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EYE EXAMINATION APPARATUS EMPLOYING 
POLARIZED LIGHT PROBE 

RELATED APPLICATIONS 

[0001] This application is a continuing application that 
claims priority from allowed co-pending US. patent appli 
cation Ser. No. 08/229,151, ?led Apr. 18, 1994, Which in 
turn claims priority from US. patent application Ser. No. 
808,479, ?led Dec. 16, 1991, now US. Pat. No. 5,303,709, 
priority to both of Which is hereby claimed. 

FIELD OF THE INVENTION 

[0002] The present invention relates to an apparatus for 
assessing the thickness, topography and nerve ?ber orien 
tation of the retinal nerve ?ber layer by measuring the 
polariZation effect of the nerve ?ber layer on an impinging 
light beam While eliminating the obscuring polariZing effects 
of the anterior segment of the eye. 

BACKGROUND 

[0003] The retinal nerve ?ber layer is the innermost layer 
of the retina, and consists of the nerve ?bers (ganglion cell 
axons) Which transmit the visual signal from the photore 
ceptors to the brain. With the onset of glaucoma and other 
optic neuropathies, there is increasing damage to the nerve 
?bers, causing impaired vision or blindness. Glaucoma and 
other diseases must be diagnosed early on to sloW or stop 
this process, and for an accurate diagnosis it is important to 
ascertain the presence and extent of any such damage. 

[0004] Because the nerve ?ber layer is very thin (about 30 
pm to 150 pm) and the optical depth resolution of the human 
eye is only about 200 pm to 300 pm, measurement methods 
based on optical imaging are not suf?cient to accurately 
measure the thickness of the nerve ?ber layer. In addition, 
the retinal nerve ?ber layer is transparent, Which makes it 
even more dif?cult to assess it by imaging means. 

[0005] Conventionally, assessment of damage in the nerve 
?ber layer is made With red-free fundus photography. Visible 
light of shorter Wavelength (“red-free”) is employed to 
achieve increased scattering of light Within the nerve ?ber 
layer, improving the visibility of the otherWise transparent 
layer. HoWever, no quantitative measurements of the nerve 
?ber properties can be obtained With this method. 

[0006] Other, more indirect methods have been developed 
to estimate nerve ?ber layer thickness. Zeimer (US. Pat. No. 
4,883,061) described a geometric method that uses the 
projection of a line onto the fundus. The re?ections of the 
line from the anterior and posterior surfaces of the retina are 
used to measure the thickness of the total retina Which is 
about 500 pm to 700 pm thick. The resolution of this method 
is, hoWever, not suf?cient to measure the thickness of the 
nerve ?ber layer Which is only one thin layer of many layers 
of the retina, making up possibly one-tenth of the total 
retinal thickness. Even With as little margin for error as 15%, 
the measurement error could be as great as the measurement 
itself. 

[0007] Another indirect approach to assessing the nerve 
?ber layer condition is to measure the topography of the 
internal limiting membrane Which forms the anterior surface 
of the nerve ?ber layer. The result of this type of measure 
ment, hoWever, is the measurement of only one surface of 
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the nerve ?ber layer. Absolute thickness measurement of the 
nerve ?ber layer is not possible. Topography instruments 
(i.e. US. Pat. No. 4,900,144) employ means of detecting 
intensity of light re?ected from the fundus surface (internal 
limiting membrane). The systems determine the focus posi 
tion of maximum light re?ection and assume this focus 
position to be the position of the internal limiting membrane. 
In reality, hoWever, the light detected by these systems is 
composed of light deriving from many different retinal 
layers, and the position of the maximum light re?ection is 
usually displaced rearWardly of the membrane an indeter 
minate amount, producing false readings. 

[0008] Geometric techniques alone Will not produce clini 
cally meaningful measurements of nerve ?ber layer thick 
ness or topography as proven by the results obtained from 
these techniques. The characteristics of the eye must be 
probed beyond its geometry, Which the instant inventors 
have done. The result is a measuring apparatus Which takes 
advantage of differences in polariZation properties of various 
layers of the eye to augment or replace geometry-based 
techniques for relative spatial measurements in vivo, and on 
the eye. 

[0009] The present invention further recogniZes that the on 
site collection of data from a patient need not be conducted 
by a doctor and indeed need not be analyZed on site at all. 
Instead, as recogniZed herein it might be desired for conve 
nience and cost purposes that a technician collect the data 
from a patient, and that the data be sent off-site for analysis. 

SUMMARY OF THE INVENTION 

[0010] The nerve ?ber layer consists of parallel micro? 
bers With diameters smaller than the Wavelength of visible 
light. Such a medium shoWs form-birefringence With an 
optic axis parallel to the direction of the ?bers. PolariZed 
light passing through the form-birefringent nerve ?ber layer 
experiences a change in its state of polariZation that is 
linearly correlated With the thickness of the nerve ?ber layer 
and substantially independent of any other layers of the 
retina. By measuring the change in the state of polariZation 
of light double-passing through the nerve ?ber layer, the 
polariZation properties of the nerve ?ber layer can be 
assessed, and the thickness therefore determined, indepen 
dent from any dimension characteristics of the other retinal 
layers Which lack birefringence. 

[0011] Although this technique effectively isolates nerve 
?ber layer measurements from in?uences of other retinal 
layers, in order to perform in-vivo measurements of the 
nerve ?ber layer, the measuring light has to penetrate the 
cornea and the lens of the human eye (the anterior segment). 
Unlike most of the retina, these elements also have polar 
iZation properties that Would change the state of polariZation 
of light. In order to measure the isolated polariZation prop 
erties of the retinal nerve ?ber layer in vivo, the polariZation 
effects of the cornea and lens have to be compensated or the 
results Would be meaningless. 

[0012] The principle object of this invention is to objec 
tively measure the thickness of the retinal nerve ?ber layer 
by measuring the spatially resolved polariZation properties 
of the fundus after compensating for the polariZation effects 
of the anterior segment of the eye. This method alloWs, for 
the ?rst time, to exclusively measure the absolute thickness 
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of the retinal nerve ?ber layer, providing the ophthalmolo 
gist a tool to help diagnose eye diseases earlier than cur 
rently possible. 
[0013] In another aspect, a computer program device is 
disclosed Which includes a computer program storage device 
readable by a digital processing apparatus, and a program 
means on the program storage device. The program includes 
instructions that are executable by the digital processing 
apparatus for performing method steps for directing a diag 
nostic beam onto an eye of a patient. 

[0014] In accordance With the present invention, the 
method steps include receiving an image signal representa 
tive of a fundus of the eye. In response to the image signal, 
one or more images of the eye is generated, With at least one 
of the images being centered on the optic nerve location in 
the fundus in response to the image signal. 

[0015] Preferably, the image signal has an intensity, and 
the method steps include generating at least one control 
signal in response to the image signal. At least one of the 
control signals is a focus signal for causing a focussing lens 
to move such that the intensity of the image signal is 
maximized. A computer is also disclosed that accesses a 
normative database to compare the image signal to at least 
some elements in the database and to generate an analysis 
signal in response thereto. 

[0016] In another aspect, a method is disclosed for diag 
nosing maladies of an eye. The method includes directing at 
least one guide beam toWard a pupil of the eye, and 
transmitting at least one diagnostic, beam along the guide 
beam. Further, the method includes receiving at least one 
re?ection of the diagnostic beam, and transforming the 
re?ection into an image signal. Based on the image signal, 
the diagnostic beam is focussed onto an optic nerve location 
in the eye. 

