TORIC OPHTHALMIC LENS

[Field]

[0001] The embodiments discussed herein pertain to
a toric ophthalmic lens for correcting astigmatism.
[Background]

[0002] As examples of an ophthalmic lens for
correcting astigmatism, eyeglasses, contact lenses,
intraocular lenses and the like are named. These
ophthalmic lenses have an optical surface referred to
as a toric surface. It is noted that “toric surface”
is a surface shape of a lens where radii of curvature
of at least two meridians differ from each other as in
the case of a side surface of a rugby ball or a doughnut.
Accordingly, a lens having such a toric surface is
referred to as a toric lens (circular annular lens).
[0003] Due to a toric surface, the refractivity of
a lens differs between directions orthogonal to each
other which are set on the toric surface. Astigmatism
can be corrected by making use of the difference in
refractivity. In general, this difference in
refractivityis referredtoascylindrical refractivity.
On a toric surface, a meridian in a direction where
refractivityis large isreferredtoas asteepmeridian,
andameridianinadirectionwhere refractivity is small
is referred to as a flat meridian. Further, an average
value of refractivities on these two meridians 1is
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referred to as spherical equivalent power (or simply
referred to as spherical power). Usually, 1in an
ophthalmic lens for correcting astigmatism, as indexes
indicative of optical ©performances, equivalent
spherical power and cylindrical refractivity are used.
Conventionally, there has been proposed a lens where,
with respect to optical surfaces disposed in frent of
and behind the lens, a functionof correcting astigmatic
abnormality invisionis imparted to one optical surface,
and a function of correcting spherical aberration is
impartedtothe otheroptical surface (patent literature
1).
[Citation List]
[Patent Literature]
[0004]

[PTL 1] JP-A-2009-544059
[Summary]
[Technical Probleml]
[0005] Recently, along with the development of
measuring instruments in ophthalmology, cornea
astigmatism in an eyeball can be accurately measured.
For example, in an anterior eye part shape analyzer such
as Pentacam (registered trademark) (made by OCULUS) or
TMS-5 (made by TOMEY CCORPORATION), a shape of cornea
can be measured, and the distribution of refractive
power from the center to the periphery of the cornea
can be measured. The substantially same measurement
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can be also applied to an eye having astigmatism so that
amounts of astigmatism ranging from the center to the
periphery of a cornea can be also measured.

[0006] However, inthe conventional ophthalmic lens
for correcting astigmatism, only the configuration
where one optical surface of the lens is used as a toric
surface is disclosed, and a control of cylindrical
refractivity on the toric surface is not taken into
consideration. Accordingly, even when amounts of
astigmatism ranging from the center to the periphery
of a cornea can be grasped by the above-mentioned
measurement, astigmatism components cannot be properly
removed over the whole cornea in the conventional
ophthalmic lens for correcting astigmatism whereby the
proper improvement of visual functions is limited.
[0007] The technique of this disclosure is made in
view of the above-mentioned circumstances, and it is
an object of this disclosure to realize a toric
ophthalmic lens capable of more properly correcting
amounts of astigmatism of a cornea.

[Solution to Problem]

[0008] According to an embodiment, it is provided
A toricophthalmic lens whereinrefractivity of the lens
differs between a first direction on a plane
perpendicular to anoptical axis of the lens and a second
direction which differs from the first direction on the
plane, wherein refractivity difference which is the
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difference between the refractivity 1in the first
direction and the refractivity in the second direction
varies depending on a position of the lens in a radial
direction. Further, according to the toric ophthalmic
lens of the present embodiment, the refractivity
difference varies so as to attenuate a variation in
refractivity with respect to a radial direction or a
circumferential direction in a cornea of an eyeball in
which the lens is mounted. With such a configuration,
by controlling a amounts of astigmatism in the center
portion of the lens and a amounts of astigmatism in the
peripheral portion of the lens respectively, it 1is
possible to provide a toric ophthalmic lens which can
more properly perform correction of astigmatism
compared to a prior art.

