freedman)).
With such a "photoscreening” device, asymmetry between the two eyes in the
position of the comeal light reflection with respect to the pupils is indicative of
misalignment of the eyes, that is, the clinical abnormality termed strabismus. Such
photoscreening devices which image the pupils, however, have to be positioned a
critical distance away from the subject to achieve proper focus of the pupils. It 1s
often difficult to achieve and maintain this critical focus when photoscreening a
freely-moving infant. .

Apparatus for detecting the direction of eye fixation has been
described in U.S. Pat. No. 5,331,149 (Spitzer and Jacobsen) wherein an array of
illuminated pixels is presented to the eye in question, and light reflected from the

| fundus of the eye is detected by an array of photodetectors in registration with the
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array of pixels. As described therein, light is maximally reflected back toward the
original pixel from which it came only when the fovea 1s aligned with that pixel,
identifying fixation of the eye in the direction of that pixel. This apparatus fails to
take into account the fact that substantial reflection of light occurs mn a non-specular
manner from the fundus, not only from the fovea but also from most areas of the
fundus. Thus, substantial light will be reflected back toward every illuminated pixel,
and the particular pixel aligned with the fovea may not be distinguishable by this
technique.

Techniques which effectively track or monitor the optical projection
of fundus landmarks out from the eye afford a somewhat more direct measurement of
fixation direction. For example, the external location of the blind spot (the optical
projection of the optic disc) can be monitored by test spots of light, presented within
the presumed blind spot area, to which the subject responds if seen. A negative
response indicates proper location of the blind spot. The subject must be alert and
reliable, however, and accurate determination of the direction of eye fixation, or point
of fixation, requires a calibration procedure as well as knowledge of the position of
the eye 1n space.

A scanning laser ophthalmoscope can be used to lock onto, and track,
the position of the optic disc, or the position of a branch point of a major blood vessel,
in the fundus (see, for example, U.S. Pat. No. 4,856,891 (Pfibsen et al.). The visual
axis itself cannot be tracked in this way, because there are no prominent landmarks 1n
the fovea. Calibration with known directions of eye fixation, or known points of
fixation, must still be performed, therefore, and precise alignment between the
instrument and the pupil of the eye must be maintained at all times.

Although there are no prominent visible landmarks in the fovea of the
eye, polarization effects can potentially be used to identify the fovea, utilizing the
birefringent properties of the nerve fibers in the retina. The array of nerve fibers
converging from all parts of the retina to the optic nerve head 1s charactenstically
unique. Many retinal nerve fibers diverge from the fovea and curve around to
converge to the optic nerve head. Within the central four or five degrees of visual

field, in the fovea, other nerve fibers, called Henle fibers, are arranged precisely

* radially, similar to the spokes of a wagon wheel. Both the retinal nerve fibers and the -

PCT/US98/22122
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Henle fibers are known to have "form" birefringence, with the optic axis of the
birefringence parallel to the direction of the fiber (see U.S. Pat. No. 5,303,709
(Dreher et al.) and klein Brink HB, van Blokland GJ, "Birefringence of the Human
Foveal Area Assessed In Vivo with Mueller-Matrix Ellipsometry,” J. Opt. Soc. Amer.
A 5:49-57, 1988)).

Further, a poorly-characterized source of dichroism exists in the
human fovea, presumably related to lutein pigment particles that are aligned along the
Henle fibers and along the ends of the retinal nerve fibers closest to the fovea. Both
the birefringence of the nerve fibers, over the entire retina, and the dichroism in the
area of the fovea can produce polarization-related changes in light that is retlected
from the fundus of the eye. For polarization-related changes to be produced by the
birefringence of the nerve fibers alone, the light must initially be polarized. The
dichroism in the area of the fovea, however, produces polarization-related changes
even in light that is initially non-polarized. The polarization-related changes that are
produced at any one point are dependent on the direction and thickness of the nerve ’
fibers at that point, as well as dependent in the foveal area upon the amount of
dichroic pigment that may be present, aligned along the nerve fibers.

Scanning laser ophthalmoscopes have been described which yield
maps of polarization-related changes across areas of the fundus of the eye (see Plesch
A, Klingbeil U, Bille J. Digital laser scanning fundus camera. Appl. Opt.
26(8):1480-1486, 1987, and U.S. Patent No. 5,177,511 (Feuerstein et al.)). The
characteristic polarization-related changes which occur in the foveal area, however,
have never been used to monitor or track the direction of fixation of the eye.

Techniques have been devised for actually measuring the amount of
optical retardation produced by the retinal nerve fibers at points across the fundus of
the eye (see, for example, U.S. Pat. No. 5,303,709). This measure of retardation 1s
directly proportional to the thickness of the nerve fiber layer. Because the nerve fiber
layer becomes attenuated and often irregular in serious eye disease such as glaucoma

and optic nerve atrophy, determination of nerve fiber layer thickness provides a

method for detecting such diseases.

