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- METHOD OF CALCULATING THE
REQUIRED POWER OF A TORIC IMPLANT

Back gomid of the Inv f;nti'on

This invention relates generaﬂy to the field of ophthalmic lenses and, more
partiéularly, to toric intraocular lenses (e.g. pseudophakic IOL, AC phakié TOL, PC phakic
IOL, Iris-fixed IOL and etc.). o

The human eye in its simplest terms functions to provide vision by transmitting 11 ght
through a clear outer portion called the cornea, and focusing the image by way of a crystalline
lens onto a retina. The quality of the focu"éed image depends on many factors including the
size and shape of the eye, and the transparency of the cornea and the Ieﬁs. | |

The optical power of the eye is determined by the optical power of the cornea ahd the
crystalline lens. In the normal, healthy eye, sharp images are formed on the retina

(emmetropia). In many eyes, images are either formed in front of the retina because the eye 1s

abnormally long (axial myopia), or formed in back of the retina because the eye 1s abﬁormally

short (axial hyperopia). The cornea and crystalline lens also may be non-spherical and
regular but asymmetric or toric, resulﬁng in an uncompensated cylindrical refractive error
referred to as corneal and lenticular asti gﬁlatisms, which in combination give ocular
astigmatism. Fanally, if a surgical procedure is performed on the eye, the procedure 1tself can
induce corneal asti gmatism.

These refractive errors can all be corrected by the use of a refractive implant, when the
natural lens is left in place, or by an intraocular lens (IOL) that 1s used to replace the natural
lens. With respect to a toric implant, tﬁe magnitude of the cylindrical pdwer of the implant
and the exact alignment of the implant with the naturally occurring or induced asymmetry of
the cornea/eye is necessary in order to correct the regular asﬁglnaﬁsm of the cornea/eye. The
importance of the alignment of the axis of the implant with that of the cornea/eye is impdrtant
because even with matching magnitudes of cylinder, any misalignment of the ax1s results n
unintended residual refractive errors with both spﬁere and cylinder. Thus, misalignment of
the axis of cylinder of the implant with that of the cornea/eye 1s detrimental to the overall goal
of optimum retinal image formation. The criticality of the needed alignment depends upon
the magnitude of corneal/ocular cylinder, especially for large magnitude of corneal/ocular -

cylinder.
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One prior art method for predicting the required spherical IOL power based on
surgical techniques is disclosed in U.S. Patent No. 5,709,218 (Holladay, et al.). This
method, however, does not use power vector analysis to determine the correct power or
orientation of a toric implant. There are various mathematical models available to assess
surgically induced astigmatism. Authors such as Thibos, Holladay, Horner, Cravy and
Koch have published papers on the use of power vector analysis to evaluate induced
refractive error by Lasik surgery. The above methods provided the assessments for
correction etfectiveness. They, however, failed to provide a direct guidance for surgeons
In terms of how to do surgery correctly to optimal refractive outcomes. In addition, these
models do not account for the location of the lens within the eye.

Accordingly, a need continues to exist for a method of calculating the predicted
post-operative refractive error 1n an eye that takes into account both naturally occurring

and surgically induced astigmatic errors.

Brief Summary of the Invention

Embodiments of the present invention improve upon the prior art by providing a
method for calculating the required power of a toric implant by using both the measured
pre-operative corneal/ocular astigmatism and the predicted surgically-induced
astigmatism. The surgically-induced astigmatism is predicted using power vector analysis
of the surgical technique employed by the surgeon. Such a method provides a more
accurate method of calculating the required post-operative refractive power of the implant.
The method can be implemented manually, but preferably is automated by implementation

on a computer through appropriate software.

