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Wave aberrations of seven models of various intraocular lenses (IOL) which are located inside
a physical model of the human eye are studied and compared. Statistically significant amplitudes of
aberration modes of various 1OLs are determined with the help of a ray tracing aberrometer on the
basis of the difference in amplitudes of aberration modes of the human eye model with 10OL and the
human eye model without 10L. RMS values of IOL wave aberration are found on the basis of ampli-
tudes of these modes. Increment in RMS values, caused by IOL decentring or IOL inclination within
the eye, is revealed. Acceptable values of IOL decentring and inclination are found.
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Introduction

Implantation of intraocular lenses (IOL) into the human eye is an effective
method for treatment of cataract. At the present time, there are a lot of uniform IOL
models that are produced by various manufacturing companies and may be chosen by
ophthalmologists. Therefore, an ophthalmologist is urged to choose the best IOL
model. However, it is not always possible to make the right selection of an IOL
model on the basis of those descriptions that are enclosed and that contain the data on
the specific optical properties. These descriptions do not contain sufficient informa-
tion on aberrational properties of specific IOL models, on the existing manufacturing
errors, as well as on potential adverse effects of their incorrect implantation into the
human eye. Many manufacturing companies produce the 10OLs that were processed
according to the procedure of aspherisation of their optical surfaces in order to de-
crease spherical aberration of the human eye's optical system, but this procedure
raises the question concerning possible induction of the higher-order aberration
modes by such 10Ls. There remain questions about influence of IOL decentring rela-
tive to the cornea on the quality of retinal image, as well as about acceptable levels of
such decentring.

The studies of aberration properties of various IOL models are described in works
[1-6]. Authors of these studies have examined the influence of IOL aberrations on the
quality of a retinal image with the help of various methods. In works [1-3] the
method of calculation of path parameters of rays through a mathematical model of the
eye was used with the help of such software applications as ZEMAX, OSLO, etc. The
studies described in works [4-6] were conducted using physical models of the optical
system of the eye, in which the studied IOL model was incorporated. The quality of
retinal image in an optical system of the eye with an IOL was mainly evaluated with
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the help of the modulation transfer function (MTF) or the limit of spatial resolution.
In addition, a method has been used for analysis of a retinal image of test objects in a
form of radial test patterns/mires, Snellen chart signs [4], luminous dots [5], besides,
the method is known of optical Fourier analysis of the light field distribution near the
pupil of the eye model [6]. Special physical models of the eye [7, 8], as well as spe-
cial equipment [8, 9] for 1OL testing were developed in order to investigate IOL aber-
rations in accordance with the 1SO 11979 standard.

Numerical methods of studying IOL aberrations with the help of computer simu-
lation of the optical system of the eye can provide accurate results. Still, they idealize
the 1OL itself, therefore not allowing to establish the effect of actual IOL manufactur-
ing errors (namely) optical heterogeneities of used materials, possible deviations from
nominal geometrical, and optical parameters, shape distortions of optical surfaces) on
quality of the retinal image.

Ophthalmologists have been often exposed to difficulties, when they tried to de-
scribe quality of the retinal image of the data concerning MTF, since sometimes they
cannot adequately evaluate the extent, to which certain changes can affect visual acuity,
when they are described in the form of graphs of these functions, caused by IOL aberra-
tions. The same is valid to other characteristics, such as the point spread function (PSF).

In addition, the spatial resolution limit (as the specific parameter) does not always
reveal aberration changes in the optical system of the eye caused by the IOL. In this
way, two lenses, which have different aberration properties and the same values of
aperture and lens power, can have the same resolution limit.

In view of the aforesaid, we suggest to use the root-mean-square (RMS) value of
wave aberration in the area of the pupil as an integral evaluation of this function in
order to ensure the comparative analysis of 10L aberration properties. Using RMS
values is convenient for comparative evaluation of wave aberrations of different IOL
models. It considerably simplifies establishing the criterion of acceptable values of
errors in the course of IOL implantation into the human eye.

Research Technique

RMS values of wave aberration of to be studied IOL models can be determined
from the results of their aberrometry. Wave aberrations of modern high-tech 10Ls are
very small linear values, commensurable with fractions of wavelengths. It is possible
to identify and compare aberrations of such I0OLs with the help of high-precision ab-
errometers, when the following conditions are met: 1) absolute stillness of the eye
with an implanted 10OL relative to the aberrometer during aberrometry; 2) there are no
changes in the position of the eye with an implanted IOL relative to the aberrometer
during repeated aberrometry sessions, which are necessary for statistical estimation of
accuracy of the measurement results; 3) accurately controlled relocations of the IOL
within the eye (IOL decentring and inclination); 4) stable state and operating condi-
tions of the IOL, identical to real intraocular conditions, and 5) providing absolutely
identical 1OL position within the eye when changing IOL models.
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There is no need to prove that it is impossible to implement all the above mentioned
conditions in the eye of the same patient in vivo. These conditions can be performed
when using a physical model of the eye adequately simulating its optical system.

