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(57) ABSTRACT 

An ophthalmic error measurement system includes a pro 
jecting optical system delivering light onto a retina of an 
eye, a pre-correction system Which compensates a light 
beam to be injected into the eye for aberrations in the eye, 
the pre-correction system being positioned in betWeen the 
projecting optical system and the eye, an imaging system 
Which collects light scattered by the retina, and a detector 
receiving light returned by the retina from the imaging 
system. Use of the pre-correction system alloWs the end-to 
end aberrations of the ocular system to be analyzed. The use 
of a pre-correction system also alloWs use of a minimized 
spot siZe on the retina, and all of its attendant advantages. 
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DYNAMIC RANGE EXTENSION TECHNIQUES 
FOR A WAVEFRONT SENSOR INCLUDING USE IN 

OPHTHALMIC MEASUREMENT 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority under 35 
U.S.C. §119 to US. Provisional Patent Application No. 
60/182,088 ?led on Feb. 11, 2000, the entire contents of 
Which are hereby incorporated by reference for all purposes. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention is directed to measurement 
of the refractive error in the eye, more particularly to 
methods and techniques for compiling a topographic map 
ping of these refractive errors. 

[0004] 2. Description of Related Art 

[0005] Measurements of aberrations in an eye are impor 
tant for diagnosis of visual defects and assessment of acuity. 
These measurements and their accuracy become increas 
ingly important in light of the groWing number of Ways, both 
surgical and non-surgical, that aberrations can be corrected. 
These corrections rely on accurate, precise measurements of 
the entire ocular system, alloWing successful screening, 
treatment and folloW-up. Enhancements in the accuracy of 
ocular measurements may aid in improving the identi?cation 
of patients in need of correction and the performance of the 
correction itself. 

[0006] There are a number of current methods used to 
measure performance of the ocular system. The most Widely 
used and Well established are psycho-physical methods, i.e., 
methods relying on subjective patient feedback. The oldest 
of the psycho-physical methods is the foreopter or trial lens 
method, Which relies on trial and error to determine the 
required correction. There are psycho-physical methods for 
measuring visual acuity, ocular modulation transfer func 
tion, contrast sensitivity and other parameters of interest. 

[0007] In addition to these subjective methods, there are 
also objective methods for assessing the performance of the 
ocular system. Such objective methods include corneal 
topography, Wavefront aberrometry, corneal interferometry, 
and auto-refraction. Many of these methods only measure 
the contribution of speci?c elements to the total refractive 
error. For example, much Work has been directed to mea 
suring the topography of the cornea and characteriZing the 
corneal layer. HoWever, the corneal shape only contributes 
about 30-40% of the total refractive error in most cases. In 
order to measure the bulk of the refractive error and to 
provide a complete mapping for diagnosis and correction, 
additional information and measurements are needed. 

[0008] Another method for determining the refraction of 
the eye is auto-refraction, Which uses a variety of techniques 
to automatically determine the required corrective prescrip 
tion. These automated techniques include projecting one or 
more spots or patterns onto the retina, automatically adjust 
ing optical elements in the auto-refractor until the desired 
response is achieved, and determining the required correc 
tion from this adjustment. HoWever, auto-refractors are not 
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considered especially reliable. Further, auto-refractors mea 
sure only loWer order components of the aberrations, e.g., 
focus and astigmatic errors. 

[0009] Recently, the eye has started being considered as an 
optical system, leading to the application of methods pre 
viously used for other optical systems to the measurement of 
the eye. These methods include interferometry and Shack 
Hartmann Wavefront sensing. These techniques are of par 
ticular interest because they measure the complete aberra 
tions of the eye. This additional information alloWs 
measurement of non-uniform, asymmetric errors that may 
be affecting vision. Further, this information may be linked 
With any of the various corrective techniques to provide 
improved vision. For eXample, U. S. Pat. No. 5,777,719 to 
Williams describes the application of Shack-Hartmann 
Wavefront sensing and adaptive optics for correcting ocular 
aberrations to make a super-resolution retina-scope. US. 
Pat. No. 5,949,521 to Williams et al. describes using this 
information to make better contacts, intra-ocular lenses and 
other optical elements. 

