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Abstract

Purpose—uUsing an analytical approach of paraxial optics, we evaluated the magnification of a
model eye implanted with single-element (1E) and dual-element (2E) translating-optics
accommodative intraocular lenses (AIOL) with an objective of understanding key control
parameters relevant to their design. Potential clinical implications of the results arising from
pseudophakic accommodation were also considered.

Methods—Lateral and angular magnifications in a pseudophakic model eye were analyzed using
the matrix method of paraxial optics. The effects of key control parameters such as direction
(forward or backward) and distance (0 to 2 mm) of translation, power combinations of the 2E-
AIOL elements (front element power range +20.0 D to +40.0 D), and amplitudes of
accommodation (0 to 4 D) were tested. Relative magnification, defined as the ratio of the retinal
image size of the accommodated eye to that of unaccommodated phakic (rLM1) or pseudophakic
(rLM5) model eyes, was computed to determine how retinal image size changes with
pseudophakic accommodation.

Results—Both lateral and angular magnifications increased with increased power of the front
element in 2E-AIOL and amplitude of accommaodation. For a 2E-AIOL with front element power
of +35 D, rLMy and rLMj increased by 17.0% and 16.3%, respectively, per millimetre of forward
translation of the element, compared to the magnification at distance focus (unaccommodated).
These changes correspond to a change of 9.4% and 6.5% per dioptre of accommodation,
respectively. Angular magnification also increased with pseudophakic accommodation. 1E-AIOLs
produced consistently less magnification than 2E-AIOLs. Relative retinal image size decreased at
a rate of 0.25% with each dioptre of accommodation in the phakic model eye. The position of the
image space nodal point shifted away from the retina (towards the cornea) with both phakic and
pseudophakic accommodation.

Conclusion—Power of the mobile element, and amount and direction of the translation (or the
achieved accommodative amplitude) are important parameters in determining the magnifications
of the AIOLs. The results highlight the need for caution in the prescribing of AIOL. Aniso-
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accommodation or inter-ocular differences in AIOL designs (or relative to the natural lens of the
contralateral eye) may introduce dynamic aniseikonia and consequent impaired binocular vision.
Nevertheless, some designs, offering greater increases in magnification on accommodation, may
provide enhanced near vision depending on patient needs.
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accommodative I0OL; magnification; paraxial analysis; dynamic aniseikonia; AIOL design

Introduction

Implantation of an intraocular lens (I0OL) has become standard procedure for vision
correction following cataract removal. The increasing demand for perfect long-term post-
operative vision has fostered a proliferation of surgical techniques of greater sophistication,
and resulted in the development of novel IOL designs. Consequently, modern cataract
surgery has been raised from a ‘mere’ cataract removal procedure to one of precision
refractive surgery. For example, beyond the correction of sphero-cylindrical refractive error
with implantation of accurately calculated power, it is now possible to customize 10L
designs to control higher-order aberrations in the pseudophakic eyel:2.

Though a standard monofocal or single-vision IOL affords near-perfect vision for a fixed (or
at most, a narrow range of) viewing distance, patients may require supplementary optical
devices in the form of spectacles or contact lenses for near vision to overcome the ‘induced
presbyopia’ resulting from loss of accommodation following implantation of such 10Ls.
Multifocal I0Ls and accommaodative 10Ls (AIOL) represent some of the current options for
providing pseudophakic near vision. Though post-operative spectacle independence has
been reported?, due to the simultaneous presentation of images for a range of viewing
distances, multifocal 10Ls inherently compromise visual performance as manifested in
subjective vision complaints such as glare, halos, poor contrast and ghosting4. Technologies
or procedures offering pseudophakic accommodation would eliminate this shortcoming.
Lens refilling procedures and lens photo-modulation procedures represent promising future
technologies for restoring accommodation5; however, several technical issues need to be
addressed before such technologies can become regular clinical procedures.

AIOL is a rapidly emerging technology which is increasingly popular among researchers
and clinicians6 and in a very short time, has become one of the preferred devices among
ophthalmic surgeons attempting to restore near vision in the pseudophakic eye7. A wide
variety of AIOL designs have been proposed. The more common designs and configurations
of AIOLs are represented by the single-element (1E-AIOL) and dual-element (2E-AIOL)
translating devices. Both are based on the principle of changing effective power. This
change is introduced during accommodation by some suitable, albeit often complex, opto-
mechanical arrangement8~10 and results by shifting the axial position of the optical
element(s) within the eye (also called translation). A translating 1E-AIOL typically consists
of a single lens element positioned within the posterior chamber of the eye with special
haptics designed to facilitate translation of the element (typically shifting anteriorly) during
physiological accommodative effort8:11. A 2E-AIOL is a device with a more complex opto-
mechanical arrangement consisting of two lens elements coupled with elastic, flexible or
spring-loaded connections9. The inter-element distance in this type of AIOL is altered under
the effort of accommodation. A small number of 1E-AIOL designs have already obtained
FDA approval11:12 and at least one design of 2E-AIOL is currently the subject of clinical
trials13,

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ale etal.

