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Abbreviation List 
 

ACD External anterior chamber depth in mm 

AL Axial length in mm 

Aniseikonia Situation with disparity of ocular magnification, either comparing both eyes 

(binocular aniseikonia) or between meridians of one eye (meridional 

aniseikonia) 

Anisometropia Condition where measures of both eyes such as distances, curvatures of 

refractive surfaces or refractive indices do not match 

Anisophoria Situation with dynamic magnification disparity due to variation of viewing 

angle 

AQD Aqueous depth (internal anterior chamber depth) in mm 

AST Corneal astigmatism at front surface in dpt 

Astigmatic Condition of an optical system where surfaces show a variation in refractive 

properties for different meridians 

Binocular aniseikonia Image size (magnification) disparity between both eyes 

CCT Central corneal thickness in mm 

Change in meridional OM Ratio of major to minor principal meridian when transforming 

preoperative to postoperative meridional OM in % 

Cylinder Astigmatic power of spectacle correction in dpt 

D Diameter of the optics cylinder of a keratoprosthesis in mm 

Diopter, dpt Refractive power of an optical system or surface with focal length of 1 m 

DMOM Disparity of meridional magnification in % 

Eikonic Situation without ocular magnification disparity 

Equivalent power Average power of an optical system in dpt 

Gain in OM Ratio of postoperative to preoperative OM in % 

IOLP (Average) Power of the replacement lens in dpt 

IOLPA Orientation of astigmatism in a toric replacement lens in ° 

IOLPAST Astigmatism of a toric replacement lens in dpt 

L Length of the optics cylinder of a keratoprosthesis in mm 

LT Lens thickness 

Meridional aniseikonia Variation of magnification in different meridians 

Meridional OM Meridional ocular magnification, ratio of OM in the magnification meridian 

to magnification axis in % 
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nA Refractive index of aqueous humour 

nC Refractive index of cornea 

nK Keratometer index, fictitious index for conversion of corneal radius to power 

nL Refractive index of the lens 

nS Refractive index of spectacle correction 

nV Refractive index of vitreous 

Ocular magnification Ratio of lateral image size to object size (for objects at finite 

distances) or to incident ray slope (for objects at infinity) 

OM Ocular magnification (in this thesis it refers to the ratio of retinal image size 

to incident ray slope angle) in 1/mm. By literature convention, dimension is 

ignored 

PAST Corneal astigmatism at back surface in dpt 

PR1 / PR2 Flat / steep radius of the corneal back surface in mm 

PRA Orientation of the flat axis of corneal back surface in ° 

PRmean Average of PR1 and PR2 in mm 

PS Refractive power of a spectacle correction in dpt 

PSf Front surface power of a spectacle correction in dpt  

q Ratio of lens front to back surface power 

R1 / R2 Flat / steep radius of the corneal front surface in mm 

RA Orientation of the flat axis of corneal front surface in ° 

Rf, Rb Front and back surface of the optics cylinder of a keratoprosthesis 

Rmean Average of R1 and R2 in mm 

SEQ Spherical equivalent, average power of spectacle correction in dpt 

Spectacle magnification Ratio of magnification with glasses vs. situation without glasses in % 

Sphere Sphere or base curve of the spectacle correction in dpt 

Stigmatic: Condition of a centred optical system with rotationally symmetric surfaces 

only which form a symmetric spot image 

Toric lens Intraocular replacement lens with astigmatic correction 

TR Target refraction, intended refraction after surgery in dpt 

VD Vertex distance, distance between back surfaces of glasses and cornea in mm 

VFA Visual (half) field angle in ° 
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1. Introduction 

1.1. Definitions and context of ocular magnification and aniseikonia 

Human vision covers an optical portion, where the human eye images objects at an arbitrary 

object plane or space to the retina, which refers to the image plane, as well as a neural 

component. On the optical pathway from the object to the image, we find several optical 

elements such as spectacle correction, contact lenses, the cornea, aqueous humour, the natural 

lens or a replacement lens, and the vitreous. All of these elements are characterized by surfaces 

and a respective refractive index [17], which could be constant in the simplest case or could 

show some gradient such as the crystalline lens. If rays pass through refractive surfaces, the 

direction of the rays change, as described by the Snellius refraction law [18], and within a 

homogeneous refractive medium, rays are travelling linearly. The refractive index of an optical 

medium refers to the ratio of speed of light in vacuum to the speed of light in the medium. 