Measurement of retardation produced by the retinal nerve fiber layer

is hampered by a much larger amount of retardation that is normally produced - by the
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naturally-occurring form birefringence of the comea of the eye.  Separate
measurement of the corneal birefringence can be made, whereby the retardation
produced by the corneal birefringence can be mathematically factored out of the total
retardation to yield the retardation due to the birefringence of the nerve fibers. An
alternative technique to avoid the complications 1introduced by the corneal
birefringence 1s to compensate optically for the corneal birefringence as described 1n
U.S. Pat. No. 5,303,709, whereupon the amount of retardation produced by the retinal
nerve fibers can be measured directly. Such optical compensation of the corneal
birefringence 1s technically demanding, however, involving special measurement and

feedback systems.

SUMMARY OF THE INVENTION

An object of an aspect of the present invention is to assess the direction
of fixation of an eye by detecting polarization-related changes occurring in light
reflected from the fundus of the eye. Because the polarization-related changes that
occur are a function of the orientation of the bireflingent nerve fibers 1n the
illuminated area of the retina, and because the nerve fibers are arrayed in a
characteristic way from one portion of the retina to another, the polarization-related
changes provide information regarding which portion of the retina 1s aligned with the
source of the light. Specifically, because the nerve fibers arising from the central
fovea are uniquely arrayed with radial symmetry, unique polarization-related changes
occur when the 1lluminated area of the retina 1s centered on the fovea, providing direct
confirmation that the direction of eye fixation 1s toward the center of the source of
light. Through use of the present invention, the fixation of the eye (projection of the
fovea) in the direction of the source of light can be detected directly, without having
to infer the direction of eye fixation by the tracking of external ocular reflections or
anatomic landmarks.

A further object of an aspect of the present invention 1s to assess the
direction of fixation of the eye without requiring stabilization of the subject’s head,
without requiring apparatus attached to the head, without requiring precise alignment
of the apparatus with the eye, and without requiring the apparatus to be a precise
distance from the subject’s eye. Such relative freedom of alignment and testing

distance 1s
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obtained in embodiments of the present invention by providing a beam of
illumination that is relatively large, overfilling the eye's pupil, and by relying on the
retroreflection property of the eye to return the light reflected by the fundus of the eye
toward the original source of light. By making the detection system substantially
optically conjugate to the original source of light, light returning from the fundus 1s
automatically captured by the detection system.

The eye serves best as a retroreflector when the eye is accurately

focused in the same plane as the source of light. In this case, an actual image of the
source of light is formed on the retina, where much of the reflection from the fundus
takes place. Reflected light from this image is focused by the optics of the eye, via
the principle of autoconjugacy, directly back toward the light source. The amount of
light that is reflected by the fundus is small, about 1/10,000 to 1/1,000 of the light
incident on the retina, but by the process of autoconjugate retroreflection, a large
portion of this reflected light is focused directly back toward the source of light, and
thus toward the detection system which is optically conjugate to the source of hight,
typically via a beam splitter. If the subject's eye is anywhere within the beam of
incident light (non-critical alignment), and if the subject focuses his or her eye on the
source of light (non-critical testing distance), or on any object in the same frontal
plane as the source of light, light will be efficiently retroreflected to the detection

system. The detection of polarization-related changes in the light may be used to

assess the direction of fixation of the eye.

Because the fovea of the eye subtends a relatively small visual angle
(about four to five degrees), and because the very central portion of the fovea (the
foveola) subtends an even smaller visual angle, detection of the center of the fovea
requires that polarization-related changes be detectable from small, clearly-defined
areas of the fundus of the eye. That is, the resolution of the illumination/detection
system must be relatively high. In order to detect polarization-related changes from
light reflected from small areas of the fundus, either the L ght that illuminates the
fundus must be confined to a small area of the fundus (typically accomplished by
making the light source small and placing it substantially in the plane of fixation of
the eye) or the detector must “observe” only a small area of the fundus (typically
accomplished by making the detector small and placing it substantially in the plane of

PCT/US98/22122
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fixation of the eye). The present invention contemplates both.

