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(57) ABSTRACT 

An ophthalmic apparatus used in refractive surgery for 
changing a radius of curvature of a cornea, the apparatus 
comprising a ?rst input device for inputting data about a 
pre-operative corneal shape of a patient’s eye, a second input 
device for inputting data about an intended post-operative 
corneal shape of the eye, a third input device for inputting 
data about a pre-operative MTF of an ocular imaging system 
of the eye, and an arithmetic device for obtaining an 
intended post-operative MTF of the ocular imaging system 
of the eye based on each inputted data. 
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STEPl/\/ 
obtain pre-operative cornea MTF 
from pre-operative corneal shape 

l 
STEP2/\/ 

obtain pre~operative ocular 
iming system MTF from pre-operative 
visual system MTF and pre-operative 
retina-brain system MTF 

l 
STEP3/\/ 

obtain pre-operative intraocular 
optical system MTF from pre-operative 
cornea MTF and pre-operative ocular 
imaging system MTF 

l 
STEP4/\/ 

obtain post-operative cornea MTF 
from post-operative corneal shape 

l 
STEP5/\/ 

obtain post-poerative ocular 
imaging system Ml? from post-operative 
cornea MTF and pre-operative 
intraocular optical system MTF 

l 
STEP6/\/ 

obtain post-poerative ocular 
imaging system MTF in each minute 
region on corneal surface with ablation 
amount increased/decreased by 
predetermined amount 
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OPHTHALMIC APPARATUS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to an ophthalmic 
apparatus. More particularly, the present invention relates to 
an ophthalmic apparatus used in refractive surgery to change 
(alter) a radius of curvature of a cornea of a patient’s eye by 
corneal ablation. 

[0003] 2. Description of Related Art 

[0004] There are several types of refractive surgery to 
change (alter) a radius of curvature of a cornea of a patient’s 
eye by ablating the cornea With an eXcimer laser beam 
thereby to correct refractive errors such as myopia, hypero 
pia, astigmatism and the like. Conventionally, in such types 
of surgery, the corneal shape, the eye refractive poWer of the 
eye and the like are measured before an operation and then 
the operation is carried out based on the obtained measure 
ment data. 

[0005] HoWever, in these types of surgery, attention has 
been paid merely to correction of the refractive poWer of 
optics of the eye such that a paraXial focal points is posi 
tioned on the retina and quality of the image formed on the 
retina (in?uence of marginal rays on the image) has not been 
taken into account. Therefore, the corneal ablation may not 
necessarily be carried out properly and patients may not be 
fully satis?ed With their post-operative visions. 

[0006] In addition, although a radius of curvature of the 
cornea is properly corrected thereby achieving 
emmetropiZation of the optics of the eye, the patient may not 
alWays improve the post-operative vision as he eXpected in 
case the patient suffers from a disturbance in the nervous 
system folloWing the retina, the brain or other signal system. 
Therefore, it is desirable to give suf?cient information to a 
patient and to make him fully understand of the situation 
before performing surgery. 

SUMMARY OF THE INVENTION 

[0007] The present invention has been made in vieW of the 
above circumstances and has an object to overcome the 
above problems and to provide an ophthalmic apparatus 
Which alloWs that corneal ablation is carried out in consid 
eration of quality of an image on a retina, and the post 
operative state of the patient’s eye is estimated. 

[0008] Additional objects and advantages of the invention 
Will be set forth in part in the description Which folloWs and 
in part Will be obvious from the description, or may be 
learned by practice of the invention. The objects and advan 
tages of the invention may be realiZed and attained by means 
of the instrumentalities and combinations particularly 
pointed out in the appended claims. 

[0009] To achieve the objects and in accordance With the 
purpose of the present invention, as embodied and broadly 
described herein, an ophthalmic apparatus used in refractive 
surgery to change a radius of curvature of a cornea, the 
apparatus comprises ?rst input means for inputting data 
about a pre-operative corneal shape of a patient’s eye, 
second input means for inputting data about an intended 
post-operative corneal shape of the eye, third input means 
for inputting data about a pre-operative MTF of an ocular 
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imaging system of the eye, and arithmetic means for obtain 
ing an intended post-operative MTF of the ocular imaging 
system of the eye based on each inputted data. 

[0010] In another aspect of the present invention, an 
ophthalmic apparatus used in refractive surgery to change a 
radius of curvature of a cornea, the apparatus comprises a 
corneal shape analysis unit Which obtains data about a 
corneal shape of a patient’s eye, an MTF measurement unit 
Which obtains data about an MTF of a visual system and data 
about an MTF of a retina-brain system of the eye, an input 
unit Which inputs data about an intended post-operative 
corneal shape of the eye, and an arithmetic unit. The 
arithmetic unit is used to obtain: a pre-operative MTF of the 
cornea of the eye based on the obtained data about a 
pre-operative corneal shape; a pre-operative MTF of an 
ocular imaging system of the eye based on the obtained data 
about a pre-operative MTF of the visual system and the 
obtained data about a pre-operative MTF of the retina-brain 
system; a pre-operative MTF of an intraocular optical sys 
tem of the eye based on the obtained pre-operative MTF of 
the cornea and the obtained pre-operative MTF of the ocular 
imaging system; an intended post-operative MTF of the 
cornea of the eye based on the inputted data about the 
intended post-operative corneal shape; and an intended 
post-operative MTF of the ocular imaging system of the eye 
based on the obtained pre-operative MTF of the intraocular 
optical system and the intended post-operative MTF of the 
cornea obtained thereby. 