[0017] The details of the present invention, both as to its 
structure and operation, can best be understood in reference 
to the accompanying draWings, in Which like reference 
numerals refer to like parts, and in Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 is a diagrammatic section taken through 
line 1-1 of FIG. 1a; 

[0019] FIG. 1a is a diagrammatic vieW of the eye iden 
tifying parts of the anterior segment; 

[0020] FIG. 2 illustrates diagrammatically the main parts 
of a principle embodiment of the corneal polariZation com 
pensator using an ellipsometer; 

[0021] FIG. 3 illustrates diagrammatically one manner in 
Which the nerve ?ber layer thickness is mapped With the use 
of a sequential array of polariZers of different states of 
polariZation; 

[0022] FIG. 4 illustrates a topographical mapping system; 

[0023] FIG. 5 illustrates the appearance of the retinal 
nerve ?ber layer under illumination With linearly polariZed 
light and detection With a crossed polariZer, corneal bire 
fringence being eliminated; 
[0024] FIG. 6 is identical to FIG. 5, but illustrating 
measurement taking place With the orientation of the polar 
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iZation aXis of the illuminating beam and detection ?lter 
being rotated about 45 degrees; 

[0025] FIG. 7 is a diagrammatic illustration of a photo 
detector incorporating a focusing lens and a pinhole dia 
phragm for use in confocal detection techniques; 

[0026] FIG. 8 is a diagrammatic vieW of one eXample of 
the system as currently used; 

[0027] FIG. 9 is an illustration of a hand-held portable 
modi?cation; 

[0028] 
[0029] FIG. 11 is a front elevation vieW of the apparatus, 
seen from the orientation of the operator; 

[0030] FIG. 12 is a diagrammatic side elevation vieW 
illustrating the relative positioning of the patient and the 
apparatus; 

[0031] FIG. 13 is a top diagrammatic planned vieW of the 
layout of the equipment illustrating the relative positions of 
the apparatus, the doctor and the patient; 

FIG. 10 is a side elevation vieW of the apparatus; 

[0032] FIG. 14 is a simple diagrammatic representation of 
the eye of the patient as seen from the front, With the annular 
light ring centered on the pupil; 

[0033] FIG. 15 is a prospective vieW of the apparatus 
illustrated in its entirety as implemented on a mobile base; 

[0034] FIG. 16 is a fragmentary detail of the front panel 
of the apparatus shoWn in elevation; 

[0035] FIG. 17 is a diagrammatic representation of the 
left/right eye sWitching mechanism of the anterior segment 
polariZation compensator and of the polariZation rotator; 

[0036] FIG. 18 is a How chart shoWing the logic for 
automatically directing the beam onto the center of the 
fundus in response to a technician directing a guide beam 
onto the pupil of a patient; 

[0037] FIG. 19 is a block diagram of a system Wherein 
data is collected by an optics system and then transmitted 
off-site for analysis at a remote data analysis facility; and 

[0038] FIG. 20 is a block diagram of a system Wherein 
data is collected by an optics system and analyZed using an 
on-site computer having access to a normative database. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0039] FIGS. 1 and 1A illustrate the eye 11, in Which the 
cornea 10 senses as the foremost, transparent portion of the 
eye, behind Which is the iris 12 and the lens 14. The interior 
of the eye 11 is ?lled With vitreous and at the back of the eye 
is the retina, composed of the layers illustrated in FIG. 1, 
including the internal limiting membrane 16, the nerve ?ber 
layer 18, the receptor system 20, the retinal pigment epithe 
lium 22, and the chloroid 23. All eye structure forWard of the 
membrane 16 is considered the anterior segment of the eye 
for purposes of this disclosure and claim de?nitions. 

[0040] The invention concerns itself primarily With the 
cornea, the lens, and the nerve ?ber layer 18. It is this nerve 
?ber layer’s topographic and thickness measurements Which 
are crucial to the diagnosis of certain diseases, among them 
being glaucoma. The orientation of the ?bers is also useful 
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to a general understanding of a particular eye, and in 
interpreting the thickness and tomograph data. Since ?ber 
orientation has heretofore been unascertainable, it is 
expected that With time this information Will be relied upon 
as a diagnostic indicator. 

[0041] As indicated above, the nerve ?ber layer 18 has 
birefringent properties. ApolariZed light ray incident on the 
surface of a birefringent medium, With its optic aXis parallel 
to the surface of the medium, Will split into tWo rays of 
different polariZation states, propagating in the same direc 
tion but With different velocities. The difference in travelling 
velocity causes a shift in phase betWeen the tWo exiting rays. 
This is called “retardation”, and results in altering the 
polariZation of the light. The thicker the birefringent 
medium, the greater is the retardation of transmitted light. A 
so called “quarter Wave” retarder incorporates a birefringent 
medium that retards the phase of one of the rays 90 degrees 
relative to the other, converting linear polariZation to circu 
lar polariZation, and vice-versa. 

[0042] In addition to the nerve ?ber layer 18, the cornea 
and the lens also have birefringent properties, although the 
birefringence of the lens is small compared to the cornea. 
There are no other knoWn birefringent layers in the eye. 

[0043] Turning noW to FIG. 2, a complete system for 
diagnosing the thickness of the nerve ?ber layer is diagram 
matically shoWn. All of the structure in FIG. 2 eXcept for the 
ellipsometer 24 is for the purpose of compensating for the 
polariZation shifting caused by the cornea and lens. (In this 
disclosure and claims, polarization “shifting” or “alteration” 
refer to all types of polariZation changes, including rotation 
of the polariZation aXis of polariZed light, the change of 
linear to elliptical or circularly polariZed light or vice-versa, 
change in the polariZation level, and any combination of 
these). The term “corneal polariZation compensator” is used 
for describing the device for compensating for the polariZa 
tion effect of the anterior segment of the eye. 

[0044] The ellipsometer 24 is an instrument Which accu 
rately identi?es the polariZation state of a light beam. In this 
application, it makes possible the assessment or the nature 
and degree of polariZation state shifting of light Which 
double-passes the nerve ?ber layer. This shift correlates to 
the thickness of the nerve ?ber layer once the corneal 
polariZation compensation has been effected. The thinner 
this layer is, the more advanced is the eye disease, as a 
general rule. 

[0045] The corneal polariZation compensator 25 utiliZes a 
laser diode 26 Which provides a beam of light that is focused 
by a lens 27 onto the pinhole 28 and eXpands as a cone until 
it impinges upon the polariZing beamsplitter 30. This beam 
splitter has tWo purposes, the ?rst of Which is to polariZe the 
incident compensation beam 32, Which it does as is indicated 
by the legend indicated at 32a, illustrating the linear trans 
verse polariZation that the beam has at this point. The beam 
subsequently passes through a collimating lens 34 and a 
quarter Wave retarder 36, Which converts the beam 32 from 
linear polariZation illustrated in the legend 32a to the 
clockWise circular polariZation indicated in the legend 32b. 

[0046] At this point, the incident compensation beam 32 
passes through a reticulated or rectangular diffraction grat 
ing 38, Which has the effect of splitting the light into a 
plurality of beams, so that a plurality of focus points as 
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indicated at 32(6) are used by the compensator rather than a 
single spot. The beam is re?ected on the beamsplitter 40, 
converged by the converging lens 42, and passed through the 
variable retarder 44, Which in the preferred embodiment is 
a liquid crystal retarder. This retarder changes the polariZa 
tion of the incident beams from circular polariZation to 
elliptical as illustrated at 32c, still being clockWise in sense. 