[0010] Wavefront aberrometry measures the fall, end-to 
end aberrations through the entire optics of the eye. In these 
measurements, a spot is projected onto the retina, and the 
resulting returned light is measured With an optical system, 
thus obtaining a full, integrated, line-of-sight measurement 
of the eye’s aberrations. Akey limitation of the instruments 
used in these measurements is the total resolution, Which is 
ultimately limited by the lenslet array of the instrument. 
HoWever, selection of the lenslet array is itself limited by 
several factors, most importantly the siZe of the spot pro 
jected onto the retina. 

[0011] A schematic illustration of the basic elements of a 
tWo dimensional embodiment of a Shack-Hartmann Wave 
front sensor is shoWn in FIG. 2. A portion of an incoming 
Wavefront 110 from the retina is incident on a tWo-dimen 
sional lenslet array 112. The lenslet array 112 dissects the 
incoming Wavefront 110 into a number of small samples. 
The smaller the lenslet, the higher the spatial resolution of 
the sensor. HoWever, the spot siZe from small the lenslet, due 
to diffraction effects, limits the focal length that may be 
used, Which in turn leads to loWer sensitivity. Thus, these 
tWo parameters must be balanced in accordance With desired 
measurement performance. 

[0012] Mathematically, the image on the detector plane 
114 consists of a pattern of focal spots 116 With regular 
spacing d created With lenslets 112 of focal length f, as 
shoWn in FIG. 3. These spots must be distinct and separate, 
i.e., they must be readily identi?able. Thus, the spot siZe p 
cannot eXceed 1/2 of the separation of the spots. The spot 
separation parameter NFR can be used to characteriZe the 
lenslet array 12 and is given by: 

(1) 

[0013] The relationship betWeen the siZe of a lens and the 
focal spot it creates, Where 9» is the Wavelength of the light, 
is given by: 
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_ fA (2) 
p _ 1.227 

[0014] for a round lens or 

_ & <3> 
p _ d 

[0015] for a square lens. Thus, for a square lens, the 
separation parameter can be given by: 

d2 (4) 
5 

[0016] This is also known as the Fresnel number of the 
lenslet. To avoid overlapping focal spots, NFR>2. In practice, 
the Fresnel number must be someWhat greater than tWo to 
alloW for a certain dynamic range of the instrument. The 
dynamic range of a Shack-Hartmann Wavefront sensor can 
be de?ned as the limiting travel of the focal spot such that 
the edge of the spot just touches the projected lenslet 
boundary, given by: 

[0017] Thus, the dynamic range is directly proportional to 
the separation parameter and the lenslet siZe. 

[0018] A particularly useful arrangement for a Shack 
Hartmann Wavefront sensor ocular measuring system places 
the lenslet array in an image relay optical system at a plane 
conjugate to the pupil or corneal surface. In this con?gura 
tion, the spot siZe on the detector of the Wavefront sensor is 
given by: 

1 fL (7) 

[0019] Where M is the magni?cation of the imaging optics, 
fL is the focal length of the lenslet array, fe is the focal length 
of the eye and p1 is the spot siZe on the retina. 

[0020] Comparing Equations (5) and (7), it is evident that 
the dynamic range of the Wavefront sensor is limited by the 
siZe of the spot p1 projected on the retina. For a practical 
system, the dynamic range must be able to resolve errors in 
the optical systems. Thus, the dynamic range is a key limited 
parameter of the entire system design. In previous imple 
mentations of the Shack-Hartmann Wavefront sensor used 
for ocular measurement, the dynamic range has been 
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increased by increasing the siZe of each lenslet. HoWever, 
the eye itself can have signi?cant aberrations. Thus, any 
beam projected into the eye Will become aberrated, spread 
ing the focal spot and increasing the spot siZe p1 on the 
retina. 