Certain exemplary embodiments can provide a method of calculating the required
power of a toric ophthalmic implant, comprising the steps of: a) determining an optimum
cylindrical refraction needed to correct sphero-cylindrical refractive errors in a patient's
eye, wherein said determining step comprises measuring the pre-operative corneal/ocular
astigmatism in the patient's eye; b) calculating a predicted surgically induced refractive
change to the patient's eye; and ¢) analyzing the optimum cylindrical refraction needed to
correct sphero-cylindrical refractive errors in the patient's eye in combination with the
predicted surgically induced refractive change to the patient's eye to determine the

required power of the toric ophthalmic implant.
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One objective of embodiments of the present invention is to provide a method for
calculating the required power of a toric implant by using both the measured pre-operative
corneal/ocular astigmatism and the predicted surgically-induced astigmatism.

Another objective of embodiments of the present invention is to provide a method
for calculating the required power of a toric implant using power vector analysis of the
surgical technique employed by the surgeon.

Still another objective of embodiments of the present invention is to provide a

more accurate method
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of calculating the required post-op erative refractive power of the implant.
These and othex advantages and objectives of the present invention will become

apparent from the detailed description and claims that follow.

Brief Description of the Drawing

FIG. 1 1s a flow chart indicating the steps of the method of the present invention.
FIG. 2 is a schematic illustration of an eye with an intraocular lens physically placed
at the implant plane and virtually placed at the corneal plane.

°

o~

Detailed Descrip' tion of the Invention

Method 10 of the present invention generally includes determining the magnitude of

~ the astigmatic error of a patient based on patient factors and surgeon factors. Patient factors

(12) include (i) the mean sphere ’equiVaiént (MSE) of the implant, (ii) the K-reading fbr the
steepest meridian (K;) and axis (A1) and the K-reading for the flattest meridian (K2) and axis
(A2), (1n) anterior chamaber depth (ACD) or effective lens position (ELP) and (iv) the manifest

refraction of the whole eye (in the case of calculating ocular astigmatism). . Surgeon factors'

-(14) 1include incision size and location (incision) and the surgically induced refractive change -

(SIRC) typical for the i:ndividual‘ surgeon. Both patient factors 12 and surgeon factors 14 are
analyzed at step 16 usinng a power vector analysis. Step 16 may use any of a variety of
mathematical formulas well-known in the art, one suitable formula will now be discussed.
The sphero-cylindrical prescription (S, C and @), either 1n optometric convention (-cyl format)
or in ophthalmologic convention (+cyl format), can be described by M, Jp and Jy;s as

following:
M=S_§ +—(—:- ;
2
S, = --(22 cos(2ar)
Jys = —--g- sin(fZa},

B=yM?+J.2 +J, 1)

where B 1s called the blur strength. It’s the equivalent dioptric defocus at the plane of the least
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confusion.

The refractive error n power vector format can be converted back to the sphero-
cylindrical format. Since the optometric (-cyl format) and Qphtha]xﬁblo gic (+cyl format)

conventions are easily interchangeable, the conversion from M, Jp and Jys to the optometric ¢~

- cyl format) convention is presented in equation (2).

C= —2\/.]02 +J5;

0
e 1| Y45
+1830° J, . Z20&tan | ——|<0
J.
<0
1| Y45
+90° J.<0&tan | —{>0
0 J
0
~1| /45
+90° Jd;.<0&‘.tan —= 1< 0
| U (2)

The cylinder axis in clinical prescripﬁon is usually falling between 0° and 180°. To get

the axis within the legitimate range, four Qifferent conditions can be encountered, shown in

‘equation (2).

The current corneal incision procedﬁre of catméct surgery causes both the flattening and
the steepening of the corneal surface at meridians associated with the incision locations. This
creates a measurable cylinder power chamge and cylindrical axis shift in post-Opérative
refraction. Surgically induced astigmatic change should be faken into account in predicting the
post-operative astigmatism and.then it is possible to use a toric implant to neutralize the
astigmatism in the whole eye. Using the equation (1), the corneal refractive error, Scormes, Ccomea
and ®comeq, and the surgically induced refractive change (SIRC), Ssrc’, Csre” and Osrc’, can
be converted into power vectors. For simplicity, the power vector of corneal refractive error is
denoted as (M,’ Jo, Js5) and the power vectoxr of SIRC is denoted as (M, Jo’, J#5'). The power

vector for the predicted post-operative comeal refractive error is the sum of cornea and SIRC
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power vectors.
RxComea = (M JO?J45);'RxSJRC'= (M ’JO ’J45 ) |
RxchI = RxComea RxSIRC '= (M+M' J +J0 ?J45 +J45 ) (3)