[0047] At this point, the plurality of converging sub 
beams of the Whole beam 32 from the variable retarder 41 
converge, passing through the cornea 10 and lens 14, becom 
ing circularly polariZed as indicated at 32d and re?ecting as 
return compensation beam 45 from the posterior surface of 
the eye lens 14, as illustrated. This re?ected or return 
compensation beam is polariZation—shifted by the double 
passage through the cornea and lens not only to circular 
polariZation as indicated at 32d, but is shifted to reverse the 
direction of the circular polariZation as a result of the 
re?ection, as indicated at 45a. (For purposes of the claims, 
the incident and return beams are each treated singularly, but 
each includes all of the composite beams split out by the 
diffraction grating and then re-converged.) 

[0048] The return compensation beam 45 has the polar 
iZation states illustrated in the legends 45a-45d, above and 
to the right of the con?guration. Immediately upon re?ecting 
from the lens surface, the right-hand circular polariZation is 
changed to left-hand circular polariZation 45a, and shifts to 
elliptical polariZation as indicated at 45b upon passage 
through the cornea 10 and lens 14. The return compensation 
beam 45 passes through the variable retarder 44 Where its 
polariZation is restored to circular polariZation as indicated 
in 45c, and travels back through the elements that the 
impinging beam Went through, passing through a polariZa 
tion shift at 45d until the beam arrives at the polariZing 
beamsplitter 30. 

[0049] It Will be remembered that When the beam initially 
passed up through this beamsplitter, it Was transversely 
polariZed as indicated at 32a. It is a property of a polariZing 
beamsplitter to transmit light that is polariZed perpendicu 
larly to its re?ecting surface, and to re?ect light that is 
polariZed parallel to its re?ecting surface. As the return 
compensation beam is noW completely linearly polariZed, 
parallel to the re?ecting surface of the beamsplitter 30, the 
return compensation beam 45 is re?ected to the right, 
toWards the photodetector 46. The return compensation 
beam is focused by the lens 34 onto the pinhole 47 in front 
of the photodetector 46. The pinholes 47 and 28 are located 
in optically conjugate planes to the focal points formed at the 
posterior surface of the lens. This confocal arrangement 
causes stray light re?ected from other areas than the focal 
points to be blocked by the pinhole 47 Without reaching the 
photodetector 46. 

[0050] In other Words, When all light of the return beam 45 
impinging doWnWard upon the polariZing beamsplitter 30 is 
linearly polariZed orthogonally to the direction of the 
upWardly travelling beam 32, all of the light re?ected from 
the surface of the lens 14 Would travel through to the 
photodetector 46. Thus, absent the polariZation shift effected 
by the anterior segment of the eye, incident and return 
compensation beams 32 and 45 Would have the polariZation 
states shoWn at 32a and 45d, respectively. The variable 
retarder is adjusted to maXimiZe the intensity of light in the 
polariZed state shoWn at 45d as closely as possible. 
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[0051] The photodetector 46 outputs a voltage signal 
corresponding to light intensity that feeds back into the 
circuit 49. Because the cornea and lens shift the polarization, 
the variable retarder is varied by the circuit 49 until the 
electric signal coming from the photodetector 46 is maXi 
miZed. FIG. 2 illustrates states of polarization of incident 
and return beams after the compensator has already been 
adjusted to compensate for anterior segment polariZation 
shift. After the variable retarder 44 has been adjusted for the 
optimal compensation of corneal and lenticular polariZation 
distortion, the ellipsometer 24 is free to pass its incident 
diagnostic beam 48 through the beamsplitter, having its 
beam polariZation-compensated by the variable retarder 
(compensator) 44, and receive a return beam 50 that actually 
re?ects not the polariZation distortion caused by the cornea 
and lens, but only that of the nerve ?ber layer in question. 
This polariZation information is then captured and can be 
analyZed according to ellipsometry techniques that are 
knoWn in the prior art or as set forth in this disclosure. 

[0052] This process has been disclosed having the incident 
and return compensation and diagnostic beams double 
passing the variable retarder 44. HoWever, only one of the 
compensation beams and one of the diagnostic beams Would 
have to pass through the variable retarder, either the incident 
or return beam. The simplest geometry producing the most 
accurate results involves double-passing both beams as 
shoWn. 

[0053] The corneal polariZation compensator 44 is used in 
all of the techniques that are discussed in this disclosure. It 
has already been stated that the ellipsometer can be used 
basically by itself, as shoWn in FIG. 2, along With scanning 
and analysis equipment, not shoWn in FIG. 2, to provide a 
useable map of the thickness of the retinal nerve ?ber layer. 
A computer frame 51 shoWn in FIGS. 3 & 4 illustrates the 
appearance of a typical nerve ?ber layer thickness or topo 
graphic map. 

[0054] One Way of measuring and mapping the thickness 
of the nerve ?ber layer is shoWn in FIG. 3, With a system 
that uses a custom ellipsometer made for this use. It pro 
duces an incident diagnostic beam 48 generated by the laser 
52, subsequently linearly polariZed by linear polariZer 54, 
converted to circular polariZation by quarterWave retarder 56 
and scanned across the ocular fundus by the scanning unit 
58. At each point of the scan, the return diagnostic beam 50 
is then again scanned by an oscillating mirror 60 sequen 
tially across a plurality of polariZers 62 forming an array. Six 
polariZers are shoWn in the array of FIG. 3, and as the return 
beam reaches the detector 64 in sequence from each of the 
polariZers the beam intensity is photoelectrically converted 
by the detector 64 into a signal that is digitiZed by an ADC 
(Analog-to-Digital converter) 65 and stored in the memory 
of the computer 66. From the data stored in the computer, the 
four elements of the Stokes vector of the incident diagnostic 
beam 48 are compared to the calculated Stokes vector of the 
return diagnostic beam, and the change in polariZation at the 
current measuring location is displayed on the CRT display 
63. Subsequently, the incident diagnostic beam is guided by 
the scanning unit 58 to the neXt measuring site. 

[0055] The scanned polariZer system of FIG. 3 is dia 
grammatic, and the polariZers could be either re?ective or 
transparent and Would ordinarily have a mirror system 
converging the respectively produced beams onto the detec 
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tor. For every point scanned on the ocular fundus, all of the 
polariZers 62 Would be scanned by the oscillating mirror 60. 

[0056] It Would be clear to a person skilled in the art that 
the principle described can also be performed by changing 
the time sequence of the polariZation data measurement 
process. For eXample, instead of scanning a single point at 
58 While mirror 60 undergoes a complete scanning cycle, the 
incident diagnostic beam 48 could ?rst be scanned by the 
scanning unit 58 over the Whole eXamination area, While the 
return diagnostic beam 50 is ?Xed on one of the polariZers, 
then on to the neXt. Either Way, the data points are aggre 
gated and displayed as an intensity- or color-coded map, for 
eXample. Also, illumination of the eXamination area With a 
scanning laser could be modi?ed by illuminating the fundus 
With a static (non-scanning) light source and replacing the 
detector 64 With a camera. 

[0057] Thus far, gauging of the thickness of the nerve ?ber 
layer, and the creation of a thickness map display has been 
discussed. Using a similar technique, a topographic map can 
be made Which is substantially more accurate and detailed 
than those made With conventional techniques. 