Methods

Page 3

Several clinical, laboratory and modelling studies have been published reporting the
accommodative performances of the AIOLs!4. In relation to design, magnification requires
special attention as it can significantly influence optical/visual performance; which may be
due to axial shifting of the optics that leads to ‘dynamic’ changes (i.e. changes associated
with the action of accommodation) in the positions of the cardinal points (e.g. the nodal
points) in the pseudophakic eyel®. This in turn may result in dynamic changes in ocular
magnification15716. The magnitude of such effects and their potential implications remain
to be fully investigated. Several design parameters, including power of the AIOL elements,
distance and direction of the translation and anatomical factors such as corneal power,
anterior chamber depth and axial length may impact magnification. A theoretical study15
computed retinal image size of an eye implanted with 1E-AIOL at near focus and compared
it to that obtained with near vision spectacle correction. It was concluded that the lateral
magnification does not differ significantly between pseudophakic accommodation and near
correction with spectacles, as the difference was less than 1%. However, the dynamic effect
associated with accommodative change was not investigated. To our knowledge,
magnification of 2E-AIOL is yet to be investigated.

In the present study, angular and lateral magnifications, of a model eye implanted with 1E-
AIOL and 2E-AIOL were investigated. Specifically, the effects of translation of optics, and
types and designs of AIOLs were evaluated using the matrix method of paraxial optics. The
analytical approach employed in this study primarily aims to elucidate key control
parameters relevant to the design optimisation of AIOLs and also attempts to determine
potential clinical significance associated with the performance of such devices.

Matrix ray-tracing

The matrix method has been widely used in visual optics to calculate retinal image size,1’
spectacle and relative spectacle magnification!®19 and IOL power??, It has also become a
popular tool in ray-tracing analyses of astigmatic21:22 and aspheric surfaces?. This
approach affords an elegant means of obtaining closed-form analytical equations to evaluate
the performance of AIOLs, avoiding tedious algebraic developments24. In the present study
this method was used to evaluate the angular and lateral magnifications of a pseudophakic
model eye.

Incident rays arriving at an optical system consisting of multiple surfaces undergo a series of
refractions and translations to finally emanate from the last surface. In a matrix convention,
for a rotationally symmetric optical system, refraction and transformation of a ray can be
represented by a set of 2x2 refraction and translation matrices®:25. It should be noted that
while other conventions of matrical treatment are also in use18:26, we employed that which
appears to have been first applied to the study of accommodative 10Ls15:24, In that
convention, input ray (R) parameters on the first surface of an optical system may be
represented by:

ﬂ‘(l/r
R=
"

where n is the refractive index of the medium of incidence, o is the angle between the ray
and the optical axis, and h is the ray height on the surface. The emergent ray leaving the
optical system has parameters:
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(2)

where n'is the refractive index of the medium in image space and S is the 2x2 matrix of the
optical system given by:

S:[ Su S ‘

Sa S 3)

For a system containing m surfaces, where suffix 1 represents the first and m represents the
last surface with dioptric powers F1 and Fp,, the system matrix S (sometimes referred to as
the transformation27 or transference matrix26) reads:

S=Rm.Tm,1.Rm,,I.Tm,z .......... Rz.T1 .R1 (4)
where R denotes a refraction matrix which, in general, is given by:

oy

0 1 (5)

where F is the dioptric power of the surface. Similarly, T denotes a translation matrix given

by:
1 0
T=
[I/n 1 ‘ (6)

where t/n represents the reduced distance between two consecutives surfaces.

Lateral magnification

Lateral magnification (LM) is defined as the ratio of the object size to image size?8. The
relation between the lateral magnification and the coefficients of the matrix S of an optical
system can be found by calculating the matrix that relates the ray parameters for a set of
conjugate object and image points. This relation can be found by multiplying the system
matrix by the translation matrices from the object plane to the optical system and from the
optical system to the image plane, as follows:

na | [ 1 0 Su Snl]f]1 o0 na |
oV 1| 8Sau Swnl| |1 1| A

where | and 1" as reduced object and image distances, respectively.