[0009] In addition, the toric ophthalmic lens
according to the present disclosure 1is the toric
ophthalmic 1lens wherein with respect to first
refractivity in a paraxial portion of the lens in the
first direction, second refractivity in a peripheral
portion of the lens in the first direction, third
refractivity in the paraxial portion of the lens in the
second direction, and fourth refractivity in the
peripheral portion of the lens in the second direction,
the difference between the first refractivity and the
third refractivity is refractivity difference in the
paraxial portion of the lens and the difference between
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the second refractivity and the fourth refractivity is
refractivity difference in the peripheral portion of
the lens, and the refractivity difference in the
paraxial portion of the lens and the refractivity
difference in the peripheral portion of the lens are
controlled to be different from each other.
Alternatively, there is provided the toric ophthalmic
lens, wherein amounts of first spherical aberration in
the first direction and amounts of second spherical
aberration in the second direction are controlled
individually.
[Advantageous Effects of Invention]
[0010] According to the techniqueof thisdisclosure,
it ispossibletorealizeatoricophthalmic lens capable
of more properly correcting amounts of astigmatism of
an eyeball.
[Brief Description of Drawings]
[0011]

FIG. 1 1s a schematic diagram illustrating
spherical aberration of a lens;

FIG. 2A and FIG. 2B are schematic diagrams
illustrating spherical aberration of a toric lens;

FIG. 3 is a table illustrating one example of a
simulation result of a toric intraocular lens according
to this embodiment and a conventional toric intraocular
lens;

FIG. 4 is a diagram illustrating the schematic
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constitution of a schematic eye prepared for evaluating
the toric intraocular lens;

FIG. 5 is a table illustrating one example of the
evaluation result of the schematic eye illustrated in
FIG. 4;

FIGS. 6A to 6C are graphs illustrating one example
of ameasurement result of anMTFof thetoricintraocular
lens according to this embodiment; and

FIGS. 7A to 7C are graphs illustrating one example
of ameasurement result of an MTF of a conventional toric
intraocular lens.

[Description of Embodiments]

[0012] Hereinafter, an embodiment of the present
invention is described with reference to drawings.
Although a toric intraocular lens will be described in
the descriptionmade hereinafter, the present invention
is not limited to the intraccular lens and 1is also
applicable to various ophthalmic lenses including
contact lenses.

[0013] Firstly, spherical aberration which is one
of Seidel’s five aberrationsisdescribedwithreference
to FIG. 1. When spherical aberration occurs, power
difference is generated between a center portion
(paraxial portion) and a peripheral portion of a
rotation-symmetry-type lens. Spherical aberrationis
a phenomenon where a light which passes through the
center portion of the lens and a light which passes
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through the peripheral portion of the lens do not
converge on the same focal point.

[0014] As illustrated in FIG. 1, assuming a rear
principal point of a lens L1 as H’, a paraxial focal
point as F, a focal length as £, and a distance from
the rear principal point H' to a focal point cof a
peripheral light beam (a light which passes through a
peripheral portion of the 1lens) as f’, paraxial
refractivity of the lens L1 P 1is expressed by the
following formula (1) wusing the focal 1length f£f.
Although the description is made with respect to the
case where air is present in front of and behind the
lens and a refractive index is set to 1, the present

invention is not limited to such a case.

[0015] In this embodiment, the case where spherical
aberration is generated means the case where the
position of a focal point F’ of a peripheral light beam
and the position of the paraxial focal point F differ
from each other, and refractivity P’ of a peripheral
portion of the lens L1 is expressed by the following

formula (2) using the distance f’.



[0016] InFIG. 1, the focalpoint F' of theperipheral
light beam is closer to the rear principal point H’ than
the paraxial focal point F is and hence, the following
formula (3) is established. That is, when spherical
aberration is generated in the lens L1, difference is
generated in refractivity between the center portion

and the peripheral portion of the lens L1.

P<P

[0017] Next, spherical aberration generated in a
toric lens L2 is described with reference to FIG. 2A
and FIG. 2B. Forthesake of convenienceofdescription,
the description is made by assuming that an optical axis
of the toric lens L2 is taken on a Z axis, an XY plane
orthcgonal to the optical axis is set and an X axis and
a Y axis are orthogonal to each other. However, the
X axis and the Y axis may not be always orthogonal to
each other, and may be configured such that the X axis
extends in a first direction on the XY plane and the
Y axis extends in a second direction which differs from
the first direction. FIG. 2A and FIG. 2B illustrate
states where light beams in the X axis direction and
Y axis direction of the toric 1lens L2 converge
respectively. As illustrated in FIG. 2A, it is assumed
that a rear principal point of the toric lens L2 is H',
a paraxial focal point in the X axis direction of the
lens is Fx, a focal length in the X axis direction of
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the lens is fx, and a distance from a rear principal
point H’ to a focal point of a peripheral light beam
in the X axis direction of the lens is fx’. In the same
manner, as illustrated in FIG. 2B, Fy, fy, fy’ are
respectively set also with respect to the Y axis
direction of the lens.