[0011] Yet, in another aspect of the present invention, an 
ophthalmic apparatus used in refractive surgery to change a 
radius of curvature of a cornea, the apparatus comprises a 
memory and an arithmetic unit Which performs arithmetic 
operation in accordance With the program. The memory 
contains a program therein for obtaining an intended post 
operative MTF of an ocular imaging system of the eye based 
on data about a pre-operative corneal shape, data about an 
intended post-operative corneal shape and data about a 
pre-operative MTF of the ocular imaging system of the eye. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this speci?cation, illustrate 
embodiments of the present invention and, together With the 
description, serve to eXplain the objects, advantages and 
principles of the invention. In the draWings, 

[0013] FIG. 1 is a vieW shoWing a schematic con?gura 
tion of an ophthalmic apparatus of one preferred embodi 
ment consistent With the present invention; 

[0014] FIG. 2 is a vieW shoWing a schematic con?gura 
tion of an optical system and a control system included in a 
corneal shape analysis apparatus used in the ophthalmic 
apparatus shoWn in FIG. 1; 

[0015] FIG. 3 is a vieW shoWing a schematic con?gura 
tion of an optical system and a control system included in a 
Modulation Transfer Function (MTF) measurement appara 
tus used in the ophthalmic apparatus shoWn in FIG. 1; 

[0016] FIG. 4 is a vieW shoWing a schematic con?gura 
tion of an optical system and a control system included in a 
corneal surgery apparatus used in conjunction With the 
ophthalmic apparatus shoWn in FIG. 1; 
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[0017] FIGS. 5A and 5B are a ?oW chart showing steps 
to obtain an intended post-operative MTF of a patient’s eye; 

[0018] FIG. 6 is a vieW showing a relation among each 
MTF; and 

[0019] FIG. 7 is a vieW shoWing a relation among the 
visual system MTF, the retina-brain system MTF and the 
ocular imaging system MTF. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0020] A detailed description of one preferred embodi 
ment of an ophthalmic apparatus embodying the present 
invention Will noW be given referring to the accompanying 
draWings. FIG. 1 is a vieW shoWing a schematic con?gu 
ration of an ophthalmic apparatus (an ophthalmic system) of 
this preferred embodiment. 

[0021] Reference numeral 1 is a corneal shape analysis 
apparatus for measuring a corneal shape and an eye refrac 
tive poWer of a patient’s eye. 2 is an MTF measurement 
apparatus for measuring Modulation Transfer Functions 
(hereinafter referred to as MTF). 3 is a corneal surgery 
apparatus for performing eye refractive surgery to ablate the 
cornea With an excimer laser beam having a 193 nm Wave 
length. 4 is a computer unit, comprising a display monitor 41 
and a keyboard 42, for inputting necessary data for surgery, 
calculating the ocular imaging system MTF, calculating 
corneal ablation data and the like (described in detail later). 
Hereinafter, the corneal shape analysis apparatus 1, the MTF 
measurement apparatus 2 and the corneal surgery apparatus 
3 Will be described separately. 

[0022] <Corneal Shape Analysis Apparatus> 

[0023] FIG. 2 is a vieW shoWing a schematic con?gura 
tion of an optical system and a control system of the corneal 
shape analysis apparatus 1. Light emitted from an illumina 
tion light source 102 is re?ected by a re?ecting plate 103 so 
as to illuminate a placid plate 101 in Which numerous ring 
patterns are formed thereon from behind generally uni 
formly. As the result, an image of the ring pattern is formed 
(projected) onto a cornea Ec of a patient’s eye E. The image 
of the ring pattern is photographed by a CCD camera 123 via 
a beam splitter 120, a mirror 121 and a lens 122. A control 
unit 130 conducts image processing on the image of the ring 
pattern photographed by the camera 123 to obtain curvature 
distribution (distribution of the radius of curvature) through 
detecting edges of the ring pattern image. In this manner, the 
corneal shape of the eye E Which equally means the corneal 
topography is obtained. 

[0024] Further, an eye refractive poWer measurement opti 
cal system 110 is disposed at the back (on the transmitting 
side) of the beam splitter 120. In the measurement optical 
system 110, measurement light is projected onto a fundus Ef 
of the eye E and re?ected light from the fundus Ef is detected 
by a photodetector. The control unit 130 obtains the eye 
refractive poWer of the eye E (spherical poWer S, cylindrical 
poWer C, astigmatic axial angle A) based on an output signal 
from the photodetector. 

[0025] Each of the thus obtained data about the corneal 
shape and the eye refractive poWer of the eye E is stored in 
a memory 135. In response to a signal from a transfer sWitch 
136, each obtained data is transferred to the computer unit 
4 via an output unit 137. 
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[0026] Here, for such a corneal shape analysis apparatus 
having an eye refractive poWer measurement function, the 
one disclosed in US. Pat. No. 6,033,075 (Japanese Unex 
amined Patent Publication No.HEI 11-276437) may be 
applicable. Alternatively, tWo separate apparatuses: one for 
measuring corneal shape and the other for measuring eye 
refractive poWer are of course applicable. 