In principle, if the light source illuminates a small portion of the
fundus, the detector can be large and need not be substantially in the plane of fixation
of the eye. The detector is placed substantially in line with the light source so that it
receives the light retroreflected from the fundus. Likewise, if the detector is small
and observes only a small ‘portion of the fundus, the light source can be large and

need not be substantially in the plane of fixation of the eye. The light source 1s

substantially in line with the detector so that the light source illuminates the portion of

the fundus that the detector observes.
Thus, it is only necessary that either the light source or the detector be

substantially in the plane of fixation of the eye (conjugate to the fundus of the eye).
This is typically accomplished by having the eye fixate on the light source itself or on
a fixation mark that is in a plane conjugate either to the light source or to the detector.
Detection of retroreflected light is usually most efficient, however, when both the

light source and the detector are in the plane of fixation of the eye and conjugate to

one another.
In a still further embodiment, the present invention further

contemplates reducing the measurement interference from the birefringence of the
comea of the eye by using incident light having a polanzation state that is
substantially independent of meridional direction. This can be attained by using
incident light which is substantially circularly polarized, is substantially non-
polarized, or has a polarization orientation which scans through the various
meridians. The polarization state of each of these forms of incident light 1s

substantially independent of meridional direction.

In another embodiment, the present invention contemplates reducing

the measurement interference from the birefringence of the cornea by detecting

polarization-related changes in the reflected light that are substantially independent of

the meridional orientation of the corneal birefringence. To attain this object, changes

in the Stokes parameter S; of the reflected light are measured, with the changes in the

Stokes parameter S3 of the detected light being substantially independent of the

" orientation of the comneal birefringence. Alternatively, changes in at least two

components of the polarization state of the reflected light are measured, most

PCT/US98/22122
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conveniently the Stokes parameters S; and S;, such that mathematical combination of
these parameters yields polarization-related changes that are substantially independent
of the meridional orientation of the corneal birefringence. Alternatively, in the case of
polarization-related changes in the retroreflected light being due to the dichroic effect
of the lutein pigment in the vicinity of the fovea, changes in the overall intensity of the
reflected light are measured, with such overall intensity changes being independent of
the meridional orientation of the corneal birefringence.

In a still further embodiment of the present invention, a polarization-
based method and apparatus to assess the direction of fixation of the eye 1s provided,
using pattern recognition of polarization-related changes 1n light reflected from the
fundus.

In yet a further embodiment the present invention provides a
polarization-based method and apparatus to assess the direction of fixation of both eyes
of an individual simultaneously so that the state of alignment or misalignment of the
individual’s eyes with each other can be determined. At least two fixation monitor
optical systems are provided, one for each eye, with the two systems sharing a common
fixation target so that the proper simultaneous alignment of the two eyes on the
common fixation target can be assessed.

In another embodiment, the present invention provides a polarization-
based method and apparatus to track the direction of fixation of an eye relative to an
external scene, also referred to as a field of view, for the purpose of selecting an object
in the external scene to be recorded, targeted, or otherwise acted upon. A CCD
(charge-coupled device) array of polarization-sensitive photodetectors 1s provided
optically conjugate to the external scene. Polarization-related changes in light reflected
from the fundus of the eye are recorded by the CCD array, yielding a polarization-
modulated 1image of the fundus of the eye. A typical hourglass figure (or two or four-
bladed propeller figure) in the polarization-modulated 1mage 1dentifies the projection of
the fovea of the eye and the point of fixation of the eye in the conjugate external scene.

According to one aspect of the invention, there 1s provided an apparatus
for assessing the fixation state of at least one eye, each eye having a corneal
birefringence mernidional direction, a fundus, a fovea having a projection, lutein
pigment having a dichroic effect, and a fixation state, said apparatus comprising:

a) an 1llumination system, comprising at least one light source, for

providing at least one beam of incident light to each of said at least one eye;
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b) a detection system, synchronously operable with said
illumination system and comprising at least one photodetector, each of said at least one

photodetector comprising a detection surface, for detecting incident light reflected from

the fundus of each of said at least one eye; and

c) an analysis system, operably connected with both said 1llumination
system and said detection system and configured to determine foveal projection
information for each of said at least one eye from polarization-related changes detected
between the incident light and the reflected light, wherein said foveal projection
information indicates the fixation state of the eye, said fixation state of the eye varying
from a fixated condition to a non-fixated condition, the fixated condition being
indicated by a characteristic of the detected polarization-related changes with respect to

the at least one beam of incident light.

According to another aspect of the invention, there 1s provided a method
for assessing the fixation state of at least one eye, each eye having a corneal
birefringence meridional direction, a fundus, a fovea, lutein pigment having a dichroic
effect, and a fixation state, comprising the steps of:

a) producing and directing at least one beam of incident light from
an 1llumination system, said i1llumination system comprising at least one light source,
toward each of said at least one eye to illuminate an area of the fundus of the eye
aligned with said at least one beam of incident light;

b) 1solating and detecting light reflected from the illuminated area
of the fundus of each of said at least one eye by a detection system, said detection
system comprising at least one photodetector, each of said at least one photodetector

comprising a detection surface; and

C) determining polarization-related changes that have occurred
between the incident light and the reflected light, to thereby determine foveal projection
information for each of said at least one eye, the foveal projection information
indicating a fixation state of the eye, the fixation state of the eye varying from a fixated
condition to a non-fixated condition, and the fixated condition being indicated by a
characteristic of the detected polarization-related changes with respect to the at least
one beam of incident light.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross section of a human eye identifying anatomical
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constituents as well as the axis of fixation.