[0058] FIG. 4 illustrates a system similar to the FIG. 3 
setup, Which Will produce a topographic map of the anterior 
surface of the retinal nerve ?ber layer. The scanning unit 58 
is replaced by a three-dimensional scanning unit 59, and the 
detector 64 is replaced by a confocal detection unit 67. It is 
similar to the typical confocal system that is noW used, 
eXcept that the optical data that is received back from the 
nerve ?ber layer is sorted by discarding (?ltering out) any 
data, (any light rays) that are returning from the eye having 
altered polariZation. Because the corneal polariZation com 
pensator neutraliZes polariZation shifting caused by the 
anterior segment of the eye, and the polariZation state of the 
incident light beam is knoWn, any return light Which does 
not match the incident beam in its state of polariZation is 
knoWn to have been re?ected from a surface deeper than an 
the nerve ?ber layer surface 16. Conventional confocal 
topographical mapping is enhanced by discarding this light 
information, Which represents false data. Mechanically this 
is done by scanning across the entire surface of the nerve 
?ber layer in progressively deeper focal planes and gener 
ating an intensity map, and repeating for consecutively 
deeper layers. The analyZer 68 includes a ?lter polariZed 
parallel to the incident beam, attenuating light of other 
polariZation states, and the computer stores an intensity map 
for each plane. These maps are softWare-overlaid, and the 
brightest return plane for each point across the fundus is 
considered to be the depth of the front of the nerve ?ber layer 
at that point. This can actually be done With a single scan by 
using tWo confocal detectors focused just to the far and near 
sides of the anterior surface, respectively, and interpolating 
from the relative intensities at each point. 

[0059] The potential information that can be gleaned from 
the interior of the eye utiliZing corneal compensation is 
considerable. For eXample, topographic maps of deeper 
layers of the eye than the surface of the nerve ?ber layer can 
be made by rejecting the light in the polariZation state of the 
initial beam, rather than vice-versa. 

[0060] Returning from tomography to thickness mapping 
again, the same setup shoWn in FIG. 4 used for topographic 
map-making can be used to produce an enhanced nerve ?ber 
thickness map. ApolariZation rotator 70 is interposed in the 
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light path of the incident or return diagnostic beam, or both. 
A second detector 69 measures the absolute intensity of the 
return diagnostic beam independent from its polarization 
state. Referring to FIGS. 5 & 6, the retinal nerve ?ber layer 
14 comprises an array of radially arranged nerve ?bers 72 
Which converge to form the optic papilla 74. The ?bers are 
about half the diameter of the Wavelength of visible light in 
Width. Because the array exhibits local parallelism and 
Wavelength-order-of-magnitude spacing, it eXhibits direc 
tional birefringence. 

[0061] It is illuminated With linearly polariZed light, and 
the re?ected light from the fundus is passed through an 
analyZer With an orthogonally polariZed ?lter 68 to a pho 
todetector or collector. The states of polariZation of the 
incident beam and the ?lter are diagrammed at 76 and 78. A 
cross pattern of brightness, indicated at 80, Will appear at the 
detector. There Will be darkness along the polariZation aXes 
of both the incident light beam and the analyZer ?lter. The 
bright arms correspond to areas of the nerve ?ber layer 
having ?ber orientation rotated 45 degrees to either side of 
the polariZation aXis of the incident beam and the analyZer 
?lter. The bright portions of the cross provide an accurate 
indication of the thickness of the nerve ?ber layer at these 
points, as substantial change in polariZation caused by 
substantial nerve ?ber layer thickness Will shift the polar 
iZation of the light adequately to pass through the analyZer 
polariZation ?lter. 

[0062] In order to obtain a best measurements, the polar 
iZation aXes of the incident beam and analyZer ?lter are 
synchronously rotated through 90 degrees, Which constitutes 
a complete rotation cycle, With a brightness reading taken 
about every 2 degrees, for every point on the fundus that Will 
appear on the map. The polariZation aXis can be held at one 
orientation (actually rotating through 2 degrees) While the 
entire fundus is scanned and then “incremented” 2 degrees 
for the neXt scan until all test orientations of the polariZation 
ads have been sampled for the entire ?eld. Or, in reverse, 
completing a full polariZation aXis rotation cycle at each 
point on the fundus before moving on. 

[0063] The brightest return beam is thus picked up for 
every point in the ?eld. These brightest points are cumulated 
and formed into an intensity map corresponding point-to 
point to the relative thickness of the fundus. 

[0064] The second photodetector 69 is used to measure the 
total amount of re?ected intensity of the return diagnostic 
beam at the corresponding points on the fundus. By nor 
maliZing the intensity values obtained With the ?rst photo 
detector 67 With the corresponding intensity values obtained 
With detector 69, absolute changes in the state of polariZa 
tion of the return diagnostic beam are calculated. This 
permits variations in return beam intensity caused by factors 
other than polariZation shifting to be factored out of the ?nal 
data. 

[0065] A substantially identical technique With different 
computer handling of data produces a nerve ?ber orientation 
map. The orientation of maXimum return beam intensity at 
each point represents alignment of the beam and ?lter 
polariZation aXes With the optic aXis of the nerve ?ber layer. 

[0066] An eXample of an implementation of a preferred 
embodiment of the invention is illustrated in FIG. 8. To 
avoid confusion betWeen parts in various embodiments 
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having overlapping or different functions, the elements in 
FIG. 8 are assigned fresh numbers even though they may be 
substantially parallel to elements previously illustrated. 

[0067] A polariZed diode laser 82 of Wavelength 780 nm 
acts as the light source of the instrument. Although light of 
any Wavelength that passes the ocular media can be 
employed, a diode laser of Wavelength 780 nm is an eXcel 
lent compromise betWeen optical performance, patient com 
fort, and laser safety. The linearly polariZed laser light 84 is 
focused by the coupling lens 86 onto a polariZation main 
taining, single-mode optical ?ber 88. The diverging light 
beam 90 emerging from the optical ?ber impinges upon the 
beam splitter 92. 

[0068] The beam splitter 92 may be a polariZing beam 
splitter, a non-polariZing beam splitter or a partially polar 
iZing beam splitter. In the described preferred embodiment, 
the beam splitter re?ects roughly 99% of light polariZed 
perpendicular to the plane of incidence, and it transmits 
about 85% of light polariZed parallel to the plane of inci 
dence. With the diverging light beam 90 emerging from the 
optical ?ber substantially being polariZed parallel to the 
plane of incidence, about 85% of the laser light impinging 
upon the beam splitter is transmitted and is collected by the 
lens 94 generating a collimated light beam 96. The colli 
mated light beam 96 is made convergent by the focusing lens 
98 Which is mounted onto the focus translation stage 104. A 
stepper motor 100 is used to move lens 98 by computer 
control. 

[0069] Consequently, the converging light beam 102 is 
de?ected by the resonant scanner 106 to scan in the hori 
Zontal direction at a frequency of about 4500 HZ and the 
galvanometer scanner 107 in the vertical direction at a 
frequency of about 30 HZ, generating a focused tWo-dimen 
sional laser raster 108. At each point of the scan, the scanned 
laser light penetrates a polariZation rotator, consisting of a 
half-Wave plate 70 and the stepper motor controlled drive 
mechanism 112. The polariZation rotator rotates the polar 
iZation aXis of the scanned converging light beam 114 
Without (geometrically) rotating the tWo-dimensional laser 
raster 108. Alternatively, a liquid crystal device or any other 
variable retarder can be used as a polariZation rotator. 