[0027] <MTF Measurement Apparatus> 

[0028] FIG. 3 shoWs a schematic con?guration of an 
optical system and a control system of the MTF measure 
ment apparatus 2. The MTF measurement apparatus 2 
comprises a visual system MTF measurement system 200 
for measuring the visual system MTF, and a retina-brain 
system MTF measurement system 210 for measuring the 
retina-brain system MTF. A pop-up mirror alloWs a mea 
surement light path (optical path) of each measurement 
system to be changed. 

[0029] Here, description is given to the MTF of percep 
tion. The MTF of perception is one scheme to quantitatively 
express quality of a perceived image of an external object, 
and expresses hoW Well the patient (the examinee) perceives 
the presented fringe target. Speci?cally, to obtain the MTF, 
fringe target formed out of stripes of light and dark With 
various pitches are presented at various contrasts, and dis 
criminating ability regarding the presented fringe target is 
examined. 

[0030] As shoWn in FIG. 6 explaining the relation among 
each MTF, in this preferred embodiment, the ocular imaging 
system MTF is intended to mean the MTF of the ocular 
imaging system including the cornea, the crystalline lens, 
the vitreous body and the like. Further, the ocular imaging 
system MTF includes the cornea MTF indicating the MTF 
of the imaging function of the cornea alone and the intraocu 
lar optical system MTF indicating the MTF of the imaging 
system other than the cornea (namely, the crystalline lens, 
the vitreous body and the like). The MTF of the nervous 
system and the signal system folloWing the retina (percep 
tion by the brain) is denoted as the retina-brain system MTF 
(the retina-brain system MTF expresses hoW Well the image 
formed on the retina is perceived). The MTF of the Whole 
visual system including the ocular imaging system MTF and 
the retina-brain system MTF is denoted as the visual system 
MTF (the visual system MTF expresses hoW Well the patient 
perceives a presented target). 

[0031] Here, it is knoWn that the visual system MTF 
(Mv(u)) is the product of the ocular imaging system MTF 
(MO(u)) and the retina-brain system MTF (MN(u) ) as 
expressed in the folloWing expression 

[0032] So, if the visual system MTF and the retina-brain 
system MTF are measured respectively and the ocular 
imaging system MTF is obtained using the expression (1), 
the relation is as shoWn, for example, in FIG. 7. 

[0033] Further, the ocular imaging system MTF (MO(u)) is 
the product of the cornea MTF (Mc(u) and the intraocular 
optical system MTF (Mr(u)) and this relation is expressed in 
the folloWing expression 
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[0034] In FIG. 3, the visual system MTF measurement 
system 200 is constituted from an illumination light source 
201 for target projection, a condenser lens 202, a diffusing 
plate 203 and a rotary target plate 204 having numerous 
fringe targets With different fringe pitches and different 
contrasts. When the MTF measurement apparatus 2 goes 
into a visual system MTF measurement mode by a mea 
surement sWitch 231, the mirror 205 is inserted into the 
optical path so that a fringe target of the target plate 204 is 
illuminated by the light source 201 and presented to the eye 
E. The control unit 230 rotates the target plate 204 to present 
fringe targets of different pitches and different contrasts one 
by one to the patient. The patient is instructed to input using 
a response sWitch 233 as to Whether he can see a presented 
fringe target. Based on the presented target and an input 
signal from the sWitch 233, the control unit 230 calculates a 
discrimination threshold and then obtains the visual system 
MTF (for eXample, Mv(u) shoWn in FIG. 7). 

[0035] In the retina-brain system MTF measurement sys 
tem 210, a laser beam emitted from a He-Ne laser source 211 
passes through a polariZing plate 212, an eXpander lens 213, 
a mirror 214, a lens 215 and a scanning mirror 216, and then 
enters into a prism beam splitter 217. Thereafter, the laser 
beam is divided into tWo beams of light by the beam splitter 
217. The tWo beams of light converges via a lens 218, an 
analyZer 219, an aperture 220 and a lens 221 in the vicinity 
of the pupil of the eye E, and is brought into one again on 
the fundus Ef. As such, by making the tWo laser beams 
coincide With each other, interference occurs and a sinusoi 
dal fringe pattern (fringe target) is produced. The distance 
betWeen the tWo beams of light changes by moving the 
scanning mirror 216 in the direction of the arroW A, and 
therefore the interference fringes serving as the fringe target 
can be changed the pitch of the fringes. 

[0036] Further, incoherent light emitted from a tungsten 
lamp 222 passes through a ?lter 223, a polariZing plate 224 
and a lens 225 and then enters into the beam splitter 217. 
Thereafter, the incoherent light passes though the lens 218, 
the analyZer 219, the aperture 220 and the lens 221 to 
illuminate the fundus Ef uniformly. The ?lter 223 has a 
characteristic that transmits light having the same Wave 
length as that of the laser beam emitted from the laser source 
211. Hence, the light emitted from the lamp 222 illuminating 
the eye E is limited to the light having the same Wavelength 
as that of the laser beam. The polariZing plates 212 and 224 
have polariZing planes Which are perpendicular to each 
other. Therefore, by rotating the analyZer 219, the light from 
the lamp 222 overlaps so that the contrast of the fringe target 
can be changed arbitrarily. 