FIG. 2 is a plan view of the posterior retina of a human eye illustrating

the characteristic array of nerve fibers.

FIG. 3 is a plan view of the foveal area of a human eye 1llustrating the

characteristic array of Henle fibers radiating from the center of the fovea.

FIG. 4 is a diagram of a light source in combination with a

polarization-sensitive detector arranged to detect light reflected from the fundus of an

eye.

FIG. 4a is a flowchart illustrating the basic method used by the eye

fixation monitor. .

FIG. 5 is a diagram of a light source and detector which are located in

conjugate planes with respect to each other via a beam splitter.

FIG. 6 is a diagram of a light source and detector which are conjugate

with respect to each other, in size and in location, via a beam splitter.

FIG. 6a is a diagram of an alternative detector to the detector in

- FIG. 6, showing a bull's eye configuration.

FIG. 7 is a diagram of an array of light sources which are substantially

conjugate to a single large detector via a beam splitter.

FIG. 8 is a diagram of an array of light sources wherein individual

light sources are respectively conjugate to individual detectors in an array via a beam

splitter.

FIG. 9 is a diagram of a faceted prism which creates multiple effective
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light sources conjugate with respective portions of two six-element detectors.

FIG. 10 is a diagram of a section taken through line 10-10 of FIG. 9,

showing the various elements of the faceted prism.

FIG. 11 comprises enlarged cross sections taken through lines 11-11

and 11' - 11', of FIG. 9, showing the various elements of the two six-element

detectors.

FIG. 12 is a diagram of an embodiment of the present invention using

a light source wherein the light beam produced by the source is effectively scanned in

a circle.

FIG. 13 is a diagram of a uniform patch of nerve fibers traversed by a

circular scan of polarized hght.

FIG. 14 is a diagram of the radially arranged nerve fibers in the fovea

traversed by a circular scan of polarized hight.

FIG. 15 is a diagram of the nerve fibers in the area of the fovea

traversed by a circular scan of polarized light wherein one edge of the scan is passing

through the center of the fovea.

FIG. 16 is a diagram of an embodiment of the present invention using '
an extended light source and a fixation mark wherein the plane of the fixation mark 1s

conjugate to an array of photodetectors via a beam splitter.

FIG. 17 is a diagram of an embodiment of the present invention using

an extended light source and a fixation mark wherein the plane of the fixation mark 1s -

conjugate with a photodetector and a spinning mask is used to expose areas of the

photodetector in a circular scan.
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FIG. 18 is a diagram of an embodiment of the present invention with
the detection system comprising a polarizing analyzer in combination with a

photodetector.

FIG. 19 is a diagram of an embodiment of the present invention with

the detection system comprising an ellipsometer.

FIG. 20 is a diagram of an embodiment of the present invention using
a holographic optical element to provide beam splitting and polarization analyzing
functions.

FIG. 21 is a diagram of two optical systems joined in a single

instrument for the assessment of simultaneous fixation of both eyes of an individual.

FIG. 22 is a diagram of an embodiment of the present invention used
in an eye-tracking/feedback configuration for the purpose of aiming an external

camera.

FIG. 22a is a diagram of an alternative to the detection system of the

apparatus in FIG. 22.

FIG. 23 is a representative external scene displayed on the viewing

screen in the apparatus of FIG. 22.

FIG. 24 is an illustration of the infrared CCD camera image of the
eye's fundus in the apparatus of FIG. 22, with the eye looking at the tree in the display

of the external scene.

FIG. 25 is the displayed external scene from FIG. 23 after feedback

from analysis of the image of FIG. 24 has been used to rotate the external camera to

aim at the tree.

PCT/US98/22122
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FIG. 26 is an illustration of the infrared CCD camera image of the
eye's fundus in the apparatus of FIG. 22 after feedback from analysis of the image of

FIG. 24 has been used to rotate the external camera to aim at the tree.

FIG. 27 is a diagram of an embodiment of the present invention
yielding a display of an external scene with a superimposed image of the eye's fundus

showing the point of foveal fixation in the scene.

FIG. 28 is an illustration of the display obtained by the apparatus of
FIG. 27, showing the superimposed image of the eye's fundus.

FIG. 29 is a diagram of an alternative arrangement to that of FIG. 27,

with the image of the external scene and the image of the eye's fundus obtained with

different cameras.

FIG. 30 is an illustration of the display from the apparatus of FIG. 29

showing the image of the external scene with a superimposed crosshair showing the

point of fixation of the eye.