[0018] In this case, as described with reference
to FIG. 1, the following formulas (4) to (7) are

established.

(5)
1
B =7
Yoo (s)
D 1 _ 1
y I
’ + S4.
‘f;' 'f.; ) (7)
[0019] Here, SAx, SAy indicate adistance of amounts

of spherical aberration in the X axis direction of the
lens and a distance of amounts of spherical aberration
in the Y axis direction of the lens respectively. For
example, SAx, SAy in the toric lens L2 illustrated in
FIG. 2A and FIG. 2B take negative values.
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[0020] Cylindrical refractivity Pc in a paraxial
portion of the toric 1lens L2 and <cylindrical
refractivity Pc’ in a peripheral portion of the toric
lens L2 are expressed by the following formulas (8) and
{(9). Both c¢ylindrical refractivities Pc, BE)
correspond to the difference between refractivity in
the first direction and refractivity in the second
direction. Further, Px, Px’, Py and Py’ respectively
correspond to the first refractivity, second
refractivity, third refractivity and fourth

refractivity.

P.=P-P,

(8)
p'=p'_p
& X !
? (9)
[0021] In this embodiment, for the purpose of

alleviating astigmatism of a cornea in the radial
direction or in the circumferential direction by
measuring a shape of an eyeball, a toric intraocular
lens is manufactured by determining Pc and Pc’ on a lens
side such that cylindrical refractivities of a paraxial
portion and a peripheral portion of an eye into which
the intraocular lens is inserted cancel each other in
the formulas (8) and (9). Alternatively, a toric
intraocular lens is manufactured by individually
determining SAx, SAy such that cylindrical
refractivities of a paraxial portion and a peripheral
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portion of an eye into which the intraocular lens is
inserted cancel each other in the formulas (5) and (7).
Accordingly, not only amounts of astigmatism in the
center portion of the lens but also amounts of
astigmatism in the peripheral portion of the lens can
be controlled, and hence, it is possible to provide a
lens having a more favorable astigmatism correcting
function compared to a conventional toric intraocular
lens. The toric intraocular lens according to the
present invention is not limited to the configuration
where the difference in refractivity differs in two
stages between a paraxial portion and a peripheral
portion, and the toric intraocular lens may be
configured such that the difference in refractivity
continucusly varies in a steplessmanner fromthe center
to the periphery of the lens.

[0022] Next, in this embodiment, with reference to
FIG. 3, the description is made with respect to a
simulation result on Landolt ring images acquired by
a toricintraocular lens whenthe toric intraccular lens
is designed using the formulas (8) and (9). FIG. 3
illustrates Landolt ring images in so-called best
focusing where a conventional toric lens and a toric
lens according to this embodiment are applied to an
astigmatic eye under a predetermined condition as
intraocular lenses, Landolt ring images acquired when
an image plane is moved away from the lens by 0.04 mm
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(+) in the simulation, and Landolt ring images when the
image plane is made to approach the lens by 0.04 mm (-) .
[0023] As can be understood from the Landolt rings
in best focusing illustrated in FIG. 3, in the toric
intraocular lens according to this embodiment,
astigmatismis favorably reduced so that a clear Landolt
ring image is acquired. On the other hand, in the
conventional toricintraocular lens, although a Landolt
ring image is confirmed to an extent that the image is
recognizable, so-called blurring is generated around
the Landolt ring.