[0070] The focused tWo-dimensional laser raster 108 is 
imaged by the lens 116 onto the fundus 17 of the eye 11 
through the variable retarder 44, the cornea 10, the pupil 13 
and the crystalline lens 14. By moving lens 98, the focused 
raster scan pattern can be imaged onto different layers of the 
eye fundus 17. The illuminating light beam 118 is specularly 
re?ected from the internal limiting membrane 16 of the eye 
fundus, generating the specular re?ection light beam 119. 
The state of polariZation of the specular re?ection light beam 
119 is substantially identical to the polariZation state of the 
illuminating light beam 118, eXcept for a 180° phase shift 
occurring during specular re?ection. The remainder of the 
illuminating light beam 118 penetrates the form-birefringent 
retinal nerve ?ber layer 18 and is partially re?ected by 
retinal layers more posterior than the nerve ?ber layer, 
therefore effectively double-passing the retinal nerve ?ber 
layer 18 and forming the diffuse re?ection light beam 120. 
Because of the form-birefringent properties of the retinal 
nerve ?ber layer, the state of polariZation of the diffuse 
re?ection light beam 120 is changed compared to the state 
of polariZation of the illuminating light beam 118. 
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[0071] The specular re?ection light beam 119 and the 
diffuse re?ection light beam 120 eXit the eye 11 through the 
crystalline lens 14, the pupil 13 of the iris 12, and cornea 10, 
and travel back along substantially the same optical path as 
described above until they impinge upon the beam splitter 
92 Where they are separated from the diverging light beam 
90. Lens 94 focuses the specular re?ection light beam 119 
and the diffuse re?ection light bears 120 onto the pinhole 
aperture 122 Which is located at a plane conjugate to the eXit 
aperture of the optical ?ber 88, the plane of tile focused 
tWo-dimensional laser laster 108, and to the eye fundus 17. 

[0072] The specular re?ection light beam 119 and the 
diffuse re?ection light beam 120 passing through the pinhole 
are separated by the polariZing beam splitter 124 or a similar 
arrangement of polariZers and beam splitter. The polariZing 
beam splitter transmits all light that has a state of polariZa 
tion identical to the state of polariZation of the diverging 
light beam 90 alloWing it to be imaged onto photodetector 
126. Any light component that deviates in its state of 
polariZation from the state of polariZation of the diverging 
light beam 90 is re?ected by the beam splitter 124 and 
imaged onto photodetector 128. The output signals of the 
photodetectors 126 and 128 are ampli?ed by the ampli?ers 
130 and 132 and digitiZed by the analog-to-digital convert 
ers 134 and 136. The ampli?ed and digitiZed outputs of the 
photodetectors are then stored in a dual ported data memory 
138 Which is accessible by the computer 66 and the video 
image generator 142. 
[0073] A synchroniZation means 144 is triggered by the 
oscillating frequency of the resonant scanner 106 and gen 
erates the driving signal for the galvanometer scanner 107. 
In addition, the synchroniZation means 144 controls the 
memory location address Within the data memory 138 so 
that each ampli?ed and digitiZed output of each of the 
photodetectors can be correlated With the scan position of 
the resonant scanner 106 and galvanometer scanner 107 at 
the time of data sampling. Typically, 256 data samples of 
each of the photodetectors are acquired, digitiZed, and stored 
along one horiZontal scan line, and 256 scan lines at gradu 
ally changing vertical positions are acquired before the scan 
procedure is repeated. 
[0074] The video image generator 142 immediately reads 
the data samples from the dual ported data memory 138 and 
generates a video image that is displayed on a liquid crystal 
display device 146. 
[0075] In parallel to the data acquisition process described 
above, the ampli?ed output signals of the photodetectors 
126 and 128 are analyZed by the anterior segment compen 
sation analyZer 148. 
[0076] Assuming that there Would be no polariZation 
effect of the anterior segment of the eye, then a specular 
re?ection light beam 119 Would substantially shoW the same 
state of polariZation as the diverging light beam 90, and, 
therefore Would be completely imaged onto photodetector 
126. Light imaged onto photodetector 128 Would consist 
only of the diffuse re?ection light beam 120. HoWever, as the 
anterior segment of the eye is polariZing, the state of 
polariZation of the specular re?ection light beam 119 is 
changed, ie there Will be an additional component of light 
detected by photodetector 128, and the output signal of 
photodetector 126 Will be reduced. 

[0077] The variable retarder 44 is a combination of a 
plurality of ?Xed optical retarders, including a layer of liquid 
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crystal material 121. The variable retarder 44 can be rotated 
along its aXis via a motor 150 and a drive belt 152. A 
proXimity sWitch 154 located in the tabletop 156 automati 
cally detects the position of the eye disease examination 
device 174 in order to determine if the left or right eye is 
being eXamined. The left/right eye signal of the proXimity 
sWitch 154 is used to control the motor 150 Which rotates the 
variable retarder 14 so that the optic aXis of the variable 
retarder substantially coincides With the optic aXis of the 
cornea 10 of the human eye, Which is about 15° nasally 
doWnWard. 

[0078] A varying voltage signal generated by the polar 
iZation voltage generator 160 and applied to the variable 
retarder 44 varies the polariZation properties of the liquid 
crystal layer 121 and, therefore, the amount of change in the 
state of polariZation introduced to a light beam passing 
through the variable retarder. Other ?Xed or variable retard 
ers or combinations thereof, i.e. Pockets cell, Kerr cell, 
Soleil-Babinet retarders, combinations of rotating ?Xed 
retarders, etc., could be employed instead of the liquid 
crystal cell described in this preferred embodiment. 

[0079] Aclosed loop circuit 149 changes the output of the 
polariZation voltage generator 160 until the signal output of 
photodetector 126 is maXimiZed and the signal output of 
photodetector 128 is minimiZed. At this status, the amount of 
change in the state of polariZation introduced to a light beam 
passing through the anterior polariZation compensator effec 
tively cancels the amount of change in the state of polar 
iZation introduced to the same light beam passing through 
the anterior segment of the eye. 

[0080] Once the anterior segment polariZation effects are 
cancelled, the signal outputs of photodetectors 126 and 128 
can be used to analyZe the topography and the thickness of 
the retinal nerve ?ber layer. 

[0081] Compensation is done automatically With real-time 
feedback, but is required only once at the beginning of a 
scanning session rather than having to be updated for every 
scanned point. Although anterior segment retardation varies 
someWhat from point-to-point across the cornea, only one 
point is penetrated by the diagnostic beam in a scanning 
session. 

[0082] In another eXample of an apparatus that can gen 
erate a continuously updated thickness map of the retinal 
nerve ?ber layer, the polariZation rotator 70 is removed and 
the variable retarder 44 is automatically adjusted so that the 
retardation introduced by the variable retarder and the 
anterior segment is 90°. Then, the combination of variable 
retarder 44 and anterior segment Would represent a quarter 
Wave retarder transforming the linearly polariZed light of the 
converging beam 114 into circularly polariZed light. (This 
can also be accomplished by inserting a quarter-Wave plate 
117 into the optical pathWay and compensating the anterior 
segment as described before.) 

[0083] Light re?ected from the eye fundus 17 Without a 
change in its state of polariZation passes through the com 
bination of the anterior segment and variable retarder 44 and 
is transformed back into linearly polariZed light With its 
polariZation aXis rotated by 90° With respect to the polariZ 
ing aXis of the diverging light beam 90. This light Will be 
detected by photodetector 128. Any light that Was changed 
in its state of polariZation due to the retinal nerve ?ber layer 
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Will be detected by photodetector 126. Using electronic 
circuitry 148 performing basic mathematical transforma 
tions betWeen the data signals from the photodetectors 126 
and 128, a real time thickness map of the retinal nerve ?ber 
layer under examination can be produced and displayed on 
the LCD monitor 146. 