- Inthe case of the whole eye the refractlve error of the whole eye 1S SEye, CEye and Ol and

therefore the equations can be rewntten as:

Eye "‘“(M J0>J45)Rxsmc (M'aJe’:J‘zs.)
Rty = Ry, + Regye'= (M + M, Ty + 0, T s + 7,5 )

- The predicted post-op crative comeaV ocular vector can be converted to conventional
sphero-cylindrical format by using equation (2). The conversion results are labeled as Sxeyt, Cxeyt
and Cxcyr, for the reason that they are the results of cro ss-eyiindet calculation.

" For toric implant selection, the focus will be on the cylindrical components Cy,r and
Olyeyt. At the corneal "ijlahe;=-a"' toric correction with Cxeyr and: Oy are required: However, the toric
correction needed at the implant plane is different from that qat corneal plane due to-the power

transfer property from the corneal plane to the implant plane. The tonc implant has the cylinder

’power and cylindrical axis descnbed by equation (4).

= CF*Cy,,

CImpIant
A inplazt = X xeyr f (4)

- where CF is conversion factor between the comeal plane and the implant plane.

From the calculated values ny;gplant and %mpiant, t1'1e appropriate toric implant model can be

-selected and the selected implaﬁt will be placed at the meridian indicated by Qgpians.

The vector analysis contemplated ira step 16 results in calculated post-operative corneal/ocular
astigmatism 18, which takes into account both patient factors 12 and surgeon factors 14. If the
implant 1s an intraocular lens (IOL). the predicted cylindrical error calculated at step 18 at the

corneal plane 1s translated into a requuired cylindrical error at the implant plane at step 20.

In the following dismséion, the general rule is that the power of optical component is
denoted by “P” and the vergence by “L”. We deﬁne, Peornea as the power of comea at certain
meridian, Prmpian: as the power of the implant , Prnpian” as the equivalent power of the immplant at
the corneal plane, Lecomes as the vergence immediately eﬂer the corneal plane, Limplant as the

vergence at the first principal plane of the implant, Limpin’ as the vergence at the second

principal plane of the implant, n as the refractive index of aqueous humor, and d is the distance
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between the cornea and the first pnn01pal plane of the implant.

Generally, the Lcomes is equal to the sum of vergence of spectacle correction at the
corneal plane and the power of the cornea.

L =L, +P

corneq cornea (5 )

where the Lz: is the vergence of spectacle ccrrectlcn at the corneal plane. For emmetropic eye
after cataract surgery, the Lgy is eqhal to zero. In the following discussion, if not specifically
mentioned, we conisider the Lcornea the same as the Peornea.

As shown in FIG. 2, in the top illustration, the implant is physically placed 'at the
implant plane. In'the bottom 111ustrat10n the unplant 1s virtually placed at the corneal plane:
The first pnnclpal plane of the nnplant at the implant plane is denoted as FP, The second
principal plane of the implant at the implant plane is denoted as SP. In both. scenarios, the «
vergence should be the same before vitreous chamber (1. e. at SP plane). By equating the

| vergence calculated from two difference scenarios; the relationship can be found to decide the

desired implant power at implant plane. More specifically, the desired implant at implant plane

‘'will. be a fuhction of the vergence immediately aﬁer the cornea (Lcoimea), the desired implant

power at the corneal plane (Prnpian’), the distance between the second principal plane of the
cornea (close to the anterior corneal surface) and the first principal plane of the implant (d) and

reiractive mdex of aqueous (7). In the discussion of toric value calculation, d and n can be fixed