Optical media could cause some amount of absorption and scattering, which reduces the light 

intensity and the image contrast [53], but human vision is not restricted to optical imaging, the 

retinal image is processed first in the retina and later on the visual impression is interpreted in 

the brain [53].  

Visual acuity is not the only quality criterion for visual performance. There are several 

parameters such as contrast transfer, blended vision, modulation transfer, defocus properties or 

the state of stereopsis which affect visual performance [40]. 

From the definition, optical magnification in general refers to the ratio of image to object size 

[3]. Lateral magnification in the eye is based on two different definitions, one for objects at 

infinity and one for objects at finite distances [40]. For objects at infinity, object size is not 

defined and therefore, magnification refers to the ratio of retinal image size to the visual angle 

of an object in radians. For objects at finite distances, the classical definition of magnification 

as the ratio of retinal image size to object size is valid. If we restrict to an eye as a centred 

optical system with rotational symmetric surfaces we call it stigmatic [40]. If the optical system 

is not centred or there is at least one element with some variation of curvature for different 

meridians we call it astigmatic. In the stigmatic case, lateral magnification is isometric, which 

means that for all meridians the object to image magnification is the same [33]. For an 

astigmatic eye, lateral magnification varies and the object to image transfer is no longer 

isometric, we have some image distortion [22,23]. 
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Figure 1.1.: Binocular aniseikonia refers to difference in the overall magnification between the left and 
right eye (upper row), astigmatic surfaces cause blur if uncorrected, or image distortion (meridional 
aniseikonia) if corrected. 

Two eyes are called isometric, if all dimensions match. In special, it means that all distances 

such as the axial length of the eye, corneal thickness, aqueous thickness, lens thickness and 

vitreous depth are identical, and all curvatures of refractive surfaces such as corneal front and 

back surfaces as well as lens front and back surfaces match. As a consequence, the refraction of 

both eyes matches. In reality, a complete match between two eyes of an individual is 

unrealistic, that means we have some amount of anisometropia. Anisometropia itself does not 

cause complain to the patient, it is not even noticed [40]. 

From the classical definition, aniseikonia refers to the binocular refraction status, where the 

lateral magnification of both eyes shows some disparity. In contrast to anisometropia, 

aniseikonia refers to the lateral magnification disparity. In ophthalmology, the classical 

understanding of aniseikonia in general is related to a difference in the overall object to image 

magnification comparing both eyes of one individual, which is also described as binocular 

aniseikonia [30]. This condition is shown in the upper row of Figure 1.1. If we have any 

astigmatic optical element in the eye, lateral magnification varies in different meridians. If 

astigmatism remains uncorrected we notice some blur in the image (Figure 1.1 lower row in 

the middle), and if astigmatism is fully corrected (e.g. with spectacle glasses) we get a sharp 

image, but some image distortion (Figure 1.1, lower row right image). Such an image 

distortion due to a variation of ocular magnification in different meridians is called meridional 

aniseikonia. Figure 1.2 shows the condition with image distortion in a corrected optical system 

with astigmatic surfaces [38]. 
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Figure 1.2: Meridional magnification in a corrected astigmatic optical system refers to a circle at 
object space transferred to an ellipse at image space. The meridian / axis of magnification refer to the 
meridian with the largest / smallest magnification, horizontal / vertical lines are slanted as shown with 
the horizontal / vertical declination error. 

A circular object traced through the optical system yields an elliptical image defined by a long 

(with the highest magnification) and the short axis (with the lowest magnification) alongside 

with the 2 cardinal meridians (meridian of magnification and axis of magnification, Figure 

1.2) [27-29]. Meridional magnification refers to the ratio of the long to short axis. Each point at 

the circle (at object plane) corresponds to a point at the ellipse (at image plane) [35,38]. 

Horizontal and vertical lines are inclined as referred with the horizontal and vertical declination 

error [22,23]. Meridional aniseikonia could take place isolated, if the overall magnification of 

both eyes is identical, or in combination with binocular aniseikonia, if the overall 

magnification of both eyes does not match [27-29]. Eyes are called eikonic if the overall 

magnification of both eyes is identical and we do not have variations on meridional 

magnification [6,7]. Aniseikonia is always a consequence of anisometropia, but not all cases of 

anisometropia cause aniseikonia. In some cases, differences in biometric measures could 

counterbalance each other so that the resulting binocular or meridional lateral magnification is 

identical [40]. 