[0037] When the MTF measurement apparatus 2 goes into 
a retina-brain system MTF measurement mode by a mea 
surement sWitch 232, the mirror 205 is removed from the 
optical path. The control unit 230 moves the scanning mirror 
216 to change the fringe pitch of the fringe target and rotates 
the analyZer 219 to change the contrast of the fringe target. 
In this Way, the eye E is presented various fringe targets at 
various fringe pitches and various contrasts one by one. The 
patient is instructed to input using the response sWitch 233 
as to Whether the fringe target is perceptive to him. The 
control unit 230 then calculates a discrimination threshold 
and obtains the retina-brain system MTF based on the 
presented target and the input signal from the sWitch 233 (for 
eXample, MN(u) shoWn in FIG. 7). In the case of this 
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measurement, the fringe target formed on the retina is free 
from in?uence of the imaging operation by the ocular 
imaging system so that function of the systems folloWing the 
retina can be solely evaluated. 

[0038] The obtained data about the visual system MTF 
and the retina-brain system MTF are stored into a memory 
234. Then, in response to a signal from a transfer sWitch 235, 
each obtained data is transferred to the computer unit 4 via 
an output unit 236. 

[0039] <Corneal Surgery Apparatus> 

[0040] NoW, the con?guration of the corneal surgery appa 
ratus 3 is described With reference to FIGS. 1 and 4. FIG. 
4 is a vieW shoWing an optical system and a control system 
of the corneal surgery apparatus 3. 

[0041] Reference numeral 30 is the main body of the 
surgery apparatus With an eXcimer laser source 301 installed 
therein. An eXcimer laser beam emitted from the laser source 
301 is directed to an arm unit 31. The arm unit 31 comprises 
a part of a laser irradiation optical system 300 and an 
observation optical system 310 installed therein, and is 
moved in a right and left direction and a back and forth 
(Y) direction relative to an operator by an XYZ driving unit 
321. Also, the tip portion of the arm unit 31 having a laser 
irradiation eXit is moved in an up and doWn (Z) direction by 
the XYZ driving unit 321. 32 is a controller having a joystick 
and sWitches for moving the arm unit 31 and its tip portion. 
The XYZ driving unit 321 is activated in response to a signal 
from the joystick or the sWitches. 33 is a foot sWitch for 
issuing a signal for triggering laser irradiation. 

[0042] In FIG. 4, reference numeral 300 is the laser 
irradiation optical system. An eXcimer laser beam (Wave 
length 193 nm) emitted from the laser source 301 is re?ected 
by a mirror 302, and re?ected again by a scanning mirror 
304 via a dividing mask 303 Which are numerous strip 
shaped masks placed one neXt to another. Thereafter, the 
eXcimer laser beam goes through an image rotator 305, a 
variable circular aperture 306 and a projecting lens 307, and 
then is re?ected by a dichroic mirror 308 to irradiate the 
cornea Ec. 

[0043] The mirror 304 may be moved in a direction of the 
arroW B by a mirror driving unit 332, and the rotator 305 is 
rotated about an optical aXis L by an image rotator driving 
unit 333. Movement of the mirror 304 and rotation of the 
rotator 305 alloW the eXcimer laser beam to be scanned over 
the cornea Ec. Further, the aperture 306 and the cornea Ec 
are in a conjugate positional relation relative to the lens 307. 
Thus, an opening region of the aperture 306 that is changed 
by an aperture driving unit 334 forms an image on the cornea 
Ec, thereby limiting an ablation area (a laser irradiation 
area). 
[0044] In the case of spherical correction for myopia, 
movement of the mirror 304 and the opening diameter of the 
aperture 306 are controlled so as to ablate the cornea Ec 
more at the center and less at the periphery (the ablation 
depth is made gradually shalloWer from the center toWard 
the periphery). Thus, the radius of curvature of the cornea Ec 
is enlarged at the predetermined area (the ablated area) (See 
US. Pat. No. 5,637,109 (Japanese Unexamined Patent Pub 
lication No. HEI 5-220189) for reference). On the contrary, 
in the case of spherical correction for hyperopia, the mirror 
304 and the rotator 305 are controlled (here, the opening 
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diameter of the aperture 306 remains unchanged) so as to 
ablate the cornea Ec less at the center and more at the 
periphery (the ablation depth is made gradually deeper from 
the center toWard the periphery). Thus, the radius of curva 
ture of the cornea Ec is reduced at the predetermined area 
(the ablated area) (See US. Pat. No. 5,800,424 (Japanese 
Unexamined Patent Application No. HEI 8-66420) for ref 
erence). Further, in the case of ablating an asymmetric 
component, open/close of each strip-shaped mask constitut 
ing the dividing mask 303 and the movement of the mirror 
304 are controlled so as to selectively ablate uneven surface 

of the cornea Ec (See US. Pat. No. 5,906,608 (Japanese 
Unexamined Patent Publication No. HEI 9-266925) for 
reference). 
[0045] Reference numeral 310 is the observation optical 
system comprising an objective lens 311 and a surgical 
microscope unit 312 of a binocular type. Disposed on the 
optical axis of the lens 311 is a ?xation light 313. 314 is a 
visible light source for illumination. 

[0046] Hereinafter, description Will be given mainly to 
operations for obtaining corneal ablation data using an 
apparatus having the con?guration as above. 

[0047] First, each measurement data, namely the data 
about pre-operative corneal shape obtained by the corneal 
shape analysis apparatus 1 and the data about the pre 
operative MTFs of the visual system and the retina-brain 
system obtained by the MTF measurement apparatus 2, is 
inputted to the computer unit 4. In addition, correction 
amount data (S, C and A) required for emmetropiZation of 
the eye E are inputted using the key board 42. The correction 
amount data may be eye refractive poWer measurement data 
obtained by using the corneal shape analysis apparatus 1 or 
through subjective measurement. The corneal shape data, 
each of the MTF data and the correction amount data, all of 
Which are inputted to the computer unit 4 are stored into the 
memory 43 provided therein and read therefrom and used as 
necessary. The CPU 40 of the computer unit 4 carries out 
analysis on each data to obtain corneal ablation data. 