[0024] Further, thedifferenceinlandolt ring image
appears also when an image plane is moved so that the
image is defocused. As illustrated in FIG. 3, in the
toric intraocular lens according to this embodiment,
even when an image plane is displaced from the position
for best focusing, blurring having a rotation
symmetrical shape is generated. That is, it is safe
to say that astigmatism is substantially completely
eliminated. On the other hand, in the conventional
toric intraocular 1lens, Dblurring extends 1in a
longitudinal direction (vertical direction on a paper
on which FIG. 3 is drawn) (image plane: +0.04 mm) or
extends in a lateral direction (left-and-right
direction on the paper on which FIG. 3 is drawn) (image
plane: -0.04 mm) and, hence, it is understood that
astigmatism is not completely eliminated. From the
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above, it is safe to say that the toric intraocular lens
according to this embodiment can acquire more effective
astigmatismcorrectioneffect comparedtothepriorart.
[0025] Next, the description 1is made on an
evaluation result with respect to the case where an
astigmatism cornea lens which differs in amounts of
astigmatism between a center portion and a peripheral
portionof the lens ismanufactured. FIG. 4illustrates
the schematic configuration of a schematic eye used for
the evaluation. In the schematic eye illustrated in
FIG. 4, an astigmatism cornea lens L3 1is suitably
rotatable about an optical axis. Accordingly, it is
possible to make an astigmatism axis of the astigmatism
cornea lens L3 and an astigmatism axis of a toric
intraocular lens L4 agree with each other. 1In FIG. 4,
the astigmatism cornea lens L3 is formed of a biconvex
lens. However, the astigmatism cornea lens L3 may be
a meniscus lens or a biconcave lens.

[0026] In the schematic eye illustrated in FIG. 4,
the toric intraocular lens L4 is arranged in water by
estimating the case where the toric intraocular lens
L4 is disposed inside the eye. However, the schematic
eye may be configured such that the toric intraocular
lens L4 is arranged in air. As indices to be observed
with respect to the schematic eye illustrated in FIG.
4, Landolt rings described on a wvisual acuity chart
having a length of 3 m are used. 2An index to be imaged
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is an optotype of 1.0 vision. A filter which allows
light of 546 nm to pass therethrough is mounted on a
halogen lump which forms a 1ight source, and light which
passes through the filter is irradiated to the visual
acuity chart froma back side of the visual acuity chart.
A camera 10 can move back-and-forth in a direction with
respect to an optical axis of the toric intraocular lens
L4 for focusing. As illustrated in FIG. 4, the toric
intraocular lens L4 is positioned inside an
approximately rectangular parallelepiped casing 100
whereboth surfacesof thecasing 100 are formedof planar
glasses 101, 101. As described previously, the inside
of the casing 100 is filled with water, and a stop S
is mounted on an astigmatism cornea lens L3 side of the
toric intraocular lens L4.

[0027] FIG. 5 illustrates a result obtained by
imaging Landolt rings which are indexes by a camera when
the schematic eye illustrated in FIG. 4 is used. As
illustrated in FIG. 5, in the same manner as the
simulation result illustrated in FIG. 3, in the toric
intraocular lens L4 of this embodiment, Landolt rings
areclearly imaged inbest focusing. Further, alsowith
respect to images which are intentionally defocused by
moving the camera 10 in an optical axis direction of
the toric intraocular lens L4, blurring occurs in
rotation symmetry. Accordingly, it is understood that
astigmatism is favorably reduced. On the other hand,
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in the conventional toric intraocular lens, although
Landolt rings are recognized in best focusing, images
are remarkably degraded when the images are
intentionally defocused. Accordingly, it is
understood that astigmatism 1is not sufficiently
reduced.

[0028] FIGS. 6A to 6C illustrate a result obtained
by measuring MTF (Modulation Transfer Function) of the
toric intraocular lens of this embodiment using the
configuration of the schematic eye illustrated in FIG.
5. In the drawings, spatial frequency indicative of
a distance of stripes of a stripe pattern used as an
object to be imaged is taken on an axis of abscissas,
and a value of MTF of an image of the stripe pattern
focused on a 1light receiving surface of a camera by the
toric intraocular lens is illustrated on an axis of
ordinates. A solid line indicates numerical values in
a sagittal (radiation) direction of the toric
intraocular lens (0 degree direction in this case), and
a broken line indicates numerical values inameridional
{concentric) direction of the toric intraocular lens
(90 degree direction in this case). As illustrated in
FIGS. 6A to 6C, 1in the case of the schematic eye into
which the toric intraocular lens of this embodiment is
inserted, it is understood that MTF exhibits favorable
values both in the 0 degree direction andin the 90 degree
direction 1in Dbest focusing. Further, =even in
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defocusing, although wvalues of MTF are lowered, MTF
exhibits substantially the same change both in the 0
degree direction and in the 90 degree direction, and
hence, it is understood that astigmatism is
substantially not generated.