In addition, we differentiate between static and dynamic aniseikonia. In case of static 

aniseikonia, we have constant, but different lateral magnifications for variation of viewing 

directions. In case of dynamic aniseikonia, we observe different lateral magnifications for 

different viewing angles due to a prismatic effect. This type of aniseikonia is called induced 
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anisophoria. A typical situation for anisophoria is, if the patient looks through different areas of 

anisometric refraction correcting glasses [30]. In addition to anisophoria, ocular magnification 

could also change dynamically with accommodation, which was not systematically 

investigated in the past. If translation lenses are used to maintain pseudophakic pseudo-

accommodation after cataract surgery, changes in magnification can be analysed systematically 

[34,42]. 

The incidence of aniseikonia is mostly underestimated or even ignored in clinical routine, as in 

most cases, symptoms are not obvious or measureable [40]. In the normal adult population, 

with an age more than 20 years, prevalence of aniseikonia due to an anisometropia of 1 diopter 

(dpt) or more is estimated to 10% [2,13]. In contrast, especially after cataract surgery with 

implantation of an artificial lens (IOL), after corneorefractive surgery such as PRK or LASIK 

or other types of corneal (e.g. penetrating keratoplasty) or posterior eye segment (e.g. cerclage) 

procedures, prevalence of aniseikonia seems to be significantly increased up to 40% [30]. 

However, many cases of aniseikonia remain undiagnosed in clinical routine [40] and its high 

prevalence should sensitize ophthalmologists to the general problems of ocular magnification 

and aniseikonia.  

Sensitivity to magnification disparity shows a large variation in the population. Some patients 

are already impaired with an overall magnification difference of around 1% between the left 

and the right eye, and others tolerate magnification differences between both eyes of 3 or 5 % 

without any interference of vision [2,10,11]. In contrast to binocular aniseikonia, the tolerance 

or acceptance to meridional aniseikonia is not studied systematically in the literature [40]. 

Some researchers report, that in case of meridional in combination with binocular aniseikonia, 

a correction of binocular aniseikonia is sufficient for the patient and the variation in meridional 

magnification is tolerated. Others report that especially meridional variation of magnification is 

less tolerated due to image distortion and causes in some cases severe complains to the patients 

such as headaches, fusion problems or asthenopic complains [2,10,11,31,33].  

1.2. Options for addressing aniseikonia 

In ophthalmology, the classical way of addressing aniseikonia is a correction using eikonic 

glasses [1,2]. With variations of the front and back (basic curvature) surface shape, thickness 

and refractive index of the glass as well as vertex distance, the individual spectacle 

magnification and subsequently the magnification of the entire eye can be varied [14]. For 

patients where a cataract surgery with implantation of an IOL is intended, aniseikonia can be 

directly addressed with an individual shape of the implant: for correction of binocular 
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aniseikonia the curvature of both surfaces, central thickness and the refractive index of the lens 

material could be adapted, and for correction of meridional aniseikonia central thickness, 

refractive index, and both surfaces have to be shaped individually with a bitoric eikonic design 

in order to compensate image distortion due to meridional variations in magnification 

[25,37,44,48]. If the variation in shape alone is not sufficient to compensate for binocular 

and/or meridional aniseikonia, combinations of a lens implant and an appropriate spectacle 

correction could help, but in those cases we are limited in planning the refractive outcome of 

the cataract surgery and the patient should be aware, that postoperative emmetropia is no 

longer possible. We have to keep in mind, that calculation and manufacturing of such (bitoric) 

eikonic IOLs is challenging and requires sophisticated tools, manufacturing strategies, and 

know-how [37]. Another option for correction of binocular or meridional aniseikonia is the 

implantation of additional lenses in the eye [38]. In the phakic eye, such lenses are called 

phakic lenses or intraocular contact lenses (ICL), and they are mostly used for correction of 

large spherical and/or astigmatic refraction errors in young adults, where the physiological 

accommodation of the eye should be maintained and corneorefractive surgery such as LASIK, 

LASEK or PRK fail. Today, such ICLs are implanted into the sulcus ciliaris, in front of the 

crystalline lens. In a progressed age where physiological accommodation is significantly 

reduced and first clinical signs of an opacification in the crystalline lens capsule, cortex, or 

nucleus are present, the cataract is typically re-scheduled to an earlier time point (so called 

‘clear cataract extraction’) and a normal capsular bag lens is implanted [37]. As outlined above, 

such capsular bag lenses can be potentially used for an eikonic correction [25]. In situations, 

where aniseikonia is not tolerated by the patient after cataract surgery, we have the option of 

implanting an additional lens in front of the capsular bag lens (a so called add-on lens or piggy-

bag lens). The shape of such add-on lenses can be customized to correct for aniseikonia, either 

for binocular or for meridional one [38]. 