IOL aberration properties depend on the crosswise sizes of the cone of rays on
IOL surfaces, the convergence angle of the cone of rays falling on the 10L, the re-
fractive index before and after the IOL. We have manufactured a device (Figure 1a),
capable to reproduce such conditions. The model simulates the cornea, intraocular
environment, and retina. The cornea is represented by a BK7 glass meniscus lens
having spherical surfaces. The radii of its spherical surfaces and axis thickness corre-
spond to average shape of the cornea. The device has special mechanisms and scales
for accurate installation of IOL relative to the cornea, accurate IOL relocation along
and perpendicularly to the optical axis, as well as for accurate IOL turns around one
of the axes that is perpendicular to the optical axis.

The intraocular media in the model are represented by an aqueous solution of
NaCl at the concentration providing coefficients of anterior and posterior chambers
refractive index identical to those of the human eye. A diffusing polyethylene film
that can depolarize the light of the aberrometer laser emitter reflected from it serves
as retina simulator.

The aberrometry of the eye model was carried out using the TRACEY-VFA aber-
rometer (Figure 1b), which restores the wave aberration with the help of the ray trac-
ing method [10].

Figure 1la. The eye model Figure 1b. The TRACEY-VFA aber-
rometer
We received the data on IOL aberrations based on the results of aberrometry of
models of the human eye with and without IOL. Aberrometry of the model without
IOL provides the data on the amplitudes of aberration modes of the cornea lens. The
data received from aberrometry of the model with IOL give an insight into the levels
of amplitudes of the same modes modified by IOL.
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It is known that the modes representing certain types of classical aberrations are
independent from each other, and the aberration of the model of the human eye with
IOL is the sum of the aberrations of the cornea lens and the 10L aberrations. This
makes it possible to find the values of amplitudes of modes of the 10L itself based on
the data on the values of mode amplitudes of the model without IOL and the data on
the values of the same modes of the model with implanted IOL. With this aim in
view, it is necessary to subtract the average (based on multiple aberrometry sessions)
values of modes amplitudes of the model without I0OL from the corresponding aver-
age (also based on multiple aberrometry sessions) values of modes amplitudes of the
model with a centered 10L.

Centering the IOL in the eye model was achieved by superpositioning the centers
of symmetry of images of the system of centering the LEDs of the aberrometer in the
light reflected from cornea lens surfaces and 10OL surfaces.

The resulting differences of the amplitudes of each mode of IOL models were
tested for statistical significance. Student's t-test was used for this purpose. The null
hypothesis was that the 10OL, implanted into the eye model, does not change the am-
plitude of a particular aberration mode of a model of the eye without IOL. The null
hypothesis is discarded at the significance level of a < 0.05. Statistically significant
differences were seen as the amplitudes of aberration modes of the IOL that are to be
studied. The following table 1 provides the RMS calculation results, which were ob-
tained by this method for the specified IOL models.

Table 1.
Lower Higher
The company N The IOL RMS RMS Total RMS
model [um]
[pm] [um]
Abbott Medical
Optics, USA 1| ZCBO00 0,116 0,139 0,181
Bausch & Lomb, ADAPT-
USA 2 AO 0,167 0,048 0,173
C'SCX” Laboratories, | 5 | oNgoAT | 0137 0,053 0,147
CISC,Zn Laboratories, 4 | SN6OWE 0,240 0,077 0,252
LStQ GmbH, Ger- | 5 | g1ADY0 | 0,389 0,104 0,403
many
HII Perep-HH, 1 ¢ | \iiogr2 | 0,133 0,159 0,208
Russia
«US thICS>>, 7 | sL-907 0,044 0,044 0,062
Ukraine

The optical power of the IOL models listed in the table is 20 diopters, while aber-
rometry zone diameter in the cornea lens plane is equal to 4 mm.
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Another factor that was investigated in the similar manner was the changes in the
values of 10L aberration modes, which were determined by their decentring factor in
respect to the optical axis of the cornea lens or I0OL inclination to this optical axis.
The changes in the amplitude values were determined by the difference in average
values of the corresponding amplitudes of aberration modes of the model of the eye
with IOL decentring or inclination and eye model with the same 10L, which was al-
ready centered. The RMS value calculated by increments of aberration modes ampli-
tudes of wave aberration of the eye model served as the integrated estimate of eye
model aberrations increase due to IOL decentring or inclination. It was conditionally
considered that there is no wave aberration in the optical system of the model of the
eye with a centered IOL.