[0021] Various techniques have been implemented to 
address this problem. A small diameter beam has been used 
so that the total Wavefront error is minimiZed across the 
injected beam. Another proposed solution projects the light 
into the eye at the focal point of a long focal length lens, 
operating as a ?eld lens so that the siZe of the focal spot is 
not affected by the eye aberrations. In practice, for both of 
these cases, the beam is still someWhat large and is increased 
in siZe by the aberrations of the ocular system. 

[0022] Another limitation on the dynamic range of the 
system is the sampling siZe. With a large spot on the retina, 
the sample siZe of the Wavefront sensor must be increased to 
alloW even a minimal dynamic range to be realiZed. For 
ocular systems With strong aberrations, such as found in 
people With large astigmatism or for those having undergone 
LASIK, the aberrations over each lenslet are sufficient to 
degrade the lenslet focal spot. Thus, the system is limited not 
just by focal spot overlap, but by the fact that the focal spots 
themselves fade out or are dif?cult to track. Using a small 
sample siZe does not alloW sufficient light to be gathered, 
since the light is scattered by the retina into a large number 
of focal spots. Due to safety considerations, the input poWer 
may not be increased to compensate for this scattering. 

SUMMARY OF THE INVENTION 

[0023] The present invention is therefore directed to mea 
surement of refractive errors of an eye that substantially 
overcomes one or more of the problems due to the limita 
tions and disadvantages of measurements of the related art. 

[0024] It is an object of the present invention to measure 
the end-to-end aberrations of the eye With suf?cient accu 
racy and dynamic range in a practical manner. 

[0025] It is a further object of the present invention to 
project a light beam into an ocular system so as to minimiZe 
the siZe of the focal spot on the retina. 

[0026] It is another object of the present invention to use 
this smaller focal spot to alloW much greater sampling 
density of the ocular system, thereby enhancing the accuracy 
and dynamic range. 

[0027] It is yet another object of the present invention to 
make a practical, loW cost system, available for use in a 
clinical setting. 

[0028] At least one of the above and other objects may be 
realiZed by providing a system for measuring errors in an 
eye including a projecting optical system Which delivers 
light onto a retina of the eye, a pre-correction system Which 
compensates a light beam to be injected into the eye for 
aberrations in the eye, the pre-correction system being 
positioned in betWeen the projecting optical system and the 
eye, an imaging system Which collect light scattered by the 
retina, and a detector receiving light from the retina col 
lected by the imaging system. 

[0029] The detector may be a Shack-Hartmann Wavefront 
sensor, a shearing interferometer, a Moire de?ectometer, or 
other passive phase measurement systems. The pre-correc 
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tion system may include a telescope having at least one 
movable lens, ?xed lenses inserted at an intermediate image 
plane, adaptive optical elements, and/or a cylindrical tele 
scope. The pre-correction system may correct for focus 
and/or astigmatism errors in the eye. The telescope may be 
arranged so that a ?xed lens of the telescope is one focal 
length aWay from the eye. Components used in the pre 
correction system may also be used in the imaging system. 

[0030] The pre-correction system may include a feedback 
loop Which determines an appropriate pre-correction to be 
supplied by the pre-correction system. The feedback loop 
may include a detector receiving light returned from the 
retina, a processor comparing detected light With a desired 
feature of the light and adjusting at least one parameter of 
the pre-correction system in accordance With the compari 
son. The feedback loop may further include a return optical 
system for gathering the light from the retina. The return 
optical system may include the pre-correction system. The 
desired feature may be a minimiZed spot siZe on the retina. 

[0031] The system may include an aperture that limits the 
angular dynamic range of the system. The system may 
further include a polariZing beam splitter betWeen the eye 
and the Wavefront sensor. The system may include an aligner 
that determines an appropriate eye alignment of the system. 
The projecting optical system may provide light to the eye 
at an angle to a central axis of the eye. The system may 
include an additional optical system betWeen the detector 
and the eye. The system may include a poWer monitor Which 
monitors poWer of the light beam being injected in the eye. 
The system may include an eye position detection system 
including a target projected on the eye, a position detector 
sensing the eye, and an adjustment system Which adjusts a 
position of the system relative to the eye until the eye is in 
focus on the detector. 