(7)

Expanding equation (7) we obtain
W% }_ i S1+S1al S

/4 Sgl+522]+(511+5121)]/ S:g-f—Su]’

[ na
h ®)
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Since the object and image points are conjugate to each other, by definition, all rays passing
through the object point of height h also pass through the same image point of height h’,
independent of the initial value of a. In other words, h” must be independent of ray angle.
This condition can only be satisfied when the term at position Sp4 in the system matrix
equals zero, i.e.:

521+3231+(511+512])]’:O

With this, the lateral magnification is obtained by:

4

=" msais ot
Th oETR ©

Relative lateral magnification

In addition to absolute lateral magnification, relative lateral magnification, analogous to
relative spectacle magnification (RSM), was calculated using two different approaches.
Firstly, we calculated the relative lateral magnification (rLM;) as the ratio of the lateral
magnification of the pseudophakic eye at various levels of accommaodation to the lateral
magnification of the (natural) phakic model eye in the unaccommodated state. This index
provides a measure of the change in lateral magnification as a function of pseudophakic
accommodation with respect to the magnification of an average phakic eye focused at
distance. Mathematically, it is given by:

LM,
LMy (10)

rLM1:

where LMeye refers to the lateral magnification of the phakic model eye in a distance focus
state.

Secondly, we calculated relative lateral magnification (rLM>) as the ratio of the lateral
magnification of the pseudophakic eye at various levels of accommaodation to the lateral
magnification of the same (pseudophakic) eye at distance focus (unaccommodated state).
This index provides a measure of change in apparent retinal image size as a function of
pseudophakic accommodation in the same eye. Mathematically, it is given by:

LM,
rLMy=—"2
LMy (11)

where LM and LM, are, respectively, the lateral magnifications at distance and
accommodated states of the pseudophakic eye.

Angular magnification

Various definitions for angular magnification are extant in the literature?%. Conventionally,
angular magnification (AM) is the ratio of the image space ray angle () to the object space
ray angle (o) for a ray passing through conjugate points lying on the optical axis (angles
shown illustrated in Figure 1). Reference rays may be the rays that pass either through the
principal points30 or through the centres of the entrance and exit pupils2®. In the present
study, we used the ray passing through the centre of the entrance pupil (chief ray) as the
reference for angular magnification since positions of the principal planes vary with
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translation of the AIOL and with the AIOL design, whereas the position of the entrance
pupil (the image of the real pupil formed by the cornea) is independent of the amplitude of
pseudophakic accommodation and the design of the AIOL. For a given accommodation
amplitude the reference angle a, will therefore be the same for all AIOL designs.

To find the relationship between angular magnification and the coefficients of the matrix of
an optical system, we used the same method as for lateral magnification. This time, the
object point is the centre of the entrance pupil and the image point is the centre of the exit
pupil. Denoting x as a reduced distance of the entrance pupil from the corneal surface and x’
as the reduced distance of the exit pupil from the last surface of the AIOL, ray parameters at
the exit pupil plane is given by:

1o
X1

where subscript p denotes a quantity measured in the pupil planes. For the chief ray,
hp=hp'=0. Solving equation (12) for angular magnification (ay'/ap), we obtain:

-,
n.fl’P
hP

VSU Slg 1 07 11.(1/[,7
Sy Sw || x L[| A

(12)

7

a
AM=-L=2(5 145 2.%)
ap, n (13)

where n=1 and n'=1.336 represent the refractive indices of the extraocular (air) and
intraocular media.

Image nodal point position

During pseudophakic accommaodation, positions of the cardinal points of the eye change due
to movement of the AIOL. A change in the position of the image space (second) nodal point
(N5) with respect to the retina produces a change in retinal image size31. We therefore also
calculated the positional change of the image nodal point. In the matrix method, the position
of the image nodal point N, with respect to the retina R can be obtained from1%:32:33:

nn’

NoR=— —
S12(82n—-n) (14)

Computations

For computational purposes, the finite model eye of Navarro et al®* was used. This model
eye was chosen as it has been used previously to evaluate accommodative performance of
the AIOL16:24 and therefore provides a convenient comparative reference. The model eye
parameters are given in the Appendix. The crystalline lens in the model eye was replaced
with an idealized thin-lens model of a 2E-AIOL. For simplicity, the cornea was treated as a
thin lens located in the plane of the anterior corneal surface. While three refraction matrices
(representing the cornea, front element and rear element) and three translation matrices
(representing anterior chamber, inter-element space and vitreous cavity) would have been
sufficient to describe the eye, we introduced two additional translation matrices: one for
translation from the front element to the fixed-position pupil (f) and another for translation
from the fixed-position anterior vitreous face to the rear element of the AIOL (b) (Figure 1).
This allowed the translation matrices representing the anterior chamber and the vitreous
cavity to be independent of the translation of the AIOL elements. With this enhancement,
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the system matrix of the model pseudophakic eye from the cornea to the anterior vitreous
boundary is given by:

S =Tp-Rpy Ts.Ry: . T7.Tyc Ry (15)

where Tac, T, Tg and Ty, are translation matrices for the anterior chamber, space between
the front element and the pupil, space between the two elements and space between anterior
vitreous face and rear element, respectively, and Rgp, Rpq and Ri are the refraction matrices
for the back and front elements of the AIOL and the cornea, respectively.