[0084] In the drawings, beginning With FIG. 9, the physi 
cal manifestation of the retinal eye disease diagnostic system 
174 in accordance With the principle of the present invention 
is displayed. The eye disease diagnostic system is contained 
in a housing 175 that encloses the optical components, the 
laser 82, the focusing mechanism 104, the electronic circuit 
boards and the liquid crystal display monitor 146. The 
housing 175 is mounted on a cross-slide base 190 and sits on 
top of the tabletop 156 that, in turn is supported by a 
commercially available instrument stand. The tabletop 156 
also supports the chin rest 172 With ?xation light 194 and the 
poWer supply 192. 

[0085] The layout of the patient, the operator, and the 
apparatus in a typical examination situation is diagrammati 
cally illustrated in FIG. 13. The patient uses seat 170 and 
rests his/her chin on the chin rest 172 of the apparatus 174, 
as can best be visualiZed in FIG. 10. The patient is asked to 
look at the external ?xation light 194 or, alternatively at an 
internal ?xation light Within the apparatus 174. A ring 
projector 200 is illuminated by a light bulb 201 and projects 
an annular light beam 204 Which is imaged by lens 116 onto 
the front of the patient’s eye 11 creating a centering light 
ring 186 coaxial With the (invisible) laser beam 118. The 
operator can move the apparatus 174 sideWays, forWard, and 
backWards by tilting the joystick control 178 to the desired 
direction. By rotating the joystick control 178, the apparatus 
can be raised or loWered With respect to the patient’s eye. 
The operator adjusts the apparatus using the joystick control 
178 until the centering light ring 186 is centered around the 
patient’s pupil and is focused onto the patient’s cornea 10. 
Because it is a ring, it encircles but does not touch the pupil 
13 and is not seen by the patient. It does not cause the pupil 
to contract, as otherWise visibility and beam access to the 
eye Would be compromised. 

[0086] As soon as the centering light ring 186 is centered 
around the pupil 13, the laser Abeam 118 of the apparatus 
can enter the eye, and light re?ected from the eye fundus 17 
is detected as described above. The light detected is dis 
played on the LCD 146 Which is implemented in the front of 
the apparatus 174, therefore alloWing the operator to observe 
the live retinal image on the LCD 146 and the patient’s eye 
substantially simultaneously, Without having to look to the 
side of the CRT monitor 63 Which Would be distracting to the 
eye examination procedure. The CRT display may be 
coupled to the operation of the apparatus in real time, or With 
a slight delay. 

[0087] Observing the image of the eye fundus on the LCD 
monitor 146, the operator can focus the image With the focus 
control 196 Which moves lens 98 along its axis. The ?eld of 
vieW can be changed by selecting the desired ?eld of vieW 
With the ?eld of vieW selector sWitch 199. Changing the 
setting of this sWitch substantially changes the amplitude of 
oscillation of the resonant scanner 106 and galvanometer 
scanner 107. 

[0088] The operator can adjust the area of the eye fundus 
to be examined horiZontally by sWinging apparatus 174 to 
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the left or the right, and vertically by turning the vertical 
adjustment knob 198 Which electronically controls a bias 
voltage applied to the galvanometer scanner 107 causing the 
focused laser scan raster 108 to be moved vertically. 

[0089] It should be clear to a person trained in the art that 
the functions of horiZontal and vertical alignment could also 
be achieved by mechanical means like tilting the apparatus 
174. With the use of appropriate adapters, the apparatus 
could also be mounted to existing ophthalmic equipment 
like slitlamp biomicroscopes or fundus cameras. 

[0090] It should also be clear that, for the functions 
described in this disclosure, the apparatus 174 could be a 
hand-held apparatus Without the need for a cross-slide base 
190 or chin rest 172. Such an apparatus is shoWn in FIG. 18, 
Wherein the entire unit is about the siZe of large binoculars 
and is held and stabiliZed by the patient. All beam generat 
ing, scanning and detecting functions take place inside the 
compact housing 206 Which is held by the doctor 208. Focus 
knob 210 and a starter sWitch button 212, obscured in FIG. 
18 by the doctor’s hand, are all the controls needed since the 
other adjustments of the console model can be made by body 
movement. The information signal outputs to a processor 
through a cable 214, alternative to having on-board non 
volatile storage media and drive. 

[0091] In summary, using the illustrated systems and 
described methods, three basic types of measurements are 
possible, producing three different maps. These are, (1) 
nerve ?ber layer surface topography, (2) nerve ?ber layer 
thickness, and (3) nerve ?ber orientation. 

[0092] The ?rst measurement produces improved results 
over existing techniques, Whereas the second and third 
techniques, thickness and ?ber orientation mapping, repre 
sent neW tools in eye disease diagnosis and, in many cases, 
provide clinically signi?cant and useful data for the ?rst 
time. 

[0093] TWo detector systems are shoWn, the ellipsometer 
of FIG. 2 and the 6-polariZer array of FIG. 3 (actually just 
another Way to make an ellipsometer). Either could be used 
in any of the described techniques, and many other con?gu 
rations can be arranged. 

[0094] Any of the setups can be modi?ed for confocal 
detection or not, confocal detection only being necessary in 
tomographic mapping. Modulation of one or both of the 
incident and return modulation beams, by rotation of the 
polariZation axis produces more accurate and highly 
resolved thickness maps, and is necessary in ?ber orienta 
tion mapping, but is less useful in tomography as light 
altered at all in its polariZation state is discarded. 

[0095] The feasibility of all of the disclosed diagnostic 
techniques and equipment depends on the polariZation char 
acteristics of the ocular fundus, and further depend on the 
compensating capability of the corneal polariZation com 
pensator to produce the most useable results. These polar 
iZation-based diagnostic techniques contribute substantially 
to repertory of tools and techniques used to accurately 
diagnose diseases of the eye, and especially for the early 
diagnosis of glaucoma. 

[0096] The ?rst technique results in topographic images 
Which are greatly enhanced in resolution and accuracy 
compared to topographic maps produced by currently used 
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methods. The second and third procedures, nerve ?ber layer 
thickness mapping and ?ber orientation map production, go 
beyond improvements to existing techniques and represent 
neW tools in eye disease diagnosis. The results of these tests 
provide information previously unavailable to the medical 
profession. For the ?rst time, detailed, to high-resolution, 
accurate displays of the nerve ?ber layer thickness, the 
Wellspring of glaucoma diagnosis source data, and a map 
tracing the actual physical connection betWeen speci?c 
nerves and blind spots in the ?eld of vision characteristic of 
optic nerve deterioration, are available to the diagnostician. 

[0097] In addition, polariZation information could be used 
directly for diagnosing diseases by probing other parts of the 
eye. The discussion thus far has centered around cancelling 
the polariZation effect of the anterior segment, but this could 
be reversed. For example, the voltage required to null the 
effect of the anterior segment correlates With corneal polar 
iZation shifting, so the voltage generated by the polariZation 
voltage generator 160 to compensate for the cornea polar 
iZation could be sampled, transformed into the respective 
retardation value of the anterior segment and used to cal 
culate the thickness, density or stress of the cornea and/or 
the lens. 

[0098] Although the apparatus is disclosed for use in 
diagnosing eye disease, it could be adapted for use in any 
situation presenting similar challenges, ie where an accu 
rate depth or thickness measurement or tomographic map 
ping is required, but the object or region being mapped is 
sub-surface and is itself birefringent, or borders on a bire 
fringent medium. For example, other parts of the body than 
the eye could be subjected to the same technique. 

[0099] There may be industrial uses as Well, although the 
in vivo requirement de?nes much of the challenge met by 
the invention, since the object of investigation cannot be 
dismantled. In situations in Which post-manufactured mea 
surements are required for quality control, for example, the 
technique might have application. The thicknesses of layers 
of an integrated circuit could be ascertained. A test Work 
place With semi-transparent layers and one or more birefrin 
gent layers could be laid up to establish the viability of a 
production technique. In situations in Which X-ray exami 
nation, magnetic resonance imaging, and other sub-surface 
probing techniques might not Work, polariZation-principle 
probes of the general nature of those described might be 
useful. 