[0032] These and other objects of the present invention 
Will become more readily apparent from the detailed 
description given hereinafter. HoWever, it should be under 
stood that the detailed description and speci?c examples, 
While indicating the preferred embodiments of the invention, 
are given by Way of illustration only, since various changes 
and modi?cations Within the spirit and scope of the inven 
tion Will become apparent to those skilled in the art from this 
detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] The foregoing and other objects, aspects and 
advantages Will be described With reference to the draWings, 
in Which: 

[0034] FIG. 1 is a schematic top vieW of the measurement 
system of the present invention; 

[0035] FIG. 2 is a schematic side vieW of the basic 
components of a Shack-Hartmann Wavefront sensor; 

[0036] FIG. 3 schematically illustrates the relationship 
betWeen the siZe of the lens, its focal length and the spot 
siZe; 
[0037] FIGS. 4A-4C schematically illustrate the spot siZe 
for different con?gurations; 

[0038] FIGS. 5A-5B schematically illustrate off-axis 
injection of the light into the eye and the blocking of the 
re?ected light from entering the Wavefront sensor; 
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[0039] FIG. 6 is a schematic illustration of a con?guration 
of the present invention using a ?xed telescope and an 
adjustable telescope; 

[0040] FIG. 7 is a schematic illustration of a con?guration 
of the present invention using a variable lens; 

[0041] FIG. 8 is a schematic illustration of a cylindrical 
telescope for use With the present invention; and 

[0042] FIG. 9 is a schematic illustration of a con?guration 
of the present invention using a corrective lens. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0043] As noted above, the key to designing a practical 
ocular Wavefront sensor system is hoW the light is injected 
into the eye. Since ocular refractive errors can be large, e.g., 
up to 20 diopters, the degradation of the injected beam can 
be signi?cant. Further, it is dif?cult to design a Wavefront 
sensor that has suf?cient range to directly measure an 
extremely large refractive error. In accordance With the 
present invention, the spot projected on the ocular system is 
predistorted in a manner that compensates for the eye’s 
fundamental aberrations. This alloWs the spot returned to the 
Wavefront sensor to be Well formed and minimally affected 
by the refractive errors. The small siZe of the spot alloWs 
small lenslets to be used While maintaining suf?cient 
dynamic range to measure even large, high order aberra 
tions. Since the light is tightly focused on the retina, the light 
is only scattered from a small region. When this small region 
is imaged onto the focal plane of the Wavefront sensor, the 
light is concentrated onto a small group of pixels. Thus, even 
though the re?ected light must be divided among a larger 
number of lenslets, each focal spot is brighter than in the 
conventional methods. Further, the greater sampling density 
leads to smaller Wavefront aberrations across the aperture of 
each lenslet. 

[0044] A system for such error measurement employing 
pre-compensation is shoWn in FIG. 1. The ocular Wavefront 
measurement system shoWn therein generally includes a 
projection system for projecting light into the eye, a system 
for pre-correcting the injected light for ocular aberrations, a 
system for collecting light, a system for determining the 
pre-correction, and a system for measuring the collected 
light. 

[0045] The projection system shoWn in FIG. 1 includes a 
light source 12, e.g., a laser, a laser diode, LED, or a 
super-luminescent diode, supplied to an optical ?ber 14. For 
safety reasons, the light source is preferably a pulsed light 
source, is limited to a small poWer, is outside the normal 
visual detection range, e.g. infrared, and/or is directly col 
limated With an appropriate lens. The optical ?ber may be a 
polariZation maintaining ?ber. The light leaving the optical 
?ber 14 is provided to a collimating lens 16. The use of an 
optical ?ber 14 to deliver light from the light source 12 
simpli?es the collimating lens 16, since the ?ber exit mode 
acts as a diffraction-limited point source. The collimating 
lens 16 is preferably rigidly mounted to the ?ber 14. The 
collimated beam is then truncated to a desired siZe by an 
aperture 18. If needed, a polariZer 20 may be provided for 
polariZing the collimated beam. A polariZing beam splitter 
22 directs the light from the projection system to the rest of 
the ocular measuring system. 
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[0046] Alternatively, the light source 12 may be provided 
alone, i.e., Without the use of the ?ber 14. The light from the 
light source 12 itself is then collimated by a collimating lens. 
While light sources used for ophthalmic measurement typi 
cally have a high degree of astigmatism, by using only a 
portion of the beam, e.g.,10-25%, typically from the center 
of the beam, the Wavefront error over the beam is small 
enough that the beam siZe is substantially stable over the 
distance traversed in the ophthalmic measurement system. 
In other Words, even though the beam is still astigmatic, the 
beam shape does not change While traversing the ophthalmic 
measurement system due to this astigmatism, so the astig 
matism does not in?uence the measurement. The light may 
be polariZed as required. 