FIG. 31 is a diagram of an embodiment of the present invention
wherein the eye's fundus is scanned by polarized infrared light in a raster pattern 1n

registration with a video image taken of an external scene.

FIG. 32 is a diagram of an alternative arrangement to that in FIG. 31,
wherein the scan of the eye's fundus and production of the polarization-modulated
image of the eye’s fundus are accomplished using an array of illuminated pixels mn

fixed combination with an array of photodetectors.

FIGS. 33a-33d are perspective views of the Poincaré sphere
representation of the polarization state, showing sequential changes in the
polarization state of incident linearly polarized ight that passes through the cornea of

an eye, passes through an area of retinal nerve fibers, 1s reflected from the fundus of
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the eye, passes back through the area of nerve fibers, and passes back through the

comea, exiting from the eye.

FIG. 34 is a perspective view of a Poincaré sphere showing

representative changes in the polarization state of a beam of light traversing the

retinal nerve fibers.

FIG. 35 is a diagram of a specific embodiment of the arrangement of

FIG. 4, in which the polarization-sensitive detector of FIG. 4 comprises an

ellipsometer.

FIG. 36 is a Poincaré sphere showing representative final polarization
states of circularly polarized light that has been acted upon only by the comeal

birefringence in passing through the cornea, in being reflected from the fundus of the

eye, and in passing out of the eye through the cornea.

FIG. 37 is a diagram of an embodiment of the present invention

wherein the incident light is circularly polarized.

FIG. 38 is a Poincaré sphere showing representative initial and final

polarization states of the light incident on the eye and retroreflected from the fundus

of the eye using the apparatus in FIG. 37.

FIG. 39 is a diagram of an alternative embodiment of the present
invention wherein the incident light is circularly polarized and the differential

polarization analyzer measures the Stokes parameter S; of the polarization state.

FIG. 40 is a Poincaré sphere showing representative initial and final
polarization states of the light incident on the eye and retroreflected from the fundus
of the eye using the apparatus in FIG. 39.

FIG. 41 is a diagram of a preferred embodixﬁent of the present

PCT/US98/22122
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invention, incorporating a faceted prism and two six-element photodetectors, wherein

the light incident on the eye is circularly polarized and polarizationé

related changes in the light retroreflected from the fundus of the eye are detected by

measurement of the Stokes parameter S; of the reflected light.

FIG. 42 is a diagram of a section taken through line 42-42 of FIG. 41,

showing the various elements of the faceted pnsm.

FIG. 43 comprises enlarged cross sections taken through lines 43-43

and 43' - 43' of FIG. 41, showing the various elements of the two six-element

detectors.

FIG. 44 is a Poincaré sphere showing representative imtial and final

polarization states of the light incident on the eye and retroreflected from the fundus

of the eye using the apparatus in FIG. 41.

FIG. 45 is a diagram of an alternative embodiment of the present
invention, incorporating a scanning mechanism which effectively scans the conjugate

illumination/detection systems in a circle, wherein the light incident on the eye is
circularly polarized and polarization-related changes in the light retroreflected from

the fundus of the eye are detected by measurement of the Stokes parameter Sa of the

retroreflected light.

FIG. 46 is a Poincaré sphere showing representative initial and final

polarization states of the light incident on the eye and retroreflected from the fundus

of the eye using the apparatus in FIG. 45.

FIG. 47 is a diagram of an alternative embodiment of the
illumination/detection system of the apparatus in FIG. 45 wherein polarization-related
changes in the light retroreflected from the fundus of the eye are detected by
measuring Stokes parameters S; and S; of the retroreflected light. o

PCT/US98/22122
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FIG. 48 is a diagram of an alternative embodiment of the present
invention wherein non-polarized light is used as the light incident on the eye and
polarization-related changes in the light retroreflected from the fundus of the eye are
detected by measuring Stokes parameter S; of the retroreflected light.

FIG. 49 is a Poincaré sphere showing representative final polarization
states of the light retroreflected from the fundus of the eye using the apparatus in
FIG. 48.

FIG. 50 is a diagram of an aiternative embodiment of the present
invention wherein non-polarized light is used as the light incident on the eye and

polarization-related changes in the light retroreflected from the fundus of the eye are

detected by measuring Stokes parameter S; of the retroreflected light.

FIG. 51 is a diagram of an alternative embodiment of the present

invention wherein polarization-related changes in the light retroreflected from the

fundus of an eye are detected by measuring changes in the overall intensity of the

retroreflected hight.

DETAILED DESCRIPTION OF THE INVENTION

The present invention now will be described more fully hereinafter
with reference to the accompanying drawings, in which preferred embodiments of the
sovention are shown. This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art.
Like numbers refer to like elements throughout.