[0048] Hereinafter, description is given to the analysis 
operation that the computer unit 4 (the CPU 40) performs 
With reference to the How chart shoWn in FIGS. 5A and 5B. 

[0049] To ?nd out about the post-operative condition of 
the eye E, the operator operates the key board 42 and starts 
an analysis program stored in the memory 43. Then, the 
CPU 40 estimates the post-operative MTF of the eye E based 
on pre-operative corneal shape data and the pre-operative 
MTF data stored in the memory 43. The post-operative MTF 
of the eye E is obtained in the folloWing manner. 

[0050] First, the pre-operative cornea MTF regarding 
refraction of the corneal surface is obtained from the pre 
operative corneal shape data (STEP 1). This pre-operative 
cornea MTF may be obtained through a knoWn calculation 
scheme used in optical engineering and the like. In this 
preferred embodiment, the cornea MTF is obtained, for 
example, in the folloWing manner: Wave aberration is 
obtained by ray tracing, a pupil function is applied, then 
Fourier transformation is performed thereby to obtain the 
Point Spread Function (PSF) or the Line Spread Function 
(LSF), and Fourier transformation is further performed to 
obtain the MTF. There are some other knoWn schemes. One 
example is that Wave aberration is obtained by ray tracing, 
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a pupil function is applied and then the Wave aberration 
MTF is obtained using the auto-correlation. Another 
example is that, geometric aberration is obtained by ray 
tracing, a spot diagram is made, and then the geometric MTF 
is obtained through Fourier transform. (See “Lens Design 
Schemes (lenZu no sekkei gihou)” by Fumio KONDO 
(1978), from page 293, line 18 to page 294, line 11 and page 
295 for reference.) 

[0051] Next, the pre-operative ocular imaging system 
MTF is obtained from the data about the pre-operative visual 
system MTF and the pre-operative retina-brain system MTF 
(STEP 2). That is to say, With reference to the above 
expression (1), once the visual system MTF and the retina 
brain system MTF are obtained, the ocular imaging system 
MTF can be obtained easily. 

[0052] Further, the pre-operative intraocular optical sys 
tem MTF is obtained from the thus obtained pre-operative 
cornea MTF and the thus obtained pre-operative ocular 
imaging system MTF (STEP 3). That is to say, With refer 
ence to the above expression (2), once the ocular imaging 
system MTF and the cornea MTF are obtained, the intraocu 
lar optical system MTF is also obtained easily. 

[0053] In addition, in order to bring (to position) the focal 
point on the retina, What needs to be obtained is data about 
the intended post-operative corneal shape provided that the 
cornea is ablated according to the correction amount data 
(hereinafter, this data is referred to as the standard data about 
the post-operative corneal shape required for focusing) For 
example, corneal refractive poWer data are obtained from the 
pre-operative corneal shape data (the data about radius of 
curvature of the cornea) using the Snell’s laW. Then, the sum 
of the eye refractive poWer data inputted as the correction 
amount data and the obtained corneal refractive poWer data 
alloWs to obtain “a value of the refractive poWer required for 
emmetropiZation of the patient’s eye in terms of a corneal 
refractive poWer” (equally meaning “the equivalent of 
emmetropia corneal refractive poWer data”). Then, the 
obtained equivalent of emmetropia corneal refractive poWer 
data are subjected to apply the Snell’s laW so as to obtain the 
post-operative corneal shape data (the data about radius of 
curvature of the cornea) (See, for example, US. Pat. No. 
6,033,075 for detail). Thereafter, from the standard data 
about the post-operative corneal shape, the post-operative 
cornea MTF (the intended post-operative cornea MTF) are 
obtained using the above calculation scheme for MTF 
(STEP 4). 
[0054] Since the pre-operative intraocular optical system 
MTF is considered to remain unaffected by surgery, the 
post-operative ocular imaging system MTF (the intended 
post-operative ocular imaging system MTF) can be obtained 
from the obtained pre-operative intraocular optical system 
MTF and the obtained post-operative cornea MTF by using 
the above expression (2) (STEP 5). 

[0055] Next, the standard data about the corneal shape are 
corrected in such a manner to optimiZe the post-operative 
ocular imaging system MTF, that is, to make an image 
formed on the post-operative retina ?nest. This is done in the 
folloWing manner. 

[0056] First, regarding the standard data about the corneal 
shape, the corneal surface is divided into minute regions. In 
a minute region, the corneal ablation amount is increased or 
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decreased by a predetermined amount to obtain the post 
operative ocular imaging system MTF that Will be acquired 
by ablating the changed amount (STEP 6). Thereafter, it is 
determined Whether the change causes a better outcome 
(STEP 7). Here, the post-operative ocular imaging system 
MTF under this condition is obtained by obtaining the 
post-operative cornea MTF in the same manner as above. 