[0029] Next, FIGS. 7A to 7C illustrate a result
obtained by measuring MTF of a conventional toric
intraocular 1lens using the configuration of the
schematic eye illustrated in FIG. 5. As illustrated
in FIGS. 7Ato 7C, in the conventional toric intraocular
lens, MTF at spatial frequency of 100 lines/mm is 0.2
or more in best focusing, and hence, it is considered
that the schematic eye can see the wvision of 1.0.
However, as can be understood from FIGS. 6A to 6C, MTF
exhibits low values compared to the toric intraocular
lens of this embodiment. Further, as illustrated in
FIGS. 7A to 7C, in the conventional toric intraocular
lens, MTF exhibits different changes in the 0 degree
direction and in the 90 degree direction even at the
time of defocusing. Accordingly, it is safe to say that
astigmatism still remains in the conventional toric
intraocular lens. As has been set forth above, with
the use of the toric intraocular lens which is designed
in the above-mentioned manner by taking into account
not only amounts of astigmatism at a center portion of
the lens but also amounts of astigmatismat a peripheral
portion of the lens in accordance with this embodiment,
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the correction of astigmatism can be performed more
favorably compared to the prior art.

[Reference Signs List]

[0030]

Ll lens

L2 toric lens

L3 astigmatism cornea lens
L4 toric intraocular lens
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CLAIMS
What 1s claimed is:
1. A toric ophthalmic lens wherein refractivity of
the lens differs between a first direction on a plane
perpendicular to anoptical axis of the lens and a second
direction which differs from the first direction on the
plane, wherein

refractivity difference which is the difference
between the refractivity in the first direction and the
refractivity in the second direction varies depending

on a position of the lens in a radial direction.

2. The toric ophthalmic lens according to claim 1,
wherein the refractivitydifference iscontrolledbased
onameasurement of aneyeball inwhichthe lens ismounted
to vary so as to attenuate a variation in refractivity
with respect to a radial direction or a circumferential

direction in a cornea of the eyeball.

3. The toric ophthalmic lens according to claim 1 or
claim 2, wherein with respect to first refractivity in
a paraxial portion of the lens in the first direction,
second refractivity in a peripheral portion of the lens
in the first direction, third refractivity in the
paraxial portion of the lens in the second direction,

and fourth refractivity in the peripheral portion of
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the lens in the seconddirection, thedifference between
the first refractivity and the third refractivity 1is
refractivity difference in the paraxial portion of the
lens and the difference between the second refractivity
and the fourth refractivity is refractivity difference
in the peripheral portion of the 1lens, and the
refractivity difference in the paraxial portion of the
lens and the refractivity difference in the peripheral
portion of the lens are controlled to be different from

each other.

4. The toric ophthalmic lens according to any one of
claims 1 to 3, wherein amounts of first spherical
aberration in the first direction and amounts of second
spherical aberration 1in the second direction are

controlled individually.

5. A toric ophthalmic lens wherein refractivity of
the lens differs between a first direction on a plane
perpendicular to an optical axis of the lens and a second
direction which differs from the first direction on the
plane, wherein the following formulas (1) to (6) are

established,

P=—

S
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wherein P; is first refractivity in a paraxial
portion of the lens in the first direction, P;’ is second
refractivity in a peripheral portion of the lens in the
firstdirection, P,isthirdrefractivityintheparaxial
portionof the lens in the seconddirection, Py’ is fourth
refractivity in the peripheral portion of the lens in
the second direction, f1 is a focal length in the first
direction of the lens, SA; is a distance of amounts of
spherical aberration in the first direction of the lens,
f,is a focal length in the second direction of the lens,
SA, is a distance of amounts of spherical aberration
in the second direction of the lens, and

P:. and P.’ are determined based on a measurement
of an eyeball inwhich the lens is mounted so as to cancel
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a refractivity in the paraxial portion of the eyeball
and a refractivity in the peripheral portion of the

eyeball, respectively.
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