To evaluate the effect of power combinations of the 2E-AIOL elements, we used front
element power ranging from +20 D to +40 D in 5 D steps where +20 D approximately
represents a model of the 1E-AIOL. To simulate pseudophakic accommodation, two types
of translation models were configured. The first configuration comprised an AIOL with a
mobile front element in which the back element is maintained in a fixed position; the second
configuration comprised an AIOL with a mobile back element where the front element
remained fixed. Maximum translation was constrained to 2 mm in either configuration. All
AIOL elements are thin-lenses in contact at their distance focus state (s = 0) implanted 2 mm
behind the pupil plane.

Effect of Accommodation

Both lateral and angular magnifications increased with accommodation in the pseudophakic
eye whereas they decreased in the phakic model eye. For a 2E-AIOL with +35.0 D front
element operating under configuration 1 (front element moving), the retinal image size
increased by 25.8% at 4.0 D accommodation compared to the retinal image size of the same
eye at distance focus (unaccommodated) state (or rLM,), and by 37.5% compared to the
retinal image size of the unaccommodated phakic model eye (rLM;). Rates of increment in
the apparent retinal image size in rLMq and rLM, were 9.4% and 6.5% per dioptre of
accommodation, respectively (Table 1).

Changes in the relative lateral magnification for various models and configurations of the
AIOLs as a function of pseudophakic accommodation can be seen in Figures 2 and 3. It is
evident that relative lateral magnification increased at higher rates in configuration 2 (rear
element moving) than in configuration 1 of the 2E-AIOL. The rate of change in
magnification with accommodation increased as the power of the front element in the 2E-
AIOL increase (Table 1).

For a 1E-AIOL with 2.5 D accommodation, which may be considered the maximum
accommodation obtainable, rLMq and rLM, increased by 23.7% and 16.8%, respectively.
The 1E-AIOL produced a higher rate of change in magnification with accommodation than
any model of the 2E-AIOL. It should be noted that a 1E-AIOL requires translation over a
longer distance than a 2E-AIOL to produce an equal amount of accommodation. The lateral
and angular magnifications of the phakic model eye decreased with accommodation (Figures
210 4).

The angular magnification of the 2E-AIOL with +35 D front element operating under
configuration 1 increased at a rate of 0.013/D of accommodation. The rate of change
increased with decrease in the front element power of the AIOL. Slightly lesser rates of
change were observed for 2E-AIOLs in configuration 2 (Figure 4). Angular magnification of
the phakic model eye decreased at a rate of —0.002/D of accommodation (Table 1).
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The nodal point shifted towards the cornea (moved away from the retina) with pseudophakic
accommodation (Figure 5). At distance focus state, the image space nodal point (N»)
remained behind the optical system (about 17.34 mm in front of the retina); no significant
differences in the position were observed between types and models of AIOLs. The nodal
point shifted anteriorly at a rate ranging between 0.58 mm/D and 0.86 mm/D in
configuration 1 (front element moving) depending on the power combinations of the
elements; the rate of shift decreases as the power of the AIOL front element increases. In the
phakic model eye, the nodal point moved away from the retina at a rate of 0.30 mm/D of
accommodation.

Effect of Translation

The rate of change in relative lateral magnifications (rLMq and rLM,) ranged between
11.0% and 32.2% depending on the power of the front element and the configuration of the
2E-AIOL (Table 1). A 2E-AIOL in configuration 2 produces a higher rate of change in
lateral magnification compared to a 2E-AIOL in configuration 1 (Figure 6). The rate of
change in the lateral magnification per mm translation was less for a 1E-AIOL than a 2E-
AIOL. The opposite was found when the change in magnification was quantified in terms of
accommodation instead of translation.

Angular magnification increased at a rate of 0.03/mm of translation for a configuration 1
(front-moving) 2E-AIOL with +35.0 D front element. The change in angular magnification
was less for a configuration 2 (rear element moving) of 2E-AIOL than a configuration 1
(front element moving) 2E-AIOL (Figure 7).

Discussion

In this study, changes in both angular and lateral magnification of AIOLs were considered.
Lateral magnification provides a direct measure of the change in retinal image size for an
object at finite distance. While interpretation of the lateral magnification is relatively
straightforward, it cannot be used for a distant object (object at infinity) as lateral
magnification becomes undefined. For this reason, we also evaluated angular magnification.
Angular magnification is independent of the object distance and remains definable for all
conjugate distances; including at a long distance (infinity) focus. In addition, angular
magnification is advantageous because it can be referred to a reference input ray which is
independent of the design of the AIOL. In this study, this advantage was realised by using
the entrance and exit pupil planes as the reference planes to define angular magnification.
Since the entrance pupil of the eye remains unchanged with accommodation and with 10L
implantation, the input reference ray remains constant. A further advantage of the angular
magnification is that it is independent of the axial length of the eye. Lateral magnification
can be determined readily from the angular magnification given a value for the axial length.