Then, the post-operative ocular imaging system MTF is 
obtained again by further changing (increasing or decreas 
ing) the corneal ablation amount by a predetermined amount 
in a manner to make a better outcome (STEPS 8 and 9). 
Then, comparison is made betWeen the tWo MTFS of the 
post-operative ocular imaging system: One under the con 
dition Where the corneal ablation amount is further changed 
(hereinafter referred to as the post-operative ocular imaging 
system MTF") and the ocular imaging system MTF that has 
been obtained before the MTFn (hereinafter referred to as the 
post-operative ocular imaging system MTFn_1) (STEPs 10 
and 11). Here, if the post-operative ocular imaging system 
MTFW1 is better than the post-operative ocular imaging 
system MTFn, the post-operative ocular imaging system 
MTFW1 is considered to be the best post-operative ocular 
imaging system MTF. Hence, the corneal ablation amount 
corresponding to the best post-operative ocular imaging 
system MTFD_1 is determined to be the corneal ablation data 
that Will be actually used in surgery (STEP 12). On the other 
hand, if the post-operative ocular imaging system MTFn is 
better than the post-operative ocular imaging system MTFn_ 
1, the corneal ablation amount is further changed by the 
predetermined amount to obtain the post-operative ocular 
imaging system MTF. This calculation is repeated until the 
post-operative ocular imaging system MTFD_1 is better than 
the post-operative ocular imaging system MTFn. 

[0057] The above operation is done regarding every 
minute region of the corneal surface to obtain the corneal 
ablation amount that corrects the standard data about the 
corneal shape in a manner to achieve the best post-operative 
ocular imaging system MTF in each minute region. The 
corneal ablation data obtained thereby is determined as the 
data used in surgery. 

[0058] The minute regions used to obtain the post-opera 
tive ocular imaging system MTF ensuring the best post 
operative retinal image are the regions that can be ablated 
using the corneal surgery apparatus 3 selectively (in this 
preferred embodiment, they are the regions divided by the 
dividing mask 303 or the circular regions formed When the 
aperture 306 is gradually changed). In addition, in the 
calculation operation, the predetermined amount of corneal 
ablation to be changed is the amount that Will be ablated by 
the corneal surgery apparatus 3 With one scanning or one 
shot of the eXcimer laser beam upon surgery. Further, in the 
case the ablation amount is changed in one minute region, 
the corneal ablation amount is obtained as folloWs: The 
corneal ablation amount in the adjacent minute regions is 
changed as Well in order to alloW the ablated surfaces of the 
adjacent minute regions to be connected smoothly. 

[0059] As described above, once the post-operative ocular 
imaging system MTF ensuring the best post-operative reti 
nal image and the corresponding data about the corneal 
ablation amount under that condition are obtained, the CPU 
40 uses the above eXpression (1) to obtain the post-operative 
visual system MTF (the intended post-operative visual sys 
tem MTF) from the obtained data about the post-operative 
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ocular imaging system MTF and the pre-operative retina 
brain system MTF (the data about the pre-operative retina 
brain system MTF are considered to remain unaffected by 
surgery) (STEP 13). Then, the post-operative visual acuity 
of the eye E is estimated based on the thus obtained 
post-operative visual system MTF (STEP 14). The CPU 40 
looks up a preliminary stored table of visual acuity Which 
provides visual acuity in correspondence With the visual 
system MTF in order to retrieve visual acuity corresponding 
to the obtained post-operative visual system MTF. The 
retrieved visual acuity is displayed on the monitor 41 as the 
estimation of the post-operative visual acuity. Here, the 
visual acuity table stored in the memory 43 may be the table 
in Which, for eXample, visual acuity corresponds to discrimi 
nating threshold of modulation transfer (the reciprocal of the 
fringe pitch) at a speci?c contrast value. As long as the 
correlation therebetWeen is knoWn, visual acuity is obtained 
through arithmetic operation. 

[0060] Since the estimation of the post-operative visual 
acuity is displayed on the monitor 41, the operator can 
inform the patient of the visual acuity in a pre-operative 
counselling asking for patient’s informed consent. In addi 
tion, from the relation betWeen the estimated visual acuity 
and the MTF data about the retina-brain system MTF, it is 
possible to make sure Whether functions of the systems 
folloWing the retina are normal or deteriorated. This alloWs 
to see the possibility of hoW much the patient’s visual acuity 
is improved by refractive surgery. By giving the patient the 
information, surgery can be performed at the patient’s 
consent. 

[0061] In the case of performing corneal ablation surgery, 
the control unit 330 controls the laser source 301 and each 
of the driving units 331-334 in accordance With the corneal 
ablation data obtained by the computer unit 4 (the CPU 40) 
in order to carry out laser irradiation. In this Way, not only 
paraXial in?uence but also in?uence by marginal rays to the 
image is taken into account and therefore the cornea can be 
ablated to change (alter) the shape to achieve the ?nest 
retinal image. 

[0062] In this preferred embodiment, each measurement 
data obtained by the corneal shape analysis apparatus 1 and 
the MTF measurement apparatus 2 are transferred to the 
computer unit 4 and the computer unit 4 performs estimation 
of the post-operative MTF, the post-operative visual acuity 
and the like. HoWever, it is possible to constitute one 
apparatus by combining more the tWo separate apparatuses 
into one. Further, there are various other schemes knoWn to 
obtain each measurement data that are necessary for imple 
menting the present invention. It is apparent that those 
variations are included in the scope of the present invention. 