[0047] The light from the projection system is re?ected by 
the polariZing beam splitter 22 and directed to a pre 
compensation system, shoWn in FIG. 1 as a telescope 30. 
The telescope 30 includes lenses 32, 34 With an aperture 36 
in betWeen. The telescope 30 may be adjusted by moving the 
lenses relative to one another. This adjustment is to provide 
the desired pre-correction for the injected beam by adding 
defocus that just compensates for the spherical equivalent 
defocus of the ocular system being measured. The light from 
the telescope is directed by a beam splitter 38 to an ocular 
system 40 under measurement. The injected beam is focused 
by the ocular system 40 to a focal spot 42 on the retina of 
the ocular system 40. Light from this focal spot 42 is 
scattered or re?ected by the retina. 

[0048] The returned light is collected by the cornea and 
lens of the ocular system 40 and is approximately colli 
mated. The beam splitter 38 directs the beam from the ocular 
system back to the telescope 30. The same position of the 
lenses 32, 34 of the telescope 30 corrects for the defocus 
aberrations of the ocular system 40 so that light arrives at a 
Wavefront sensor 50 collimated to Within the dynamic range 
of the sensor. The aperture 36 blocks any rays outside the 
angular dynamic range of the Wavefront sensor 50 so that no 
miXing or measurement confusion occurs. When the Wave 
front sensor 50 is a Shack-Hartmann sensor, the focal spots 
cannot collide, interfere or cause confusion With adjacent 
focal spots. The light from the telescope noW passes through 
the polariZing beam splitter 22, since the interaction With the 
retina Will rotate the polariZation of the light from the input 
polariZation. The Wavefront sensor 50 may be a Shack 
Hartmann Wavefront sensor, a shearing interferometer, a 
Moire de?ectometer or any other passive phase measure 
ment sensor. When the Wavefront sensor 50 is a Shack 
Hartmann Wavefront sensor, the Wavefront sensor 50 
includes the elements shoWn in FIG. 2. 

[0049] The proper position of the lenses 32, 34 of the 
telescope 30 may be determined in a number of Ways. In a 
preferred embodiment, an additional sensor 60 is used With 
a beam splitter 62 and a focusing lens 64 to create an image 
of the light incident upon the retina. The proper position of 
the lenses 32, 34 in the telescope 30 is determined by 
minimiZing the spot siZe 42 on the back of the retina, 
performed by comparing the spot siZes from different posi 
tions of the lenses 32, 34 in the telescope 30. If the ocular 
system 40 is arranged to be one focal length of the objective 
lens 34 aWay from the lens 34, then the telescope 30 Will be 
insensitive to changes in magni?cation or other errors. The 
Wavefront sensor 50 should be arranged to be at the conju 
gate image plane to the ocular system 40. Preferably, the 
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Wavefront sensor 50, the retinal imaging sensor 60, the 
projection optics 16, 18, 20, the polariZing beam splitter 22, 
the beam splitter 62, and the focusing lens 64 are mounted 
on a platform 70 Which is mounted in a moving stage 72. 
This alloWs the relative position of the telescope lenses 32, 
34 to be varied While ?xing the position of the remaining 
elements on the platform 70. The use of the optical ?ber 14 
alloWs the light source to be mounted off the platform 70, 
minimiZing the mass of the elements moved by the trans 
lation stage 72. A processor 68 may be included to control 
movement of the translation stage 72 and to alloW data 
processing, analysis and/or display. 