Our results suggest that both the angular and the lateral magnifications of the eye increase
proportionally with translation of the lens elements during pseudophakic accommodation.
This result is in contrast to the phakic eye where magnification decreases with
accommodation (Figure 3 and 4). Our results support earlier reports that phakic eye
accommodation causes a decrease in apparent retinal image size35; a phenomenon
sometimes referred to as “accommodative micropsia”. Both a neural36 and optical35 cause
for this effect have been proposed. A computational study demonstrated the optical
minification effect of accommodation in a range of schematic eyes for which the retinal
image size decreased by as much as 1.5% at 10.0 D accommodation3!. We found a slightly
higher value (2.5%).
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The amount and direction of translation and powers of the lens elements are major design
parameters significantly associated with magnification. These design parameters are also
relevant to the accommodative performance of the AIOL. To achieve a given amount of
accommodation, an AIOL with higher front element power requires less translation than an
AIOL with lower front element powers16:24, With an equal amount of translation, a higher
power of the front element produces a higher amount of magnification. However, because
accommodation is also proportional to the distance of translation of the optics, an AIOL
with higher power of the front element will produce lesser magnification at a given
accommodation amplitude.

An optical explanation for the change in magnifications in translating-optics AIOLs can be
based on the relative position of the image space nodal point. Retinal image height is
dependent on the distance between the retinal plane and the image space nodal point. For a
given nodal ray angle, the image height increases as the nodal point to retina distance
increases. In our model, the distance between the retina and the image space nodal point
increased with translation of the optical element (Figure 5) which led to an increase in
magnification. The rate of change in distance between the image space nodal point and the
retina per millimetre of translation was greater for a 2E-AIOL with higher power of the front
element. Also a higher rate was observed for a 2E-AIOL operating under configuration 2
(rear element moving) than a 2E-AIOL operating in configuration 1.

These results highlight a potential clinical issue relating to implantation of AIOL - that of
dynamic aniseikonia. Dynamic aniseikonia may arise in two ways; either directly as a result
of inter-ocular differences in magnification, or indirectly due to aniso-accommodation of
AIOL between eyes. Clinically, when the difference in magnification between the eyes
exceeds 4-5%, the two retinal images cannot be binocularly fused to provide the percept of
asingle image3’. As little as 1% imbalance in retinal image size has been reported to impair
stereopsis®®. Assuming a nominal 2.50 D accommodation obtainable with a 2E-AIOL
operating under configuration 1 and consisting of a 35.0 D front element, the relative retinal
image size of the eye increases by an alarming 23.4% compared to that in the
unaccommodated phakic model eye (Figure 3). Taking into account the accommodative
minification of the normal phakic eye, this suggests monocular implantation of an AIOL
may have a deleterious effect on binocular visual function.

Even when AIOLs are implanted binocularly, care must be taken to ensure that bilateral
magnifications are matched, at least within inter-ocular tolerances, along the entire range of
accommodation in order to avoid dynamic aniseikonia-induced binocular imbalance.
Though the difference in magnification between various design combinations of 2E-AIOL
elements powers are reasonably similar for matching accommodation levels up to 4 D,
dynamic aniseikonia may arise due to differences in accommodation between the two
AIOLSs (i.e. aniso-accommodation). The results in this study indicate that aniso-
accommodation of about 1 D would induce a retinal image size disparity of about 6% which
is sufficient to severely compromise binocular vision. It must be appreciated that this
scenario differs from the results of a study where 1E-AIOLs were implanted in one eye, and
a conventional monofocal (non-accommodating) 0L was implanted in the other eye. When
the eye implanted with the conventional IOL was corrected with near-vision spectacles and
the other eye relied on the AIOL for near vision, only 1% difference in retinal image size
was reported between the two eyes!®. The magnification introduced by the reading
spectacles apparently compensated for the difference in magnification of the two types of
IOLs. It may be inferred from our results that, while the difference in magnification induced
by small aniso-accommodation (<1 D) may not induce diplopia, it may be at a level
sufficient to impair stereopsis.
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In order to facilitate modelling, some assumptions and approximations were used in the
present study. Hence, there may be aspects which have not been considered. Since the thin-
lens approximation was used, magnification produced by changes in the shape-factor of lens
elements could not be evaluated. However, a brief calculation shows that the effect is likely
to be minimal, contributing approximately 1% (for 1 mm thick biconvex lens of 40 D lens)
of the total magnification28. Departure from constant magnification across the field
(distortion) can be caused by implementation of specific individual or combinations of lens
forms (shape factors) for the lens elements. Thus, the present results are theoretically only
valid within the domain of paraxial optics approximations. However, since visual
performance is typically primarily concerned with improving visual acuity, i.e. within the
central retinal field, the use of paraxial approximation is reasonable.

