
J CATARACT REFRACT SURG - VOL 32, DECEMBER 2006
LABORATORY SCIENCE

Four corneal presbyopia corrections:

Simulations of optical consequences

on retinal image quality

Tobias Koller, MD, Theo Seiler, MD, PhD

PURPOSE: To investigate the possibility of multifocal or aspherical treatment of the cornea with op-
tical ray tracing.

SETTING: Institute for Refractive and Ophthalmic Surgery, Zurich, Switzerland.

METHODS: The optical consequences of 4 corneal shapesdglobal optimum (GO) for curvature and
asphericity, central steep island (CSI), decentered steep island (DSI), and centered steep annulus
(CSA)dfor presbyopia correction were analyzed using a modified Liou-Brennan eye model and ray
tracing with a commercial optic design software (Zemax, Zemax Development Corp.). The ocular op-
tical configuration for far vision was a point light source at a distance of 5 m, 1 degree up, and a pupil
diameter of 5.0 mm and for near vision, 0.4 m distance, 1 degree up, and a pupil diameter of 2.5 mm.
The curvature radius (R) of the cornea and its asphericity (Q) were used as operands to optimize (simul-
taneously for near and far vision) the quality of the retinal image described by means of the minimum
spot diameter or the root-mean-square (RMS) wavefront error.

RESULTS: Starting from an emmetropic eye optimized for R and Q, the RMS wavefront error in the
retina was 0.07 mm (far) and 1.42 mm (near). The GO resulted in a wavefront error of 1.42 mm (far)
and 0.52 mm (near); improvement of near vision using reading glasses is possible. The CSI yielded
0.91 mm (far) and 0.13 mm (near); spectacles did not improve far or near vision. The DSI and CSA
had significantly worse results for near and far vision.

CONCLUSIONS: Of the options studied, GO and CSI seemed the most promising alternatives for
corneal presbyopia correction. Although reading glasses can improve near vision in GO, reading
glasses did not improve near vision in CSI-treated eyes. The CSI treatment is critically dependent on
centration and a reverse treatment is difficult to achieve.
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Optical approaches to presbyopia include reading glasses,

monovision, multifocal contact lenses and intraocular

lenses (IOLs), and accommodating IOLs. None can restore

accommodation, but all are compromises that establish rel-
atively fair quality of near vision at the expense of good far

vision. Even a small amount of astigmatism provides some

pseudoaccommodation in pseudophakic patients.1 Several

methods to restore accommodation with scleral expansion

near the ciliary body were designed; however, none is

proven effective.2–4

In refractive laser surgery, the first ‘‘presbyopia correc-

tions’’ date to the early 1990s5,6 and have not gained clinical
acceptance. More sophisticated presbyopia correction
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profiles have been proposed (mostly as patents) including

an induced central steep island (CSI),7,8 decentered steep

area,9,10 and a near vision zone in the midperiphery of

the cornea11,12 (Figure 1). Although the approaches are dif-
ferent, the preliminary results look promising10,12; how-

ever, we are not aware of reports of the expected loss of

quality of vision that accompany this type of multifocal

treatment.

This study examined theoretically some of these pro-

posals by means of optical ray tracing and looked for opti-

mum strategies to create an aspherical or multifocal corneal

surface that facilitates near vision in presbyopia and mini-
mizes distance vision side effects.
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Figure 1. Corneal topographies of eyes with induced

multifocal corneas. Left: Central steep island. Right:

Centered steep annulus.
MATERIALS AND METHODS

Theoretical Eye Model

The eye model used here is based on the model of Liou and
Brennan.13 This model is characterized by aspherical anterior
and posterior corneal and lenticular surfaces. In addition, it
includes a linear refractive index gradient of Dn Z 0.2 inside
the lens. The parameters for the emmetropic eye are shown in
Table 1. The optical surfaces were approximated by a conoid
surface

z Z ðx2=Rþ y2=RÞ
�n

1þ ½1� ð1þQÞðx2 þ y2Þ=R2�1=2
o

where 1/R is the curvature and Q is the asphericity constant, the
positive z direction points into the eye, the positive y direction up-
ward. The reference wavelength was 555 nm. To include the Stiles-
Crawford effect,14 a transmission filter was introduced

T
�
rÞZ expð � ar2

�

with the apodization constant a Z 0.105 and r Z the radial dis-
tance from the center of the pupil. To model central or decentered
steep islands and annuli, cubic spline functions were introduced
in steps of 0.5 mm radial distance from the apex of the cornea.
All optical surfaces were centered on the optical axis.