[0050] As an additional safety measure, a small portion of 
the beam incident on beam splitter 38 is transmitted to a lens 
44 Which focuses the light onto a poWer monitor 46. The 
output of this poWer monitor 46 may be used to shut doWn 
the system if the poWer eXceeds the safety limits of the 
system or to alter the poWer supplied to the light source 12 
to reduce the poWer output by the light source in a knoWn 
manner. 

[0051] To measure the proper eye position relative to the 
measuring system, an additional detector 80 is included. 
Imaging optics 82 are designed such that the iris or cornea 
Will be in focus for only a narroW region of space. A mirror 
84 may be used to direct light onto the iris detector 80. The 
position of the system relative to the eye is adjusted until the 
iris or cornea is detected. The detection may be indicated to 
a user on an indicator 86. Preferably, this detection is used 
just during patient alignment and only uses a small percent 
age, e.g., less than 10% of the light. 

[0052] To insure that the patient is vieWing the correct line 
of sight, a target 90 is made visible through a beam splitter 
94. The target 90 is imaged at in?nity through a lens 92. The 
target position may be varied by moving the target relative 
to the lens 92 to present targets that are either in focus or 
slightly out-of-focus to minimiZe patient accommodation. 
Movement of the target 90 closer to the lens 92 stimulates 
near vision accommodation, alloWing measurement of near 
vision visual acuity or the target may be arranged With the 
image past in?nity to measure distance vision. The patient 
merely attempts to focus on the target. Alight source behind 
the target is electronically controlled to adjust the target 
brightness and the position of the target is also electronically 
adjustable. 

[0053] Thus, the telescope 30 is used to pre-compensate 
the injected light and to compensate for the returned Wave 
front to minimiZe the total Wavefront error incident on the 
Wavefront sensor. In the related art, telescopes have been 
used to relay image the light onto the Wavefront sensor and 
to compensate for strong spherical and cylindrical aberra 
tions, but the light Was injected separately. This separate 
handling is due to strong back re?ections that occur even for 
lenses having anti-re?ection coatings thereon. Since the 
returned light from the retina may be very Weak, even a 
small re?ection from the lenses can quickly dominate the 
measurement and saturate the Wavefront sensor 50. There 
are several Ways of dealing With the problem. First, as shoWn 
in FIG. 1, polariZed light and a polariZing beam splitter in 
conjunction With a quarter-Wave plate may be used. Off aXis 
parabolas or other curved mirrors may be used to direct the 
light to the telescope. The light may be injected off aXis, so 
that any re?ected light from the cornea is ?ltered out by the 
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apertures of the system, as shown in FIGS. 5A and 5B. FIG. 
5B illustrates hoW the light re?ected by the cornea of the eye 
40 is blocked by the aperture 36 from entering the Wavefront 
sensor and in?uencing the measurement. The use of one or 
more of these schemes is suf?cient to alloW pre-compensa 
tion of the injected beam in accordance With the present 
invention Without introducing unWanted re?ections. 

[0054] As an alternative, a second telescope may be used 
in conjunction With the ?rst telescope to increase the 
dynamic range by providing an alternative location for the 
?ltering aperture. Thus, one telescope can be completely 
?xed, While the other has a degree of freedom alloWing 
movement until the lenses of the tWo telescopes are in 
contact. Such a con?guration is shoWn in FIG. 6, in Which 
a ?xed telescope 51 With lenses 52, 54 and aperture 56, is 
used to supply light to the Wavefront sensor 50. This is in 
conjunction With the elements discussed above regarding 
FIG. 1. For simplicity, only the essential elements of the 
light delivery system 14, the collimating lens 16, the polar 
iZing beam splitter 22, the adjustable telescope 30, and the 
eye 40, have been shoWn. 