" as constants.
})IOL = f (Lcomea > B‘mplant 2 d n ) f d,n ( comea ? })fmplant ’) (6)
From the farst optical system, the vergence at the SP plane is:
- | J Lcornea |
L Implant = T__ + })Implant
I—-— Lcomea
& (7)

From the second virtual optical setup, considering the location shift of implant, the
vergence at the SP plane 1s: |

P "J-L

)s ' Implant cornea
Implant — d
l — ; (‘PImpIant +L cornea )

(8)
By equating the right sides of equation (7) and (8),
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Lco;'nea P o 'leplant +L cornea
7 + Implant — d
1~ T L cornea ] —— (})Implant “+L cornea )
7 n 9 .

the following is obtained:

.. d 2{.
})Impfant (l _ __L cornea )
n

Prouptant = T 7 g
1+ — P tant (1““Lcomm) o
{4 n (1 O)
| P .
Bmplant =7 d T " Im};;mt — — |
(T TN
5 7 A (11)

The equation (i 0) calculates the equivalent implant at the . corneal plane for a giveﬁ
implant at thie implant plane. The equation (11) computes the desired implant power at the
implant plane according to the required optical. power at corneal plane. The desired toric value

10  can be obtained by taking the difference between maximum and miniTnum powers.
Assumming that the optical axial length is ALo, the required implant pov&er at the corneal

plane can be calculated as

P, = ———L

Implant l E cornea
O

(12)
For example, patient has k-reading K7 = 42.75 D x 120°, K2 = 44.75 D x 30°. Assume
15  that there’s no mduced astigmatism by surgeon, the emmetropic éye has axial length 23.65 mm,
d = 5.20 mmx and n = 1.336. The required implant powers at the corneal pléne are 13.74 D x
120° and 11.74 D x 30°. Puiting these values into equation (11), the implant powers at implant
plane are 21. 13 D x 120° and 18.22 x 30°. Compared the toric value of the cornea 2.00 D, the
implant should have toric value -2.91 D, which gives a conversion factor of 1.46. ;
20 Equation (11) includes both Leomea and Ppmpiane’, therefore, it must be determined which
variable affect the calculation of spherical and cylindrical powers most and could the effects of
these two factors on toric values be constant by differentiating the equation (11).

oP, oP
d})ImpIam‘ = 5};‘{% df)lmplant + B Lme’ﬂﬂf dL cornea

Implant

corneqa (1 3)
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C l _ a})}'mplan t C l ' a})lmplant

YE fmplant = 5};“_; Yt tmplant + ol Cy / cornea

Implant cornea (14)

C L a})fmplan: C _ ap]mp!ant "

‘ep, .0 oL

| Implant cornea ° | (1 5)

where dPpnpiant can be considered as the change of spherical power due to choosing different
meridians and therefore can be treated as the cylindrical power of the implant, similarly, the

5 :dPImpzam’ can be treated as the cylindrical poWer. of the implant at the corneal plane, the dL omea
as the cylindrical power of the cornea. Intuitively, the equation (14) means that the cylindrical
power of the implant is a function of its power at jthe corneal plane and the cylin'drical power of
the cornea, which 1s shown by equation (15). If the coefficients before dP}mpzaﬁg’ (Cylimplan’) and -

dL comnea (Cyl;:omea)a
O pmptant
10 aP’”W | - (16)
and
OP i ,
L o, ° a7

are constants, the equation (14) would be a linear equation. However, these two coefficients:are

usually not constants, but the functions of Pimptant” and Leomea.