The present invention contemplates providing a polarization-based
assessment of the direction of fixation of the eye with minimum interference from the
birefringence of the comea. The amount and orientation of corneal birefringence
vary from one eye to the next, but in any given eye the corneal birefringence is

relatively constant in both amount and orientation in that portion of the comea
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overlying the pupil of the eye. The corneal birefringence does change slightly with
the angle of incidence of the incident light, but the polarization changes caused by
this effect are small compared with the polarization-related changes occurring in the
light reflected from one portion of the fundus versus another portion. Thus, by
detecting the difference in the polarization-related changes that occur when the light
is reflected from one portion of the fundus versus another portion of the fundus, a
measurement of the fundus-induced polarization-related changes can be achieved that
is relatively independent of the amount and orientation of the corneal birefringence in
any given eye. In other words, the total amount of polarization-retated changes in the

light, to which the corneal birefringence contributes substantially, does not need to be

“measured or calculated. The differences in the total amount of polarization-related

changes are sufficient to differentiate one portion of the fundus from another. For
example, apparatus may be arranged to assess a single fundus area using
autoconjugate retroreflection. The apparatus is calibrated by noting the polarization
state that is detected by the apparatus while having the eye fixate in a desired
direction. Any subsequent change in the polarization state will thereby indicate a
change in fixation away from the desired direction. This technique is particularly
effective when the apparatus is calibrated with the eye fixating directly on a small
light source. In this case, the fundus area being assessed is the very center of the
fovea, where there is no net direction to the nerve fibers. Any change of fixation
away from the light source will move a bundle of roughly parallel nerve fibers into
the illuminated fundus area, causing a change in the polarization state of the
retroreflected light. This change thereby indicates a loss of fixation on the light
source. Such a method of fixation monitoring is independent of the amount and
orientation of corneal birefringence.

However, because the amount and orientation of corneal birefringence
vary from one eye to the next, differences in the total amount of polarization-related
changes, which represent the fundus-induced polarization-related changes, may be
masked by particular orientations and magnitudes of the corneal birefringence uniess
the complete polarization state of the retroreflected light from the fundus 1s analyzed,

a complicated analysis which may not be practical for many applications.

This can be understood with reference to the Poincaré sphere

'PCT/US98/22122
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representation of the state of polarization, with Stokes parameters Si, S, and S;
serving as the mutually perpendicular Cartesian coordinate axes of the Poincare
sphere. If only Stokes parameter S, is monitored, for example, which 1s a practical
method of detecting polarization changes, and if the orientation and magnitude of the
corneal birefringence are such that the added polarization-related changes produced
by the retinal birefringence occur in a direction which is substantially perpendicular
to the S; axis, these retinal-birefringence-induced changes will not easily be detected.
If, on the other hand, the orientation and magnitude of the corneal birefringence are
such that the added polarization-related changes produced by the retinal birefringence
occur in a direction which is substantially parallel with the S; axis, maximum retinal-
birefringence-induced changes will be detected. Thus, because the orientation and
magnitude of the comeal birefringence vary from one eye to the next, practical
detection systems which monitor only one parameter of the polanzation state will
give non-uniform results from one eye to the next.

The present invention further provides a polarization-based method
and apparatus for assessing the direction of fixation of the eye without prior
calibration of the apparatus with one or more known directions of fixation of the eye.
At least two areas of the fundus of the eye are assessed simultaneously or
sequentially, and the polarization states of the light reflected from the different fundus
areas are analyzed and compared. Two fundus areas producing an identical change n
polarization state likely have equal thicknesses of nerve fibers ortented in the same
direction. From the known visual angle separation of the fundus areas assessed, and
from the known characteristic array of nerve fibers in the retina, the detection of equal
polarization-related changes by one or more pairs of fundus areas can identify with
high probability a desired direction of eye fixation. As a specific example, if six
fundus areas are assessed, at 2, 4, 6, 8, 10, and 12 o'clock on the perimeter of an
imaginary circle subtending three degrees of visual angle on the fundus, the members
of each opposing pair of retinal areas (the 6 and 12 o'clock areas, for example) will

produce equal polarization-related changes only in two possible alignment posmons
either when the six retinal areas are centered about the fovea, or when they are
positioned within a uniform field of nerve fibers. In the former case, centered about

the fovea, at least one of the pairs of equal polanzatlon-related changes will be
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different from the others, whereas in the latter case, positioned within a unmiform field
of nerve fibers, the polarization-related changes of all six areas will be the same,
distinguishing the two alignment position possibilities from one another. Alignment

of the fovea with the center of the six retinal areas can thus be detected with high
probability without the need for prior calibration of the apparatus with known
directions of fixation of the eye.