The refractive status of the eye (myopic or hyperopic) and other ocular parameters such as
corneal power and axial length, have also not been considered, but presumably have some
effect on ocular magnification3®. For a more precise prediction of the magnification effect
for different refractive errors and ocular anatomical dimensions, analyses incorporating
additional parameters would be required.

In conclusion, from the optical design perspective of AIOLs, the power combination of the
AIOL elements and the amount of translation are shown to be two key design parameters
governing dynamic accommodation in the eye implanted with AIOL although implant
position, refractive status and ocular dimensions should not be ignored. The power
combination of 2E-AIOL lens elements requires special attention to avoid potential dynamic
anisometropia and dynamic aniseikonia. In some cases, customised selection of designs and
element combinations may be required to match their performance in a binocularly balanced
manner.

Acknowledgments

This research was supported by NIH Grant 2R01EY 14225, the Australian government CRC Scheme through the
Vision CRC; the Australian Postgraduate Research Award (to Jit B Ale); NIH P30EY 14801 (Center Grant); the
Florida Lions Eye Bank; an unrestricted grant from Research to Prevent Blindness to Bascom Palmer Eye Institute.
We acknowledge scientific writer Dr. Judith Flanagan for editorial assistance.

References

1. Holladay JT, Piers PA, Koranyi G, van der Mooren M, Norrby NE. A new intraocular lens design to
reduce spherical aberration of pseudophakic eyes. J Refract Surg. 2002; 18:683-691. [PubMed:
12458861]

2. Wang L, Koch DD. Custom optimization of intraocular lens asphericity. J Cataract Refract Surg.
2007; 33:1713-1720. [PubMed: 17889765]

3. Leyland M, Pringle E. Multifocal versus monofocal intraocular lenses after cataract extraction.
Cochrane Database Syst Rev. 2006 Oct 18.(4) CD003169.

4. Dick HB, Krummenauer F, Schwenn O, Krist R, Pfeiffer N. Objective and subjective evaluation of
photic phenomena after monofocal and multifocal intraocular lens implantation. Ophthalmol. 1999;
106:1878-1886.

5. Glasser A. Restoration of accommodation: Surgical options for correction of presbyopia. Clin Exp
Optom. 2008; 91:279-295. [PubMed: 18399800]

6. Doane JF, Jackson RT. Accommodative intraocular lenses: Considerations on use, function and
design. Curr Opin Ophthalmol. 2007; 18:318-324. [PubMed: 17568209]

7. Leaming DV. Practice styles and preferences of ASCRS members--2003 survey. J Cataract Refract
Surg. 2004; 30:892-900. [PubMed: 15093657]

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ale etal.

Page 11

8. Cumming JS, Slade SG, Chayet A. AT-45 Study Group. Clinical evaluation of the model AT-45

silicone accommodating intraocular lens: Results of feasibility and the initial phase of a Food and
Drug Administration clinical trial. Ophthalmol. 2001; 108:2005-2009.

9. Hara T, Hara T, Yasuda A, Yamada Y. Accommodative intraocular lens with spring action. Part 1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Design and placement in an excised animal eye. Ophthalmic Surg. 1990; 21:128-133. [PubMed:
2330193]

10.

McLeod SD, Portney V, Ting A. A dual optic accommodating foldable intraocular lens. Br J
Ophthalmol. 2003; 87:1083-1085. [PubMed: 12928270]

Cumming JS, Colvard DM, Dell SJ, et al. Clinical evaluation of the crystalens AT-45
accommodating intraocular lens: Results of the U.S. Food and Drug Administration clinical trial. J
Cataract Refract Surg. 2006; 32:812-825. [PubMed: 16765800]

Buznego C, Trattler WB. Presbyopia-correcting intraocular lenses. Curr Opin Ophthalmol. 2008;
20:13-19. [PubMed: 19077824]

US National Institute of Health. A prospective multicenter clinical study to evaluate the safety and
effectiveness of the synchrony dual optic intraocular lens in patients undergoing cataract
extraction. 2007 [last accessed Feb 2010]. Clinical trial identifier: NCT00425464
http://clinicaltrialsgov/ct2/show/NCT00425464

Findl O, Leydolt C. Meta-analysis of accommodating intraocular lenses. J Cataract Refract Surg.
2007; 33:522-527. [PubMed: 17321405]