Based on mesopic pupil diameters in the age group of inter-
est,15 a pupil diameter of 5.0 mm was assumed for simulation of
the far distance vision configuration (object distance 5 m). The re-
ported accommodative constriction of the pupil (pupillary near
reflex) ranges from 0.15 to 1.6 mm per diopter of accommodation
stimulation,16,17 and this effect seems not to decrease with age,
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also remaining active in presbyopic subjects unable to accommo-
date.18 For the near vision configuration (object distance 0.4 m),
therefore, a pupil diameter of 2.5 mm was assumed.

The object was a point light source located 1 degree up. Ad-
ditional (reading) glasses had a distance of 12.0 mm from the ver-
tex of the cornea.

Because there is no universally accepted metric of quality of
the retinal image,19 the simplest metrics available were used, the
root-mean-square (RMS) spot diameter or the RMS wavefront
error.20

All calculations were performed with the optical design pro-
gram Zemax EE, version March 2004 (Zemax Development
Corp.). When not otherwise stated, the optimization processes
were aimed at a minimum spot diameter in the retina (circle of
least confusion); however, depending on the problem, modulation
transfer function and wavefront error were also used as optimiza-
tion operands.

The quality of the retinal image was determined in near and
far distance configuration for the following scenarios: (1) the
emmetropic eye optimized regarding asphericity and eye length;
(2) the global optimum (GO) for simultaneous near and far dis-
tance vision optimized regarding R and Q; (3) CSI with a diameter
of 3.0 mm and an additional corneal refractive power of 3.00
diopters (D) optimized regarding R and Q; (4) scenario 3, but
the CSI is decentered toward inferior in 0.5 mm steps up to
3.0 mm; (5) centered steep annulus with a diameter of 3.0 mm
and an additional corneal refractive power of 3.00 D (Table 2).

Table 1. Parameters of the optimized emmetropic eye model.

Surface
Curvature

Radius (R) (mm)
Asphericity

(Q) (mm)
Apex

Position
Refractive

Index

Anterior cornea 7.77 �0.158 0.00 1.376
Posterior cornea 6.40 �0.60 0.52 1.336
Pupil 13.00 0.00 3.68 1.336
Anterior lens 12.40 �0.94 3.68 1.453*
Posterior lens �8.10 0.96 7.70 1.336
Retina 12.00 0.00 24.01 d

*The lens includes a linear gradient of refractive index increasing from

1.453 at the surfaces to 1.652 in the center.
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Table 2. Quality of the retinal image (point light source, l Z 550 nm).

RMS Wavefront Error (Minimum Spot Diameter) (mm)

Optical Scenario Far Distance/5.0 m Near Distance/0.4 m

Emmetropic eye
optimized (Q Z �0.158)

0.07 (1.40) 1.42 (75.48)

Global optimum for R and Q
(R Z 7.55; Q Z �0.68)

1.42 (37.60) 0.52 (34.20)

Central steep island optimized
R and Q (R Z 7.92 ; Q Z C0.22)

0.91 (44.50) 0.13 (17.60)

Decentered steep island, decentered by 1.0 mm,
optimized R and Q (R Z 7.68; Q Z �0.42)

2.75 (82.90) 1.29 (76.30)

Centered steep annulus optimized
R and Q (R Z 7.21; Q Z �1.72)

3.54 (130.10) 1.21 (77.62)

RMS Z root mean square
RESULTS

Optimization of eye length and asphericity in the em-

metropic eye for far distance vision yielded approximately

physiologic values (Table 1): an eye length of 24.01 mm

and a corneal asphericity constant of �0.158. The mini-

mum spot diameter in the retina d Z 1.396 mm as well as

the RMS wavefront error of 0.07 mm were close to the dif-
fraction limit and significantly smaller than the physiologic

higher-order wavefront errors measured in a normal popu-

lation, which amount to approximately 0.33 mm G 0.1

(SD).

Comparing the image planes close to the retina for the

far and near distance object revealed in the emmetropic eye

(no accommodation) a shift of the focus of 890 mm behind

the retina (Figure 2), which could be shifted back into the
retina by a reading glass of 2.32 D with a vertex distance of

12.0 mm.

Figure 3 shows the RMS wavefront error through the

retina for the GO regarding R and Q in the far and near ob-

ject configuration. The 2 configurations differed not only

by the distance of the object but also by the pupil diameter.