[0100] FIG. 18 shoWs the logic for automatically directing 
and focussing the diagnostic beam onto the optic nerve in the 
fundus in response to a technician simply directing a visible 
guide beam onto the patient’s pupil. Thus, the present logic 
avoids the need for a technician to knoW What a fundus looks 
like to direct an invisible diagnostic beam thereon; instead, 
the technician need only direct a visible guide beam (that is 
generally colinear With the diagnostic beam) onto a portion 
of the eye (the pupil) that is easily recogniZable to the 
technician’s naked eye. 

[0101] The How charts herein illustrate the structure of the 
logic of the present invention as embodied in computer 
program softWare. Those skilled in the art Will appreciate 
that the How charts illustrate the structures of logic elements, 
such as computer program code elements or electronic logic 
circuits, that function according to this invention. Mani 
festly, the invention is practiced in its essential embodiment 
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by a machine component that renders the logic elements in 
a form that instructs a digital processing apparatus (that is, 
a computer) to perform a sequence of function steps corre 
sponding to those shoWn. 

[0102] In other Words, at least portions of the How chart 
shoWn in FIG. 18 may represent a computer program that is 
executed by a processor Within a computer as a series of 
computer-executable instructions. These instructions may 
reside, for example, in RAM of the computer 66, or the 
instructions may be stored on a DASD array, magnetic tape, 
hard disk drive, electronic read-only memory, or other 
appropriate data storage device. In an illustrative embodi 
ment of the invention, the computer-executable instructions 
may he lines of compiled C++ compatible code, or any other 
machine code. 

[0103] Commencing at block 300, a technician directs a 
guide beam onto the visibly central portion, i.e., the pupil 13, 
of the eye of the patient by, e.g., moving the joystick 178 
mentioned above. The guide beam consists of one or more 
pinpoint beams or an annular beam that surrounds the pupil, 
and it is colinear With the invisible diagnostic beam of the 
optics system disclosed above. As the guide beam is directed 
onto the pupil, the diagnostic beam is directed along the 
guide beam into the eye. In accordance With prior disclosure, 
the diagnostic beam is re?ected from the eye fundus 17, and 
the re?ected beam is detected by a detector Which generates 
an image signal in response thereto, With the image signal 
being sent to a computer, e.g., the computer 66, for analysis. 

[0104] The image of the fundus is received at block 302. 
Moving to block 304, the present invention focusses the 
diagnostic beam onto the optic. This focussing can be done 
manually bit turning the focus control 196 (FIG. 10) to 
move a focussing lens, e.g., the lens 98 (FIGS. 8 and 12) to 
thereby focus the diagnostic beam onto the optic nerve. 
Proper focus is indicated When the intensity of the signal 
from the detector is maximiZed. For instance, When the 
detector incorporates an ampli?er having automatic gain 
control (AGC), the AGC seeks to minimiZe the ampli?er 
gain at block 306 and thereby focus the system. 

[0105] Or, the above-mentioned focussing steps can be 
undertaken automatically. More particularly, at block 304 
the computer 66 can generate a focus signal to cause, e.g., 
the focus control 196 (FIG. 10) to move a focussing lens, 
e.g., the lens 98 (FIGS. 8 and 12) to thereby focus the 
diagnostic beam onto the optic nerve. In undertaking the 
focussing step, the logic varies the focus until the intensity 
of the signal from the detector is maximiZed, or until the gain 
of the detector ampli?er is minimiZed under AGC control. 
As still another alternative, focus can be indicated When 
Width of the nerve ?ber lines in the image from the detector 
is minimiZed. 

[0106] Then, at block 308 diagnostic scans are undertaken 
as discussed previously. These scans encompass a relatively 
large angle, e.g., about forty degrees (40°). With this Wide 
scan angle, When the guide beam is directed at the pupil, the 
diagnostic beam Will be directed sufficiently close to, if not 
on, the optic nerve location, i.e., the center of the fundus. 

[0107] As recogniZed by the present invention and shoWn 
in FIGS. 5 and 6, the fundus includes nerve ?bers 74 that 
converge to establish the optic nerve (papilla) 74. With this 
in mind, at block 310 in FIG. 18 the present logic receives 
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the image signal and identi?es the center of the fundus 
(generally, the optic nerve) as being the convergence point 
of the nerve ?ber lines in the image signal. 

[0108] Having identi?ed the optic nerve, the logic moves 
to block 311 to output an image of the fundus centered on the 
optic nerve. The output image encompasses an angle, from 
end to end, that is less than the angle covered by the scan. 
Thus, even When the diagnostic beam is not centered on the 
optic nerve, it Will be suf?ciently close to it, When the guide 
beam is directed on the pupil, to enable the generation of an 
image centered on the optic nerve. 

[0109] Alternatively, if desired, the computer can generate 
a steering signal that is used by, e.g., a stepper motor that is 
coupled to the joystick 178 (FIGS. 10 and 11) to move the 
joystick 178 and thereby move the diagnostic beam directly 
onto the optic nerve 74, if the diagnostic beam is not already 
directed precisely thereon. Thus, the skilled artisan can noW 
appreciate that the diagnostic beam initially is directed 
someWhere near the optic nerve When the technician directs 
the guide beam onto the pupil, With ?nal steering of the 
diagnostic beam directly onto the optic nerve being under 
taken by the computer 66, if desired. 

[0110] While the above disclosure contemplates analysis 
of the data by a computer 66 that is local to the optics 
system, the present invention envisions a system Wherein an 
optics and detection system as disclosed above generate a 
signal that is transmitted off-site to a remote computer for 
analysis. By “remote” is meant off-site, i.e., not located in 
the same facility as the optics and detection systems. 

[0111] FIG. 19 shoWs such a system, generally designated 
312. An optics system 314 With detector 316 are in all 
essential respects identical in con?guration and operation to 
the above-described optics systems With detector. As shoWn 
in FIG. 19, hoWever, the signal from the detector 316 is sent 
to a transmission circuit 318 for transmission of the signal 
via a communication link 320 to a remote reception circuit 
322. The link 322 can be a radiofrequency (rf) link, in Which 
case the transmission circuit 318 and reception circuit 322 
are conventional radio transceivers. Or, the link 322 can be 
telephone Wire, optical ?bers, or coaXial cable, in Which case 
the transmission circuit 318 and reception circuit 322 
include modems and other conventional transmission and 
reception circuitry knoWn in the art. 

[0112] The received signal is sent from the reception 
circuit 322 to a computer 324 that is remote from the optics 
system 314, i.e., that is in a facility that is distanced from the 
optics system 314. The computer 324 analyZes the image 
data and outputs the analysis on a video monitor 326 or other 
output device 328. 

[0113] In analyZing the image data the computer 324 
accesses a normative database 330. The normative database 
330 contains data that is useful for comparing the image data 
from a patient to a set of data derived from a population of 
“normal” people of the patient’s age, gender, and/or race. As 
recogniZed by the present invention, What constitutes a 
“normal” retinal image depends on one or more of the above 
factors, particularly age and race. Accordingly, the computer 
324 compares the received image data against the appropri 
ate race-normaliZed data from the database 330 to output a 
signal representative of Whether the image data being ana 
lyZed is “normal”. 
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[0114] As an alternative to the remote computer system 
312 shoWn in FIG. 19, FIG. 20 shoWs a system, generally 
designated 332, in Which an optics system 334 and associ 
ated detector 336 generate image signals for analysis thereof 
by a local computer 338. The user of the system 332 must 
purchase or license a normative database that is contained on 
a computer data storage medium 340, e.g., a so-called 
“smart card” that is accessible to the computer 338, to 
facilitate normaliZation of the image data. 