The present invention further provides for assessing polarization-
related changes during a scan of retinal areas, for example a scan in an annular
pattern. A periodic signal is detected, representing the polarization-related changes
occurring during the scan. The periodic signal, via the amplitudes and phases of 1ts
frequency components, represents a birefringence/dichroism signature of the
particular annulus of retina scanned, as measured through the relatively constant
birefringence of the cornea. This birefringence/dichrotsm signature can be used to
identify various annular areas of the retina, and thus to assess the direction of fixation
of the eye. For example, if the eye is fixating exactly in the center of a three degree
annular scan, the nerve fibers radially arranged about the fovea will produce a
birefringence/dichroism signal that has a strong frequency component exactly twice
that of the scan frequency. If the eye is fixating on the rim of the annular scan, on the
other hand, the birefringence/dichroism signature will have a strong frequency
component exactly equal to the scan frequency and the phase of that frequency

component can be used to identify the direction that the eye is fixating away from the

center of the scan.

FIG. 1 illustrates the human eye 10. Light incident on the eye enters

through the transparent cornea 11, passes through the pupil 12, traverses the
transparent crystalline lens 13, proceeds toward the fundus, which 1s the inside aspect
of the back of the eye, and strikes the retina 14 which lines the inner surface of the
back of the eye. A central depression in the retina identifies the fovea 15 which 1s the

area of the retina having the most acute vision. In viewing an object 16, the brain

uses the neck and eye muscles to aim the eye at the object. The direction of fixation

is defined by the orientation of the axis of fixation 17 which connects the object 16
with the fovea 15 of the eye. When the eye is fixed on the object 16, an image of the

object 16 is formed on the fovea, and n conjugate manner an image of the fovea is
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projected onto the object 16. Further, retinal nerve fibers arising from all parts of the
retina 14 travel along the surface of the retina and converge to form the optic nerve 18
which conveys visual information from the eye to the brain.

FIG. 2 is a flat view of the posterior aspect of the retina 14, showing
the characteristic array of retinal nerve fibers 20 arising from all parts of the retina
and converging to the optic nerve head 21. A large fraction of the retinal nerve fibers
arise from the foveal area where the concentration of neural elements 1s greatest and
vision is most acute. As the retinal nerve fibers leave the foveal area, they first travel
in a radial direction away from the fovea 15, then curve around as necessary to
eventually reach the optic nerve head 21.

FIG. 3 is an enlarged view of the foveal area of the retina, centered on
the fovea 15, showing in greater detail the paths of the nerve fibers leaving the fovea.
The cell bodies 25 of the photoreceptor elements are in the very center of the fovea.
These cell bodies send nerve fibers 26 called axons to communicate with a ring of
ganglion cells 27 surrounding the fovea. The ganglion cells in turn give nise to long
axons of their own, constituting the retinal nerve fibers 20 which travel to the optic
nerve to communicate with the brain.

The short axons 26 of the photoreceptor cell bodies are called Henle
fibers and are arranged precisely radially about the center of the fovea 15. This
precise radial array of Henlé fibers 26, ending at the ring of ganglion cells 27, has an
overall diameter subtending approximately four degrees of visual angle. Besides the
area surrounding the fovea, the only other location in the retina having a radial array
of nerve fibers is the area around the optic nerve head. The optic nerve head 21
subtends a visual angle of about five degrees. Therefore, an area of the retina at least

six or seven degrees in diameter would have to be examined in order to detect the

radial pattern of nerve fibers surrounding the optic nerve head. Thus, the array of

~ Henle fibers 26 centered on the fovea 15, because of its relatively small angular size

and its precise radial symmetry, constitutes a unique arrangement of nerve fibers
within the retina and, therefore, can serve as a marker for the fovea. Identification of
the location of the array of Henle fibers automatically identifies the location of the

fovea, exactly centered in the array of Henle fibers.

Both the Henle fibers and the other retinal nerve fibers are
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birefringent, with the optic axis of the birefringence being parallel to the direction of
the fiber. In general, this birefringence will change the state of polanization of
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polarized light that passes across the nerve fiber. Polarized light striking the retina,
therefore, will be changed in its state of polarization as it passes through the layer of
hervc fibers. A small fraction of the light passing through the nerve fibers is reflected
by deeper layers of the fundus to pass back through the pupil of the eye. This portion
of the light thus double-passes the nerve fibers, and 1ts state of polarization is changed
twice by the birefringence of the nerve fibers.

The state of polarization of light may be characterized by the
ellipticity, the orientation of the major axis of the ellipse, and the handedness of the
polarization. All of these parameters can be changed by the birefringence of the
nerve fibers. The directions in which these parameters are changed, and the amounts,
are functions of the orientation and the thickness of the layer of nerve fibers.
Therefore, nerve fibers oriented in different directions will change the state of
polarization differently.