[0055] Compensation of astigmatism of the ocular system 
and of the injected beam may be achieved in the folloWing 
Ways. The telescope 30 may be a cylindrical lens telescope 
or a pair of positive and negative lenses. Such a cylindrical 
lens con?guration is shoWn in FIG. 8, in Which a pair of 
cylindrical lenses 132, 134 is used in place of lenses 32, 34. 
The spacing s betWeen the lenses may be adjusted to 
increase or decrease poWer of the telescope. The angle of the 
pair 120, 122 is adjusted relative to the axis of the trans 
mission path. This complicates the instrument, but provides 
for a better beam projected into the eye, requiring a Wave 
front sensor of only limited dynamic range, since both 
spherical and cylindrical aberrations Would be subtracted 
from the Wavefront, and only higher order terms Would 
remain. 

[0056] Alternatively, a high dynamic range Wavefront 
sensor can be used. Since, in accordance With the present 
invention, only a small beam is injected into the eye, Which 
Will only pick up only a small Wavefront aberration across 
its aperture, the focal spot on the eye Will still be quite small, 
even With some astigmatism. Thus, cylindrical compensa 
tion is usually not needed. While some distortion Will take 
place, it Will be limited in siZe and an adequately small spot 
Will still be realiZed. Ahigh dynamic range Wavefront sensor 
corresponds to the use of a smaller focal length for the 
Wavefront sensor lenslet array, as set forth in Equations (3) 
and While the use of only spherical lenses Will result in 
a loss of accuracy, the larger number of measurements 
afforded by the smaller lenslet array Will suf?ciently com 
pensate for this degradation. 

[0057] An alternative to using the telescope With a mov 
able lens, as shoWn in FIG. 1, for correcting base aberrations 
of the eye in the injected and re?ected Wavefront includes 
placing a corrective lens in front of the eye. If this lens is not 
a contact lens, it cannot be placed at the actual pupil plane 
of the eye, as shoWn in FIG. 9, in Which a corrective lens 35 
is placed adjacent to the eye 40. Thus, there Will alWays be 
some magni?cation introduced by the combination of the 
refractive error of the eye and the correcting lens. Since it is 
dif?cult to set or knoW the vertex distance of the corrective 
lens, this magni?cation Would be poorly knoWn at best, and 
introduce error into the entire measurement. 
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[0058] Another alternative includes using ?xed or variable 
lenses. Ideally, these lenses are placed at an optical plane 
that is conjugate to the surface of the eye. Since it is also 
desirable for the Wavefront sensor to be at this plane, a 
second telescope Will need to be used in series With the ?rst 
telescope. Further, since all of the lenses are ?xed, some 
means Will be needed for changing the various pre-corrector 
lenses in a knoWn manner to achieve the proper result. Alens 
37 in FIG. 7 may be from a trial lens kit, such as is 
commonly used for measuring a patient’s manifest refrac 
tion, but is limited to the prescription accuracy. Alterna 
tively, the lens 37 in FIG. 7 may be a variable focal length 
lens, e.g., adaptive optics, liquid crystal displays, deform 
able mirrors. The focal lengths of these elements may be 
controlled electronically, e.g., by the processor 68 shoWn in 
FIG. 1, rather than by movement. Either of these con?gu 
rations is shoWn in FIG. 7, in Which the lens 37 may be a 
trial lens or a variable focal length lens. The applicability of 
these con?gurations and the telescope con?guration is 
shoWn in FIGS. 4A-4C, in Which the siZe of the spot in a 
myopic eye alone is shoWn in FIG. 4A, the siZe of the spot 
siZe With correction With a lens 37 is shoWn in FIG. 4B and 
the spot siZe With the adjustable telescope 30 is shoWn in 
FIG. 4C. As can be seen, both con?gurations in FIGS. 4B 
and 4C result in the desired small spot siZe of the present 
invention. 