[0063] Further, it is also possible to obtain the ocular 
imaging system MTF through measurement of a fundus 
re?ected image. That is, by causing a liner image to be 
formed on the retina or by projecting a spatial frequency 
chart, its re?ected image is measured. The ocular imaging 
system MTF may be obtained from the measurement result. 
HoWever, the MTF obtained through measurement of the 
re?ected image is the round trip property to the ocular 
imaging system. Besides that, the re?ecting property of the 
retina in?uenced the MTF. Due to these reasons, there is a 
set back that the MTF may not be the MTF solely of the 
imaging system. Accordingly, as in the above preferred 
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embodiment, the ocular imaging system MTF is better to be 
obtained from the visual system MTF and the retina-brain 
MTF. 

[0064] As described above, in accordance With the present 
invention, the post-operative state of the patient’s eye is 
estimated so that surgery is performed at the patient’s 
consent. In addition, the optimum corneal ablation data are 
obtained in consideration of the quality of the retinal image 
and therefore the corneal refractive surgery may be per 
formed more adequately. 

[0065] The foregoing description of the preferred embodi 
ments of the invention has been presented for purposes of 
illustration and description. It is not intended to be eXhaus 
tive or to limit the invention to the precise form disclosed, 
and modi?cations and variations are possible in the light of 
the above teachings or may be acquired from practice of the 
invention. The embodiments chosen and described in order 
to eXplain the principles of the invention and its practical 
application to enable one skilled in the art to utiliZe the 
invention in various embodiments and With various modi 
?cations as are suited to the particular use contemplated. It 
is intended that the scope of the invention be de?ned by the 
claims appended hereto, and their equivalents. 

What is claimed is: 

1. An ophthalmic apparatus used in refractive surgery to 
change a radius of curvature of a cornea, the apparatus 
comprising: 

?rst input means for inputting data about a pre-operative 
corneal shape of a patient’s eye; 

second input means for inputting data about an intended 
post-operative corneal shape of the eye; 

third input means for inputting data about a pre-operative 
MTF of an ocular imaging system of the eye; and 

arithmetic means for obtaining an intended post-operative 
MTF of the ocular imaging system of the eye based on 
each inputted data. 

2. The ophthalmic apparatus according to claim 1, further 
comprising: 

means for inputting correction amount data of the eye; 
and 

means for obtaining the data about the intended post 
operative corneal shape based on the inputted correc 
tion amount data and the inputted pre-operative corneal 
shape, and Wherein 

the second input means inputs the obtained data about the 
intended post-operative corneal shape into the arith 
metic means. 

3. The ophthalmic apparatus according to claim 2, further 
comprising eye refractive poWer measurement means for 
obtaining data about eye refractive poWer of the eye, and 
Wherein 

the means for inputting correction amount data inputs the 
obtained data about the eye refractive poWer as the 
correction amount data. 
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4. The ophthalmic apparatus according to claim 1, further 
comprising: 

means for inputting data about a pre-operative MTF of a 
visual system and data about a pre-operative MTF of a 
retina-brain system of the eye; and 

means for obtaining the data about the pre-operative MTF 
of the ocular imaging system based on the inputted data 
about the pre-operative MTF of the visual system and 
the inputted data about the pre-operative MTF of the 
retina-brain system, and Wherein 

the third input means inputs the obtained data about the 
pre-operative MTF of the ocular imaging system into 
the arithmetic means. 

5. The ophthalmic apparatus according to claim 4, further 
comprising MTF measurement means for obtaining the data 
about the MTF of the visual system and the data about the 
MTF of the retina-brain system, and Wherein 

the means for inputting MTF data inputs the obtained data 
about the pre-operative MTF of the visual system and 
the obtained data about the pre-operative MTF of the 
retina-brain system. 

6. The ophthalmic apparatus according to claim 1, further 
comprising corneal shape analysis means for obtaining the 
corneal shape of the eye, and Wherein 

the ?rst input means inputs the obtained data about the 
pre-operative corneal shape. 

7. The ophthalmic apparatus according to claim 1, 
Wherein the arithmetic means includes: 

means for obtaining a pre-operative MTF of the cornea of 
the eye based on the inputted data about the pre 
operative corneal shape; 

means for obtaining a pre-operative MTF of an intraocu 
lar optical system of the eye based on the obtained 
pre-operative MTF of the cornea and the inputted 
pre-operative MTF of the ocular imaging system; 

means for obtaining an intended post-operative MTF of 
the cornea of the eye based on the inputted data about 
the intended post-operative corneal shape; and 

means for obtaining the intended post-operative MTF of 
the ocular imaging system based on the obtained pre 
operative MTF of the intraocular optical system and the 
intended post-operative MTF of the cornea obtained 
thereby. 

8. The ophthalmic apparatus according to claim 1, further 
comprising: 

means for inputting data about a pre-operative MTF of a 
retina-brain system of the eye; and 

means for estimating post-operative visual acuity of the 
eye based on the inputted pre-operative MTF of the 
retina-brain system and the intended post-operative 
MTF of the ocular imaging system obtained thereby. 

9. The ophthalmic apparatus according to claim 8, 
Wherein the means for estimating the visual acuity includes: 

means for obtaining an intended post-operative MTF of 
the visual system of the eye based on the pre-operative 
MTF of the retina-brain system and the intended post 
operative MTF of the ocular imaging system; 
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a memory containing a visual acuity table Which provides 
visual acuity in correspondence With the MTF of the 
visual system; and 

means for estimating the post-operative visual acuity 
based on the intended post-operative MTF of the visual 
system and the stored visual acuity table. 