The RMS wavefront error in the retina increased to 1.42 mm

for the far distance object and decreased to 0.52 mm for the
near object (Table 2). Comparing the optimized emme-

tropic eye (scenario 1) with the GO (scenario 3), the
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difference consisted of an increase in central corneal power

of 1.40 D (myopia) and a more prolate corneal shape, QGO

Z �0.68. Again, by using a reading glass of 1.01 D, the fo-
cus could be shifted into the retina, minimizing the RMS

wavefront error in the retina to 0.03 mm.

The spot diameter through the retina for the CSI with

optimized R and Q for simultaneous far and near vision is

shown in Figure 4. Whereas for the far distance object,

the spot diameter was comparable to that in GO, it was bet-

ter by a factor of approximately 2 to 3 for near vision. How-

ever, reading glasses could not improve this result further.
Decentration of the steep island degraded the quality of

the retinal image (Figure 5). Compared to the CSI, a decen-

tration of, for example, 1.0 mm resulted in a 1.6-fold wors-

ening for far and 4.7-fold worsening for near vision. Again,

reading glasses marginally improved near vision.

Finally, the centered annulus with a ‘‘near’’ zone in the

midperiphery of the cornea resulted in significant degrada-

tion of the retinal image for near and far distance objects
(Table 2) with no chance to improve near vision with read-

ing glasses.

DISCUSSION

The major finding of this theoretical study was that

there are configurations of the corneal shape that represent
Figure 2. The RMS wavefront error as a function of the

position in front of and behind the retina in the emme-

tropic nonaccommmodated eye. The focus in the far

distance configuration is located in the retina (left); in

the near configuration it is shifted 900 mm behind

the retina (right).
- VOL 32, DECEMBER 2006
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Figure 3. The RMS wavefront error as a function of the

position near the retina with the GO regarding R and

Q. Compared to the emmetropic eye, the wavefront

error for far distance vision (left) has increased; how-

ever, in the near configuration, the focus (right) is

located only 400 mm behind the retina and may be

shifted into the retina level by means of reading

glasses.
a clinically meaningful compromise of minor losses in far

distance vision with improvement in near vision. Of the

4 options studied, the 2 most attractive approaches are
the (1) CSI combined with appropriate curvature and as-

phericity in the rest of the cornea and (2) GO for curvature

and asphericity. Whereas the first proposal means a multifo-

cal cornea with 2 main foci, the second is a purely aspher-

ical hyperprolate shape creating a small amount of myopia

with increased depth of focus. Both corneal shapes provide

a stronger refractive power for near in the central area sur-

rounded by a midperiphery with less power. The 2 main
driving forces of the multifocal CSI, as well as the aspheric

GO shape, are on one hand the pupil size that decreases

during focusing near objects (pupillary near reflex) and,

on the other hand, the depth of focus that increases in

both optical scenarios.

With the pupil near reflex in mind as a main driving

force and given the high variation in pupil diameter be-

tween individuals, it is obvious that the pupil dynamics
gain extraordinary importance when dealing with corneal

presbyopia corrections. Modeling only 2 fixed pupil sizes

(5.0 mm for far and 2.5 mm for near fixation) does not re-

flect the reality. Table 3 lists the RMS wavefront errors in the

retinal level for different pupil diameter combinations. In

general, the optical quality of the retinal image of distant

objects is not much affected by pupil diameters ranging

from 4.0 to 6.0 mm; however, near objects are better im-
aged the smaller the pupil is. This is not a surprising result

because smaller pupils give better depth of focus.

The CSI configuration is a corneal analogue to the ar-

tificial bifocal IOL21 with all its known advantages and dis-

advantages, such as loss in contrast sensitivity, halos, glare,
J CATARACT REFRACT SURG -
and reduced visual satisfaction.22–24 In contrast, the

aspheric GO includes an even naturally occurring corneal

asphericity that provides a variable pseudoaccommodation
depending on the asphericity constant Q and the pupil di-

ameter change amplitude during the near reflex.

Because of its increased depth of focus, the advantage

of the CSI is a 2 to 3 times better retinal image of near ob-

jects than with the GO shape and at least 4-fold better than

with the nonaccommodated emmetropic eye. Due to the in-

creased depth of focus, a disadvantage is the inability to im-

prove both near and far vision with spectacles. In addition,
the effect of the CSI is critically dependent on centration

(Figure 5): At a decentration of 0.1 mm, the advantage of

the CSI compared with GO is gone and a degradation of

the retinal images for distance and near vision occurs. Us-

ing modern eye trackers, centration is achieved reliably;

however, there is a principal problem because the CSI

should be centered regarding the visual axis and the cross-

ing point of the visual axis through the cornea is uncertain
and hard to determine. Reasonable centration is more easily

obtained with the GO approach because it does not contain

such a localized optical inhomogeneity.