A source of dichroism also exists in the human foveal area, from
lutein pigment particles 28 which are aligned along the Henle fibers and along the
ends of the retinal nerve fibers closest to the fovea. A dichroic material is birefnngent
but absorbs part of one of the polarization states of the doubly-refracted light, leading
to a change in the state of polarization of the light passing through it. The dichroic
pigment in the foveal area contributes to polarization changes in the hght that passes
through it. However, because the dichroic effect 1s aligned with the nerve fibers, the
overall polarization changes that occur are still a function of the onentation of the
nerve fibers. Both birefringence and dichroism can change the state of polarization of
polarized light. However, birefringence has no net effect on non-polarized light.
Dichroism, on the other hand, produces polarized light from non-polarized light by
absorbing part of one of the polarization states of the doubly-refracted hght.
Therefore, if the retina is illuminated with non-polarized light, no polanzation
changes will occur anywhere in the retina, except in the foveal area. In this area the
dichroism of the lutein pigment will produce polarized light having an onentation at -
each point that is dependent, at that point, on the orientation of the nerve fibers.

The cornea 11 of the eye also has birefringence; usually four or five
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times as much as the nerve fiber layers in the retina. In that portion of the cornea
overlying the pupil, the corneal birefringence is relatively uniform in both amount
and orientation. The corneal birefringence changes slightly with the angle of
incidence of the incident light. However, the polarization changes caused by small
changes in the angle of incidence are negligible compared to the polarization changes
occurring in the light reflected from one portion of the fundus versus another portion.

FIG. 4 illustrates a basic embodiment of the eye fixation monitor of
the present invention. A beam of polarized light 30 from light source 31, (typically a
laser diode), is directed through beam splitter 32 to be incident on eye 33, overfilling
the pupil of eye 33 and easing alignment with the eye. Light 34, retroreflected from
the fundus of eye 33 and focused by the optics of eye 33 back toward light source 31,
is partially reflected by beam splitter 32 to fall upon a polarization-sensitive detector
35. Each direction of fixation of eye 33 will be associated with a particular difference
in the polarization state of reflected light 34 as compared to incident light 30.
Changes in this polarization state difference will be due primarily to the orientation of
the nerve fibers in the portion of the retina illuminated by the incident light as fixation
changes from one direction to another. Therefore, the stability of fixation 1s
monitored by noting the stability in the polarization state detected by the polarization-
sensitive detector 335.

Alternatively, the loss of fixation on a desired object may be detected
by noting the polarization state of the light detected by detector 35 when the eye 1S
known to be fixating on the desired object. Any change in the detected polarization
state thereafter represents a loss of fixation on the intended object. This apparatus
and method are particularly effective in detecting loss of fixation on the light source
itself. With fixation on the light source, the area of the retina being illuminated is the
center of the fovea, where there is no net direction to the nerve fibers. Any change of
fixation away from the light source will move a bundle of roughly parallel nerve
fibers into the illuminated fundus area, causing a perceptible change in the

polarization state of the reflected light.

A flowchart of the basic method as detailed above is illustrated in
FIG. 4a. The first step is generally to produce a beam of incident light and direct that
beam of light toward the eye to illuminate the fundus (block 36). Next, light reflected
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by the fundus i1s 1solated and detected (block 37). As a result, the incident light and

the reflected light can be compared to determined polarization-related changes 1n the
light caused by the eye (block 38). By correlating the polarization-related changes
with changes known to occur with known fixation states of the eye, fixation state

information on the eye 1s thus determined (block 39).

FIG. 5 shows the apparatus of FIG. 4 in which the light source 31 1s
shown 1n cross section, revealing emitter 40, and the polarization-sensitive detector 35
is represented by detector 41 having polarization-sensitive active surface area 42. The
polarization sensitivity may be achieved, for example, by covering the photodetector
with a thin linear polarizer. Furthermore, the emitter 40 and active surface area 42 are
conjugate to one another via beam splitter 32. In other words, when viewed by eye 33
via beam splitter 32, the emitter 40 and active surface area 42 appear to be exactly
superimposed on one another. This conjugate arrangement has the advantage of
efficiently collecting the retroreflected light 34 from eye 33.

If eye 33 1s focused upon emitter 40, or focused 1n the same frontal
plane as emitter 40, a sharp, in-focus 1mage of emitter 40 1s formed on the retina of
eye 33. The retroreflected light 34 from this tiny 1lluminated area on the retina of eye
33 will be 1imaged by eye 33 directly back toward the light source, emitter 40, because
emitter 40 1s conjugate to the retina of eye 33 via the optics of eye 33. Because active
surface area 42 is conjugate to emitter 40 via beam splitter 32, the retroreflected light
34 being 1imaged back to emitter 40 will be partially reflected by beam splitter 32
directly to the center of active surface area 42. Whether eye 33 1s in the center or
periphery of incident light beam 30<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>