10. The ophthalmic apparatus according to claim 1, fur 
ther comprising means for obtaining corneal ablation data of 
the eye based on comparison of intended post-operative 
MTFs of the ocular imaging system that are obtained by 
modifying the data about the intended post-operative corneal 
shape. 

11. The ophthalmic apparatus according to claim 10, 
Wherein 

the second input means inputs, as the data about the 
intended post-operative corneal shape, each data 
obtained through increasing or decreasing a corneal 
ablation amount in each of minute regions into Which 
an ablation region is divided, and 

the means for obtaining corneal ablation data obtains the 
corneal ablation data in a manner to achieve a best 
outcome through comparison of the intended post 
operative MTFs of the ocular imaging system. 

12. The ophthalmic apparatus according to claim 10, 
further comprising: 

an irradiation optical system including a laser source for 
emitting a laser beam ablating the cornea and a change 
unit for selectively changing a region irradiated by the 
emitted laser beam; and 

control means for controlling at least one of the laser 
source and the change unit based on the obtained 
corneal ablation data. 

13. An ophthalmic apparatus used in refractive surgery to 
change a radius of curvature of a cornea, the apparatus 
comprising: 

a corneal shape analysis unit Which obtains data about a 
corneal shape of a patient’s eye; 

an MTF measurement unit Which obtains data about an 
MTF of a visual system and data about an MTF of a 
retina-brain system of the eye; 

an input unit Which inputs data about an intended post 
operative corneal shape of the eye; and 

an arithmetic unit Which obtains 

a pre-operative MTF of the cornea of the eye based on 
the obtained data about a pre-operative corneal 
shape, 

a pre-operative MTF of an ocular imaging system of 
the eye based on the obtained data about a pre 
operative MTF of the visual system and the obtained 
data about a pre-operative MTF of the retina-brain 
system, 

a pre-operative MTF of an intraocular optical system of 
the eye based on the obtained pre-operative MTF of 
the cornea and the obtained pre-operative MTF of 
the ocular imaging system, 

an intended post-operative MTF of the cornea of the 
eye based on the inputted data about the intended 
post-operative corneal shape, and 
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an intended post-operative MTF of the ocular imaging 
system of the eye based on the obtained pre-opera 
tive MTF of the intraocular optical system and the 
intended post-operative MTF of the cornea obtained 
thereby. 

14. The ophthalmic apparatus according to claim 13, 
Wherein the input unit inputs correction amount data of the 
eye as the data about the intended post-operative corneal 
shape, and 

the arithmetic unit obtains the intended post-operative 
MTF of the cornea based on the inputted correction 
amount data. 

15. The ophthalmic apparatus according to claim 14, 
further comprising an eye refractive poWer measurement 
unit Which obtains data about eye refractive poWer of the 
eye, and Wherein 

the input unit inputs the obtained data about the eye 
refractive poWer as the correction amount data. 

16. The ophthalmic apparatus according to claim 13, 
Wherein the arithmetic unit further estimates post-operative 
visual acuity of the eye based on the obtained pre-operative 
MTF of the retina-brain system and the intended post 
operative MTF of the ocular imaging system obtained 
thereby. 

17. The ophthalmic apparatus according to claim 13, 
Wherein the arithmetic unit further obtains corneal ablation 
data of the eye based on comparison of intended post 
operative MTFs of the ocular imaging system that are 
obtained by modifying the data about the intended post 
operative corneal shape. 

18. An ophthalmic apparatus used in refractive surgery to 
change a radius of curvature of a cornea, the apparatus 
comprising: 

a memory containing a program for obtaining an intended 
post-operative MTF of an ocular imaging system of the 
eye based on data about a pre-operative corneal shape, 
data about an intended post-operative corneal shape 
and data about a pre-operative MTF of the ocular 
imaging system of the eye; and 

an arithmetic unit Which performs arithmetic operation in 
accordance With the program. 

19. The ophthalmic apparatus according to claim 18, 
Wherein the program includes the steps of: 

obtaining a pre-operative MTF of the cornea of the eye 
based on the data about the pre-operative corneal 
shape; 

obtaining a pre-operative MTF of an intraocular optical 
system of the eye based on the obtained pre-operative 
MTF of the cornea and the pre-operative MTF of the 
ocular imaging system; 

obtaining an intended post-operative MTF of the cornea 
of the eye based on the data about the intended post 
operative corneal shape; and 

obtaining the intended post-operative MTF of the ocular 
imaging system based on the obtained pre-operative 
MTF of the intraocular optical system and the intended 
post-operative MTF of the cornea obtained thereby. 

20. The ophthalmic apparatus according to claim 18, 
Wherein the program further includes the step of obtaining 
the pre-operative MTF of the ocular imaging system based 
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on a pre-operative MTF of a visual system and a pre 
operative MTF of a retina-brain system. 

21. The ophthalmic apparatus according to claim 18, 
Wherein the program further includes the step of estimating 
post-operative visual acuity of the eye based on a pre 
operative MTF of a retina-brain system and the intended 
post-operative MTF of the ocular imaging system of the eye 
obtained thereby. 
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22. The ophthalmic apparatus according to claim 18, 
Wherein the program further includes the step of obtaining 
corneal ablation data of the eye based on comparison of 
intended post-operative MTFs of the ocular imaging system 
that are obtained by modifying the data about the intended 
post-operative corneal shape. 

* * * * * 