[0115] While the particular EYE EXAMINATION APPA 
RATUS EMPLOYING POLARIZED LIGHT PROBE as 
herein shoWn and described in detail is fully capable of 
attaining the above-described objects of the invention, it is 
to be understood that it is the presently preferred embodi 
ment of the present invention and is thus representative of 
the subject matter Which is broadly contemplated by the 
present invention, that the scope of the present invention 
fully encompasses other embodiments Which may become 
obvious to those skilled in the art, and that the scope of the 
present invention is accordingly to be limited by nothing 
other than the appended claims, in Which reference to an 
element in the singular is not intended to mean “one and 
only one” unless explicitly so stated, but rather “one or 
more”. 

What is claimed is: 
1. An apparatus for analyZing an eye having an anterior 

portion and a posterior portion, comprising: 

(a) a polariZed light source for producing an incident 
diagnostic beam of known state of polarization; 

(b) an optics system transmitting said incident diagnostic 
beam into an eye through the pupil, Where it is re?ected 
from the interior of the eye as a return diagnostic beam, 
the optics system collecting said return diagnostic beam 
and directing same to a polariZation sensitive detection 

device; 
(d) a polariZation sensitive detection device for collecting 

and transducing information about the state of polar 
iZation of said return diagnostic beam into an electrical 
signal, the electrical signal being representative of the 
state of polariZation of the return diagnostic beam 
Whereby the electrical signal can be used to indicate the 
state of polariZation of the return beam; and 

(e) a transmitting circuit receiving the electrical signal and 
transmitting the signal to a computer. 

2. The apparatus of claim 1, further comprising a corneal 
polariZation compensator positioned and con?gured for 
modifying the polariZation of at least one of said diagnostic 
beams to thereby facilitate assessment of any alteration of 
the polariZation state of said return diagnostic beam caused 
by the polariZation properties of the posterior portion of the 
eye. 

3. The apparatus of claim 1, further comprising a com 
puter electrically connected to the detection device and 
including logic means for directing the diagnostic beam onto 
an eye of a patient, the logic means including: 

means for receiving an image signal representative of an 
image of a fundus of the patient, the signal being 
derived from the diagnostic beam, the fundus including 
an optic nerve location; and 

means for identifying the optic nerve location. 
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4. The apparatus of claim 3, wherein the optics system 
includes at least one focussing lens and the logic means 
further comprise means for generating a focus signal for use 
thereof in moving the focussing lens to focus the diagnostic 
beam onto the optic nerve location. 

5. The apparatus of claim 4, Wherein the fundus includes 
nerve ?bers de?ning respective Widths, and the means for 
generating a focus signal causes the focussing lens to move 
such that the Widths are minimiZed in the image signal. 

6. The apparatus of claim 1, Wherein the computer is 
remote from the optics system, and the computer accesses a 
normative database to compare the electrical signal to at 
least some elements in the database and to generate an 
analysis signal in response thereto 

7. The apparatus of claim 1, Wherein the computer is local 
to the optics system, and the computer accesses a removable 
computer memory device containing a normative database 
to compare the electrical signal to at least some elements in 
the database and to generate an analysis signal in response 
thereto. 

8. A computer program device comprising: 

a computer program storage device readable by a digital 
processing apparatus; and 

a program means on the program storage device and 
including instructions executable by the digital pro 
cessing apparatus for performing method steps for 
directing a diagnostic beam onto an eye of a patient, the 
method steps comprising: 

receiving an image signal representative of a fundus of 
the eye, the fundus including an optic nerve location; 
and 

in response to the image signal, generating one or more 
images of the eye, at least one of the images being 
centered on the optic nerve location in response to 
the image signal. 

9. The computer program device of claim 8, Wherein the 
image signal has an intensity, and the method steps include 
generating at least one control signal in response to the 
image signal, at least one of the control signals being a focus 
signal for causing a focussing lens to move such that the 
intensity of the image signal is maXimiZed. 

10. The computer program device of claim 9, further 
comprising a computer accessing a normative database to 
compare the image signal to at least some elements in the 
database and to generate an analysis signal in response 
thereto. 

11. The computer program device of claim 10, further 
comprising a removable computer memory device contain 
ing the normative database. 

12. A method for diagnosing maladies of an eye, com 
prising: 

directing at least one guide beam toWard a pupil of the 
eye; 

transmitting at least one diagnostic beam along the guide 
beam; 

receiving at least one re?ection of the diagnostic beam; 

transforming the re?ection into an image signal; and 

based on the image signal, focussing the diagnostic beam 
onto an optic nerve location in the eye. 
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13. The method of claim 12, further comprising identi 
fying the optic nerve location in the image signal, and 
producing an image of the eye centered on the optic nerve 
location in response thereto. 

14. The method of claim 13, comprising: 

providing an optics system including at least one focus 
sing lens; and 

generating a focus signal for use thereof in moving the 
focussing lens to focus the diagnostic beam onto the 
optic nerve location. 

15. The method of claim 14, Wherein the image signal has 
an intensity, and at least one of the control signals is a focus 
signal for causing a focussing lens to move such that the 
intensity of the image signal is maXimiZed. 

16. The method of claim 12, further comprising accessing 
a normative database to compare the image signal to at least 
some elements in the database and to generate an analysis 
signal in response thereto. 

17. The method of claim 16, Wherein the comparison is 
undertaken at a location remote from the eye. 

18. In a diagnostic system using polariZed light in the 
diagnosis of eye disease, an anterior eye segment polariZa 
tion compensator comprising: 

(a) a source of light for producing an incident compen 
sation beam in a knoWn state of polariZation; 

(b) a transmitting means for directing said incident com 
pensation beam through the anterior segment of the eye 
to be re?ected by regions of the eye more anterior than 
the cornea, to form a re?ected compensation beam 
exiting the eye along an optical pathWay substantially 
aligned With the incident compensation beam; and, 

(c) a variable retarder optically interposed in said optical 
pathWay. 

19. A compensator according to claim 18 and including 
compensator monitoring means to determine the degree of 
combined polariZation shift from said incident compensa 
tion beam as it double-passes the variable retarder and the 
anterior segment of the eye to eXit said variable retarder as 
said re?ected compensation beam, such that any alteration 
of the state of polariZation of said re?ected beam from the 
state of polariZation of said incident beam caused by the 
anterior segment of the eye can be neutraliZed by adjusting 
said variable retarder. 

20. The compensator according to claim 18 and including 
a polariZing beamsplitter, and said incident compensation 
beam is linearly polariZed by being passed through said 
polariZing beamsplitter from a ?rst side thereof, and said 
re?ected beam is re?ected from a second side of said 
polariZing beamsplitter and focused on a photodetector and 
including a quarter-Wave retarder in said optical passageWay 
such that When said variable retarder is set properly, said 
photodetector detects maXimum intensity When said variable 
retarder has compensated for the polariZation of said anterior 
segment if the eye. 

21. The compensator according to claim 20 and including 
a reticulated diffraction grating disposed in the incident 
compensation beam to fragment said incident compensation 
beam into a plurality of sub-beams. 

22. The compensator according to claim 18 and including 
a polariZation sensitive device comprising an ellipsometer 
emitting an incident diagnostic beam along a path through 
said variable retarder and Which is re?ected as a return 