15 With additional calculations, it can be determined that
C — 6})fmplant _ | -1
1
a P S . 2
e | (]’ o _‘i (})I{nplant +L cornea ))
§ (18)
C . a})}’:;iplant . 1 " 1
g e e ———
aaLcomea " d ; d *

(1 o ";; (})Implanr +L cormnea )) (1 ——L comea) |

; (19)

20 In equation (15), the desired IOL cylinder value (Cylior’) at corneal plane is equal to Cx.y, and
the corneal cylinder (Cylcormeas, including surgical induced astigmatism) is equal to the refractive

error to be corrected, — Cxgy.
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Therefore, the equation (15) can be rewriiten as:
Vit =(C, = C,)*Cyy = CF*Cy, - (20)

Implant

The CF = C; — C: is highly dependent on d and corneal K values. For corneal powers within the
normal range of 35 D — 55D, the conversion factor (CF) can be calculated with equation (18)
and (19) by fixing d to be the mean value of each region of interest.

* For Omm < d < 0.25 mm, CF = 1.00;

for 0.25mm < d < 0.75 mm, CF-= 1.02 — 1.04;
for 0.75mm < d < 1.25 mm, CF = 1.05 — 1.09:
for 1.25mm < d <1.75 mm, CF =1.08 — 1.14;

- for 1.75mm < d <2.25 mm, CF=1.11 - 1.19;

for 2.25mm < d <2.75 mm, CF = 1.15 — 1.24;
for2.75mm <d <3.25mm, CF=1.18 -1.30;
for3.25mm <d <3.75 .mm, CF=1.21-1.37;
for 3.75mm < d < 4.25 mm, CF = 1.25 — 1.43;

for4.25mm <d <4.75 mm, CF =1.29 - 1.51;

for 4.75mm < d < 5.25mm, CF =1.32 - 1.59;
for 5.25mm <d < 5.75mm, CF =1.37 - 1.67;
for 5.75mm <d < 6.25mm, CF = 1.41 — 1.76;
for 6.25mm < d < 6.75 mm, CF =1.45 — 1.86;
for 6.75mm <d < 7.25mm, CF =1.50-1.97.

For mplants, such as refractive implants, that are to be located near or in the cornea,
power transfer step 20 is not necessary. Once the required power of the implant is determined at
step 18 and/or step' 20, this calculated power can be used to select the appropriate lens model |
and report the lens model to the operator in steps 22 and 24, respectively. The lens power
calculation and axial placement may also be repoﬁed to the operator m steps 26 and i8,
respectively. The present invention therefore, provides an accurate method for calculating the
required power of a toric implaht by using both the measured pre-operative corneal/ocular
astigmatism and the predicted surgicaily-induced astigmatism.

This description 1s given for purposes of illustration and explanation. It will be apparent
to those skilled in the relevant art that changes and modifications may be made to the invention:

described above without departing from its scope or spirit.
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Claims:

1. A method of calculating the required power of a toric ophthalmic implant,
comprising the steps of:
S a) determining an optimum cylindrical refraction needed to correct sphero-
cylindrical refractive errors in a patient's eye, wherein said determining step

comprises measuring the pre-operative corneal/ocular astigmatism in the patient's

eye;
b) calculating a predicted surgically induced refractive change to the

10 patient's eye; and
C) analyzing the optimum cylindrical refraction needed to correct sphero-

cylindrical refractive errors in the patient's eye in combination with the predicted
surgically induced refractive change to the patient's eye to determine the required
power of the toric ophthalmic implant.
15
2. The method of claim 1, further comprising the steps of:
a) describing the corneal/ocular astigmatism and the surgically-induced

astigmatism 1n vector terms;

b) calculating the predicted post-op corneal/ocular astigmatism with a vector
20 analysis; and
C) converting the vector analysis results back to conventional sphero-

cylindrical format.