The dependency of RMS value increments obtained in this way from the decen-
tring value (A) or the rotation angle (¢) is presented in a form of the diagrams shown
in Figure 2.

RMS(D) [mm]

0.7

f [ degl

Figure 2. RMS increment graphs.
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Results Discussion and Conclusions

The results of studying RMS of wave aberrations of implanted IOL models indi-
cate the significant difference in their values. Model #7 has the smallest RMS value,
while model #5 has the largest. It is significant that some 10L models with aspheric
surfaces show smaller values of spherical aberration, this fact confirming their pur-
pose. Still, in comparison with other models there may be observed some increased
values of higher-order aberrations. Second-order aberration modes are predominant
in virtually all IOL models.

RMS increment graphs, when such increment is caused by IOL decentring or in-
clination within the eye model, demonstrate significant differences in various 1OL
models as well.

The graphs shown in Figure 2 allow finding acceptable values of 10L decentring
and inclination. In work [10], it is shown that the spatial resolution of two point light
sources does not actually become worse in the optical system of the eye unless the
increase of wave aberration is accompanied by RMS value increase by more than 0.1
A, where A is the wavelength. When A = 0.55 microns, the condition RMS < 0.055
microns ensures the absence of changes in visual acuity evident to the eye. In the
given graphs, the dotted horizontal line drawn at the height of 0.055 microns indi-
cates acceptable limits of decentring and inclination of specific models of implanted
IOL in the points, where the dotted line intersects with the charts. As it may be seen,
the acceptable decentring of some I0L models ranges +(0.1-0.3) mm and the accept-
able inclination ranges +(1.5° -3.5°).

The main conclusion should be as follows: the implanted IOL models should pass
an additional third party inspection test. Such test will allow to determine actual aber-
ration characteristics of the lenses. Taking into account the aberration characteristics
of the IOL will allow more reasonable application of those in clinical practice, which
can improve cataract treatment effectiveness and even restore a patient’s normal or
maximum possible visual acuity.

References

[1] Griffith E. Altmann, Louis D. Nichamin, Stephen S. Lane, Jay S. Pepose. Optical performance
of 3 intraocular lens designs in the presence of decentration. J. Cataract Refract Surgery. 2005;
31:574-585.

[2] Norrby S., Piers P., Campbell C., van der Mooren M. Model eyes for evaluation of intraocular
lenses. Applied Optics. 2007; 46(26):6595-6605.

[3] The Effect of Decentration on Higher-Order Aberrations Precisely placing aspheric 10Ls is im-
portant for improving patients’ visual quality. Edwin J. Sarver, Li Wang, Douglas D. Koch.
Cataract & Refractive Surgery Today. 2006; 11:82-87.

[4] Retinal images in optomechanical eye model with monofocal intraocular lens. Agnieszka Joz-
wik A., Nowak J., Siedlecki D., Zajac M., Zarowny J. Optica Applicata. 2011; 41(3):593-605.

[5] Mitchel L., Molteno A.C.B., Bevin T.H., Sanderson G. Star testing: a novel evaluation of
intraocular lens optical quality. Br. J. Ophthalmol. 2006; 90(5):586-592.

[6] Tognetto D., Sanguinetti G., Sirotti P., Cecchini P., Marcucci L., Ballone E., Ravalico G.
Analysis of the Optical Quality of Intraocular Lenses. Investigative Ophthalmology & Visual
Science. 2004; 45(8):2682-2690.

Bicnuk HTYY “KIII”. Cepia ITIPHJIA/IOBY/1YBAHHA. — 2015. — Bun. 50(2) 145



Ilpunaou i cucmemu diomeoudHUX MEXHON02IH

[7] 1S/1ISO 11979-2 (1999): Ophthalmic Implants — Intraocular Lenses, Part 2: Optical Properties
and Test Methods [MHD 5: Ophthalmic Instruments and Appliances]32.