Langenbucher A, Huber S, Nhung XN, Seitz B, Kuchle M. Cardinal points and image-object
magnification with an accommodative lens implant (1 CU). Ophthalmic Physiol Opt. 2003; 23:61—
70. [PubMed: 12535058]

Ho A, Manns F, Therese, Parel JM. Predicting the performance of accommodating intraocular
lenses using ray tracing. J Cataract Refract Surg. 2006; 32:129-136. [PubMed: 16516791]

Langenbucher A, Seitz B, Szentmary N. Modeling of lateral magnification changes due to changes
in corneal shape or refraction. Vision Res. 2007; 47:2411-2417. [PubMed: 17686505]

Garcia M, Gonzalez C, Pascual I. New matrix formulation of spectacle magnification using pupil
magnification. I. High myopia corrected with ophthalmic lenses. Ophthalmic Physiol Opt. 1995;
15:195-205. [PubMed: 7659419]

Keating MP. A matrix formulation of spectacle magnification. Ophthalmic Physiol Opt. 1982;
2:145-158. [PubMed: 7110721]

Colliac JP. Matrix formula for intraocular lens power calculation. Invest Ophthalmol Vis Sci.
1990; 31:374-381. [PubMed: 2303335]

Harris WF. Paraxial ray tracing through noncoaxial astigmatic optical system, anda5 x 5
augmented system matrix. Optom Vis Sci. 1993; 71:282-285. [PubMed: 8047342]

Langenbucher A, Reese S, Sauer T, Seitz B. Matrix-based calculation scheme for toric intraocular
lens. Ophthalmic Physiol Opt. 2004; 24:511-519. [PubMed: 15491479]

Langenbucher A, Viestenz A, Viestenz A, Brunner H, Seitz B. Ray tracing through a schematic
eye containing second-order (quadratic) surfaces using 4 x 4 matrix notation. Ophthalmic Physiol
Opt. 2006; 26:180-188. [PubMed: 16460318]

Ale J, Manns F, Ho A. Evaluation of the performance of accommodating 10Ls using a paraxial
optics analysis. Ophthalmic Physiol Opt. 2010; 30:132-142. [PubMed: 20444117]

Haigis W. IOL calculation using paraxial matrix optics. Ophthalmic Physiol Opt. 2009; 29:458-
463. [PubMed: 19523090]

Gerrard, A.; Burch, JM. Matrix methods in paraxial optics. In: Gerrard, A.; Burch, JM., editors.
Introduction to Matrix Methods in Optics. New York: Dover Publications; 1994. p. 24-42.1994
Dragt AJ. Lie algebraic theory of geometrical optics and optical aberrations. J Opt Soc Am A.
1982; 72:372-379.

Keating, MP. Spectacle magnification and relative spectacle magnigication. In: Keating, MP.,
editor. Geometric, Physical and Visual Optics. Boston: Butterworth-Heinemann; 1988. p. 267-293.
Keating, MP. Angular magnification. In: Keating, MP., editor. Geometric, Physical and Visual
Optics. Boston: Butterworth-Heinemann; 1988. p. 247-266.

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2012 January 1.


http://clinicaltrialsgov/ct2/show/NCT00425464

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ale etal.

Appendix

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 12

Born, M.; Wolf, E. Geometrical theory of optical imaging. In: Born, M.; Wolf, E., editors.
Principles of Optics. 7th edition. New York: Cambridge University Press; 1999. p. 142-227.
Smith G, Meehan JW, Day RH. The effect of accommodation on retinal image size. Human
Factors. 1992; 34:289-301. [PubMed: 1634241]

Raasch T, Lakshminarayanan V. Optical matrices of lenticular polyindicial schematic eyes.
Ophthalmic Physiol Opt. 1989; 9:61-65. [PubMed: 2594380]

Rosenblum WM, Christensen JL. Optical matrix method: Optometeric applications. Am J Optom
Physiol Opt. 1974; 51:961-968. [PubMed: 4447115]

Navarro R, Santamaria J, Bescos J. Accommodation-dependent model of the human eye with
aspherics. J Opt Soc Am A. 1985; 2:1273-1281. [PubMed: 4032096]

Biersdorf WR, Baird JC. Effect of an artificial pupil and accommodation on retinal image size. J
Opt Soc Am. 1966; 56:1123-1129. [PubMed: 5969098]

Hochberg, J. Perception I1: Space and movement. In: Kling, JW.; Riggs, LA, editors. Woodworth
& Schlosberg’s Experimental Psychology. 3rd edition. London: Methuen; 1972. p. 475-550.
Achiron LR, Witkin N, Primo S, Broocker G. Contemporary management of aniseikonia. Surv
Ophthalmol. 1997; 41:321-330. [PubMed: 9104769]

Reading RW, Tanlami T. The threshold of stereopsis in the presence of difference in magnification
of the ocular images. J Am Optom Assoc. 1980; 52:593-595. [PubMed: 7400513]

Felipe A, Diaz-Llopis M, Navea A, Artigas J. Optical analysis to predict outcomes after
implantation of a double intraocular lens magnification device. J Cataract Refract Surg. 2007;
33:1781-1789. [PubMed: 17889777]

The accommodation-dependent model eye of Navarro et al®’ was used in the study as the
reference phakic eye. Parameters marked with an asterisk vary with the amplitude of
accommodation (i.e. are accommodation-dependent variables) which is determined from
equations given following the table.