3. The method of claim 2, wherein said vector analysis comprises using the

25  following equation:

RX copneq = (M,JO,J45);Rme'm (M"J0'3J45.)
Ryt = BX Goingg + R g ' = (M"‘M"Jo +Jo',J45 +J45')

4, The method of claim 2, wherein the step of converting the vector analysis results

30  back to conventional sphero-cylindrical format comprises using the following equation:
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C=-2J, +Jis;
C
S =M——;
2
J J
loan—1 245 J.20&tan~ Y <42 |>0
2 J 0 | J
0 0
J J
-I-tan_l ~45 1,180° J.>0&tan~ Y22 |<0
2 J 0 J .
a= 0 2
J . J
lian~Y 245 [ 000 7 <0&tan—l 45 {>0
2 J 0 J
o 0
| J . J
Lian~1 245 [,00° 7 <0&tan— 1} 245 |<0
2 Jo 0 Jo |

5. The method of any one of claims 1 to 4, wherein the steps of analyzing to

determine the required power of the toric ophthalmic implant, comprise the steps of:

a) calculating the toric power of the ophthalmic implant at a corneal plane

using the following equation;

oP, oP
wwlant Implant
Cy l Implant = oP N Cj,lfnmfam + aL Cy / cornea’
!mplqn cornea
b) calculating coefficients that describe the dependence between variables 1n

the equation of step a) using the following equation;

1™ T 2
oP, . '
el ( - i (‘pfmplant '+Lcomea ))
aerpIam 1 1

and
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C) determining a conversion factor (CF) for translating the toric power of the
implant at the corneal plane to a toric power of the implant at a desired implant plane

using the following equation;

Cyllmp!m - (Cl — CZ)* CXQ’I — CF ¥ CXC)’I

6. The method of claim 5, wherein the conversion factor (CF) comprises the

following values:

for 0 mm <d <0.25 mm, CF = 1.00;

for 0.25mm <d <0.75 mm, CF = 1.02 - 1.04;
for 0.75mm <d <1.25 mm, CF =1.05 - 1.09;
for 1.25mm <d < 1.75mm, CF = 1.08 - 1.14;
for 1.75mm <d <2.25mm, CF=1.11-1.19;
for 2.25mm <d <2. 75 mm, CF=1.15-1.24;
for 2.75mm <d <3.25mm, CF =1.18 - 1.30;
for 3.25mm <d <3.75 mm, CF =1.21 - 1.37;
for 3.75mm <d <4.25 mm, CF =1.25 - 1.43;
for 4.25mm <d <4.75 mm, CF = 1.29 - 1.51;
for 4.75mm <d <5.25mm, CF = 1.32 - 1.59;
for 5.25mm <d <5.75mm, CF =1.37 - 1.67;
for 5.75mm <d <6.25mm, CF =1.41 -1.76;

for 6.25mm <d <6.75 mm, CF =1.45 - 1.86;

for 6.75mm <d <7.25mm, CF = 1.50 - 1.97.

7. The method of claim 1, wherein the steps of analyzing to determine the required

power of the toric ophthalmic implant, comprise the steps of:
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calculating the required toric power of an ophthalmic implant at a corneal plane

and at an implant plane, comprising the steps of:

a) using vergence equations to describe the optical system of a human eye;

b) equating two equivalent optical systems when the implant is at the corneal

plane and when 1t 1s at the implant plane;

C) calculating the spherical power of the ophthalmic implant at the corneal

plane and at the implant plane with the following equations:

d 2
}:I:nplant (1 o ';; Lcamea )
lepta - _7“_"_&_—"““
1+ ';; PImpIant (1 - ;Lcomea )
P - Emplant '
dmplant d ' d ( " )
1—';L,comea 1 ‘-';; leplmzt +Lcornea
and
d) calculating the toric value implant at the corneal plane and at the implant

plane by using patient factors including the dioptric difference of spherical powers

between steep and flat meridians.

8. The method of any one of claims 1 to 7, wherein said patient factors include, (1)
the mean sphere equivalent (MSE) of the implant, (11) the K-reading for the steepest
meridian (K1) and axis (A;) and the K-reading for the flattest meridian (K;) and axis
(Ay); (111) anterior chamber depth (ACD) or effective lens position (ELP) and (iv) the
manifest refraction of the whole eye (in the case of calculating ocular astigmatism), and
wherein said surgeon factors include incision size and location and the surgically

induced refractive change (SIRC) typical for the individual surgeon.
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