[8] http://en.nim.ac.cn/division-project/542

[9] http://www.trioptics.com/ophthalmic/index.php

[10] Chyzh I. H., Tymchik G. S., Shysha T. O., Afonchyna N. B., Aberrometry of an optical system
of the human eye (in ukrainian)/ —-K.:NTUU «KPI», 2013. — 292 p.
http://ooep.kpi.ua/downloads/aberom.pdf

Haoitiwna 0o peoaxyii
25 sepecnsa 2015 poky
© Chizh I., Shysha T., 2015

VJIK 617.55-089-78
PEAJIIBALIIA MOAU®IKOBAHOI ®OTOJMHAMIYHOI TEPATIII 3
BUBIPKOBUM JIASEPHUM CKAHYBAHHAM IV XJIMHU 3AJIEXXHO BIJI
HASBHOCTI ®JIFOOPECHEHIII

1)‘IenypHa O0.M., AlImons 1. 0., Iasnos C. B., 3)Ty9fcaHCb1<uL7 C. €, 4)Ympepac A.,
S)Boimexoeuq B. C., ®Ionos B. ., YKanmanoscokuii €. B. YXonin B. B.

YIIMBIT «Domonixa ITniocy, m. Yepkacu, Yrpaina, e-mail: info@fotonikaplus.com.ua
2)IHcmumym eKcnepumMeHmanbHoi namonoaii, onkonozii i padiobionozii im. P.€.Kaseyvkozo
HAH Ykpainu, m. Kuis, Yxpaina
3)BiHHm;bKuzZ HAYiOHANIbHUL MeXHIYHUU YHigepcumem, M. Binnuys, Ykpaina

YHi6€p P
4)Haui0HanbHuL7 nonaimexuiunutl ynieepcumem, m. Kimo, Exeaoop
5)Ihtcmumym Qizuxu HAH Yxpainu, m. Kuis, Ykpaina,
6)ﬂepofca6Hm7 HAYyK080-00CAiOHUl iIHcmumym Qizuunoi kynemypu i cnopmy, m. Kuis, Yxpaina

Poszenanymo memoo omoounamiunoi mepanii i3 6ubipkosum 1azepHuM ONPOMIHEHHAM 8
obnacmi ¢hnyopecyenyii nyxauHu. 3anponoHo6aHull Memoo NoAA2A€ Y GUIHAYEHHI 2PAHUYb
@nyopecyenyii i3 nooanbuum «NOMOUKOBUMY» ONPOMIHEHHAM CQOKYCOBAHUM NAZEPHUM NYUKOM i3
@iKCOBAHOI YACOB0I0 3AMPUMKOIO 8 KOMCHIUl JOKATbHIL OLIAHYI MKAHUHU, Mepanis NyXauHu
8i00y8aemuvcs auute y mil 30Hi, 8 AKill HasA6HA Gryopecyenyis. /[na peanizayii 0anoco memooy 8u-
KOPUCAHO HOBY JIKY8ANbHO-0IA2HOCUYHY YCIMAHOBKY HA OCHOGI CKAMYIOU020 NA3EPHO20 NpU-
cmporo. [[nsa peecmpayii pnroopecyenyii @C nyxaunu 6uKOpUCmano Koabopogy gioeokamepy SD na
oazi I133-mampuyi, nioknroueny oo IIK. Ilpoepammne 3abe3neuents NiKy8aIbHO-0IAZHOCMUYHO2O
KOMNJIIEKCY peanizoeano y 6u2nadi asmopcbko2o npozpamuozo naxkemy «ControlSy». [lana
0iaeHOCMUYHA —~ cucmeMa Moxce  00360IUMU  eeKmugHiule  BUKOPUCTOBY8AMU  JA3EPHe
BUNPOMIHIOBAHHA MaA 8paxosyeamu KoausamHs rouyenmpayii @C 6 NyXauui, 3a1eHCHO 8i0
HasaeHoCMi (roopecyenyii 8 KOHKPEeMHULL MOMEHM YAcy.

Knrouoei cnosa: gomoounamiuna mepanis, JnazepHe  CKAMy8awHsA,  (pyopecyeHmHua
diaeHOCmuKa.

Beryn

3pocTaHHsl PaKOBUX 3aXBOPIOBAHb B CY4aCHOMY CBITI CTHMYJIIO€ TIOIIYK HOBHUX
MIPOTPECUBHUX IIIXOJIIB A0 BUPIMICHHS OHKOJOTTYHUX MmMpooiaeM. OgHUM 13 BIIOMHX
MetoaiB € ¢oroauHamivna Tepamis (DO/T), sxa q03BoIsSIE MOEAHATH T1aTHOCTHKY Ta
JKYBaHHS CBITJIOM XapaKTEpHOI JOBXKWHH XBWJII B OJHINA MPOIEAYPl MPU BBEIACHHI Y
nyxiuny (orocencubimzaropa (OC) [1-3]. IHornmunanus monekynamu OC KBaHTIB
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