Surface Radius Thickness Medium  Index

Front Cornea 7.72 mm 0.55 mm Cornea 1.376

Back Cornea 6.50 mm 3.05mm*  Aqueous 1.337

Pupil (stop) - 0.00 mm Aqueous  1.337

Lens Anterior ~ 10.20 mm* Aqueous  1.42*
4.00 mm*

Lens Posterior ~ 6.00 mm* Vitreous  1.336

Retina - Vitreous

Accommodation-dependent parameters:

Anterior chamber depth:

AC=3.05 - 0.05 log(A+1)AC=3.05 — 0.05 log(A+1)

Anterior surface radius of curvature of the lens:

R1=10.2 — 1.75 log(A+1)R,=10.2 — 1.75 log(A+1)

Posterior surface radius of curvature of the lens:
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Ro= — 6+0.2294 log(A+1)R>= — 6+0.2294 log(A+1)

Crystalline lens thickness:

T,=4+0.1 log(A+1)

Refractive Index:

n,=1.4249 x 10(10A+A%)
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Figure 1.

Layout of the model eye with AIOL in which K refers to the cornea, H; and H, refer to the
primary and secondary principal planes, P refers to the pupil, F1 and F, refer to the front and
rear lens elements of the AIOL respectively and R refer to the retina. The cornea was
assumed to be a thin lens positioned in the plane of the anterior corneal surface. Distance AC
is the anterior chamber depth, f is the space between the front element and pupil, s is the
space between the two elements, b is the space between the anterior vitreous face and the
rear element and V is the distance from the anterior vitreous face to the retina (the distances
are exaggerated for clarity). Angle a is the incident chief ray angle at the centre of the
entrance pupil E; and o’ is the emergent chief ray angle at the centre of the exit pupil E,.
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Figure 2.

Relative lateral magnifications of 1E-AIOL and configuration 1 (front-moving) of the
various models of 2E-AIOL compared with that of phakic model eye. Solid plots represent
rLM, which is the ratio of the lateral magnification of the AIOL at various levels of
accommodation to the lateral magnification of the phakic model eye at distance focus
(unaccommodated state) and dashed plots represent rLMs, which is the ratio of the lateral
magnification in the accommodated state to the lateral magnification at distance focus for
the same pseudophakic eye. Relative magnification of the phakic model eye (dotted line) is
included for comparison.
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Figure 3.

Relative Lateral Magnifications of 2E-AIOLs with configuration 2 (rear-moving) compared
with that of the phakic model eye magnification (dashed line). Solid plots represent rLM;,
which is the ratio of the lateral magnification of the AIOL at various levels of
accommodation to the lateral magnification of the phakic model eye at distance focus
(unaccommodated state) and dashed plots represent rLMs, which is the ratio of the lateral
magnification in the accommodated state to the lateral magnification at distance focus state
for the same pseudophakic eye. Relative magnification of the phakic model eye (dotted line)
is included for comparison.
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Figure 4.

Absolute values of angular magnification as a function of accommodation for various
models of 2E-AIOL, 1E-AIOL and phakic model eyes magnification (dashed line). Solid
lines represent configuration 1 (front-moving) and dashed lines represent configuration 2
(rear-moving). Angular magnification of the phakic model eye (dotted line) is included for
comparison.
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Figure 5.

Distance between the image space nodal point (N5) and the retina as a function of
accommodation for the phakic model eye magnification (dotted line), 1E-AIOL and 2E-
AIOL operating under configuration 1 (front-moving).
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Figure 6.

Relative Lateral Magnification (rLM,) for various models of 2E-AIOL and 1E-AIOL as a
function of translation of the optics. Solid lines represent configuration 1 (front-moving) and
dashed lines represent configuration 2 (rear-moving). Relative Lateral Magnification is
defined as the ratio of the magnification of the pseudophakic eye at various stages of
translation to the magnification of the same eye at distance focus (unaccommodated state).
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Figure 7.

Absolute values of angular magnification as a function of translation of the optics for 1E-
AIOL and various models of 2E-AIOL. Solid lines represent configuration 1 (front-moving)
and dashed lines represent configuration 2 (rear-moving).
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