A major disadvantage of multifocal optics of the eye is

the loss in mesopic vision, measured in low-contrast visual

acuity and contrast sensitivity. After multifocal IOL implan-

tation22,24–26 many patients report an increase in halos.23

Regarding these optical side effects, we would like to cite
a recent statement of Baı̈koff et al.27: ‘‘Optical defects are in-

evitable with multifocal IOLs..’’ Although this argument

holds mainly for a cornea that has a clearly multifocal

CSI shape, a similar loss in contrast sensitivity is expected

with strongly aspherical corneas. However, an asphericity
Figure 4. The RMS wavefront error as a function of the

position near the retina with a CSI 3.0 mm in diameter

and an additional refractive corneal power of 3.00 D.

The image plane for near vision (right) is closer to

the retina level than the GO, with the advantage of

a better near vision and the disadvantage of no chance

of improvement with glasses.
VOL 32, DECEMBER 2006 2121
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constant Q of �0.7, as intended in the GO, is only �0.5

away from the mean28 and compares favorably with the
up to 3 times larger changes in the asphericity constant af-

ter standard myopic laser in situ keratomileusis of up to

C1.50 D.29,30 Also, emmetropic or hyperopic eyes receiv-

ing a hyperopia correction for attempted slight myopia

for monovision experience a shift in asphericity toward

prolate of approximately �0.50 D.31

The most frequent presbyopia correction is the mono-

vision approach, in which the dominant eye is corrected for
emmetropia and the nondominant eye for mild myopia

ranging from �0.50 D to �2.00 D.32–36 In clinical surgery

practice, the optimum configuration is tested for patient

satisfaction before surgery using contact lenses. A similar

strategy may be appropriate when applying 1 of the 2 pre-

sented ablation profiles including monocular multifocal/

aspheric treatment for advanced monovision. Assuming

that in the future we will have access to such a set of con-
tacts and the patient may decide to have surgery after

a few days of simulation of his or her future optics, there

is still a risk for dissatisfaction. In a study testing monovi-

sion in presbyopic patients with contact lenses, the imme-

diate response was not a good predictor of satisfaction after

2 weeks.37
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Figure 5. Decentration of the steep island degrades the quality of the ret-

inal image significantly more for near objects (diamonds) than for distance

objects (rectangles).

Table 3. Quality of the retinal image and pupil diameter combinations

(GO model, point light source, l Z 550 nm).

RMS Wavefront Error (mm)

Pupil Diameters
(mm) Far Distance/5.0 m

Near
Distance/0.4 m

5.0/2.5 1.42 0.52
4.0/2.0 1.36 0.38
6.0/3.0 1.36 0.83

RMS Z root mean square
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A drawback of this theoretical study is its weak relation

to clinical reality. The RMS wavefront errors for distant

objects for the GO approach, as well as for the CSI ap-

proach, are significantly higher than the RMS higher-order

wavefront errors in the normal population38 but for near

objects are promisingly close to the normal distribution.
There are many other more sophisticated metrics evaluat-

ing retinal image quality including metrics predictive of

visual performance,19 in which a neural transfer function

filters the retinal image. In addition, the modeling we pres-

ent does not include the typical higher-order aberrations of

the normal presbyopic eye; also, for example, Monte Carlo-

simulations using the variety of aberration structures pres-

ent in the normal population39 should be performed before
testing the aspherical/multifocal techniques in clinical

studies.

The last and most critical point is that any presbyopia

‘‘correction’’ is necessarily a kind of compromise. Whatever

one wins in the near domain is lost in far distance vision

and vice versa. Keeping this in mind, and considering the

dependence of the optical result on pupil sizes under vari-

ous conditions and its centration, it is obvious that any ab-
lative presbyopic correction should be handled as

a customized treatment and simulated preoperatively by

means of special contact lenses to avoid problems resulting

from anisometropia. One of the strongest predictors for

a satisfying refractive surgery outcome is the patient’s ex-

pectation. Especially with presbyopia correction, the bal-

ance of the optically possible and the individually

desirable must be made preoperatively. Also important in
this context is the reversibility of the operation: Simple

monovision and GO are easy to correct with a reoperation,

but the CSI profile is more difficult to reverse, although

progress has been reported using advanced customized ab-

lation with Zernike and Fourier algorithms.40
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