[0059] By pre-compensating for aberrations of the eye in 
the injected beam in accordance With the present invention, 
a small focal spot can be created on the retina. This small 
focal spot Will concentrate light more, alloWing the light to 
be divided into a larger number of focal spots. This, in turn, 
alloWs higher spatial resolution and the use of loWer injected 
light poWer. Higher spatial resolution means that the 
assumption that each lenslet measures only tilt is valid over 
a much larger range. Higher spatial resolution also leads to 
greater dynamic range and accuracy. Higher dynamic range 
means that measurement of even high order terms of aber 
ration can be accomplished accurately, Without signi?cant 
degradation of the measurement. 

[0060] While the present invention is described herein 
With reference to illustrative embodiments for particular 
applications, it should be understood that the present inven 
tion is not limited thereto. Those having ordinary skill in the 
art and access to the teachings provided herein Will recog 
niZe additional modi?cations, applications, and embodi 
ments Within the scope thereof and additional ?elds in Which 
the invention Would be of signi?cant utility Without undue 
experimentation. Thus, the scope of the invention should be 
determined by the appended claims and their legal equiva 
lents, rather than by the examples given. 

What is claimed: 
1. A system for measuring errors in an eye comprising: 

a projecting optical system Which delivers light onto a 
retina of the eye; 

a pre-correction system Which compensates a light beam 
to be injected into the eye for aberrations in the eye, the 
pre-correction system being positioned in betWeen the 
projecting optical system and the eye; 

an imaging system Which collects light scattered by the 
retina; and 
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a detector receiving light returned by the retina from the 
imaging system. 

2. The system of claim 1, Wherein the detector is a 
Shack-Hartmann Wavefront sensor. 

3. The system of claim 1, Wherein the detector is a 
shearing interferometer. 

4. The system of claim 1, Wherein the detector is a Moire 
de?ectometer. 

5. The system of claim 1, Wherein the pre-correction 
system comprises a telescope having at least one movable 
lens. 

6. The system of claim 1, Wherein the pre-correction 
system comprises ?xed lenses inserted at an intermediate 
image plane. 

7. The system of claim 1, Wherein the pre-correction 
system comprises adaptive optical elements. 

8. The system of claim 1, Wherein the pre-correction 
system corrects for focus errors in the eye. 

9. The system of claim 1, Wherein the pre-correction 
system corrects for focus and astigmatism. 

10. The system of claim 1, further comprising an aperture 
that limits the angular dynamic range of the system. 

11. The system of claim 1, further comprising a polariZing 
beam splitter betWeen the eye and the Wavefront sensor. 

12. The system of claim 1, further comprising an aligner 
that determines an appropriate eye alignment of the system. 

13. The system of claim 1, Wherein the projecting optical 
system provides light to the eye at an angle to a central aXis 
of the eye. 

14. The system of claim 1, further comprising an addi 
tional optical system betWeen the detector and the eye. 

15. The system of claim 1, further comprising a poWer 
monitor Which monitors poWer of the light beam being 
injected in the eye. 
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16. The system of claim 1, further comprising an eye 
position detection system including a target projected on the 
eye, a position detector sensing the eye, and an adjustment 
system Which adjusts a position of the system relative to the 
eye until the eye is in focus on the detector. 

17. The system of claim 1, Wherein the pre-correction 
system is a cylindrical telescope. 

18. The system of claims 1, Wherein components used in 
the pre-correction system also are used in the imaging 
system. 

19. The system of claim 1, Wherein the pre-correction 
system includes a feedback loop Which determines an appro 
priate pre-correction to be supplied by the pre-correction 
system. 

20. The system of claim 19, Wherein said feedback loop 
includes a detector receiving light returned from the retina, 
a processor comparing detected light With a desired feature 
of the light and adjusting at least one parameter of the 
pre-correction system in accordance With the comparison. 

21. The system of claim 20, Wherein said feedback loop 
further includes a return optical system for gathering the 
light from the retina. 

22. The system of claim 21, Wherein said return optical 
system includes said pre-correction system. 

23. The system of claim 20, Wherein said desired feature 
is a minimiZed spot siZe on the retina. 

24. The system of claim 5, Wherein said telescope is 
arranged so that a ?xed lens of the telescope is one focal 
length aWay from the eye. 