Spectacle glasses show the largest effect on ocular magnification [1,2,36]. Due to the large 

distance from the eye’s image-sided principal plane, a spectacle correction for ametropia 

always affects ocular magnification much more than e.g. a contact lens correction. Minus 

corrections for myopic eyes minify the retinal image size, whereas plus corrections magnify the 

retinal image size [5]. That also has to be taken into consideration, if we measure the visual 

performance of the eye, in terms of visual acuity. With acuity tests, letters are projected with 

standard sizes (e.g. Landolt ring (EN ISO 8596) with an opening of 1 arc second for testing for 

visual acuity of 1.0), and with myopic / hyperopic spectacles the visual field angle of the letter 

is smaller / larger which implies a reduced / increased visual acuity by artefact. The same 
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occurs in measuring the defocus curve: the more plus is used for fogging the larger the retinal 

image! If the spectacle is simplified by a thin lens model, which means that the typical 

meniscus shape of the spectacle glass (with a front and back surface curvature, central 

thickness, and characteristic refractive index) is described by a refractive power only, the 

angular magnification indicating ratio of retinal image size with and without spectacle 

correction is described in Figure 1.3, where PS refers to the refractive power of the spectacle 

and VD to the vertex distance (distance between the spectacle correction and the cornea) [2]. 

 

Figure 1.3: Spectacle magnification (thin lens model) as a function of spectacle refraction. 

If we consider the spectacle correction as a thick lens with a front surface power PSf and a back 

vertex power PS, a central thickness dS, and a refractive index nS, spectacle magnification is 

split into a factor related to power (as described for the thin lens simplification) and a factor 

related to shape. Figure 1.4 shows the effect of spectacle magnification exemplarily for glasses 

with a central thickness of dS=3 mm, a refractive index of nS=1.5 and a vertex distance of 

VD=12 mm. 
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Figure 1.4: Spectacle magnification (thick lens model) for VD=12 mm. Magnification depends on 
spectacle refraction and front surface power 

Hyperopic corrections with a large surface power at the front surface show the largest 

magnification effect, and myopic corrections with a low or negative front surface power show 

the largest minification effect [2]. In contrast to spectacle magnification, correction of 

refraction errors with contact lenses changes the ocular magnification much less, typically in a 

range of ±2-3%. 

2. Objectives 
The purpose of this PhD thesis is  

 to present mathematical strategies for determination of ocular magnification in the 

(spectacle-)corrected and uncorrected eye before and after cataract surgery with 

implantation of standard lenses and toric implants, 

 to show how ocular magnification is changed in different clinical situations such as 

corneal surgery (e.g. LASIK, LASEK, PRK or keratoplasty), cataract surgery with 

implantation of a standard or toric capsular bag lens, 

 to show how the optics part of keratoprostheses can be designed to realize intended 

magnification, visual field angle, and target refraction, and 

 to give ideas how aniseikonia as a disparity between ocular magnification between both 

eyes or magnification between different meridians could be addressed in clinical 

routine to get an eikonic imaging. 
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3. Results 
In all parts of the Results section we present clinical examples to get some insight into and to 

show the applicability of our calculation strategy to clinical data. In addition, we analyse a 

large master dataset including N=8998 eyes with biometric measurements (IOLMaster 700, 

Carl-Zeiss-Meditec, Jena, Germany) and refraction data before and after cataract surgery 

alongside with the respective data of the implanted lens. For simplicity, we restricted to objects 

located at infinity, which means that ocular magnification (OM) refers to the ratio of retinal 

image size to the slope angle of the incident rays in radians. Gain in ocular magnification refers 

to the change from preoperative to postoperative magnification in %. Meridional magnification 

refers to the ratio of meridional magnifications in the magnification meridian and the 

magnification axis (with respect to an elliptical image distortion as shown in Figure 1.2) in %. 

For evaluation of change in meridional magnification, a circular object at object space (at 

infinity) is considered, and change in meridional magnification refers to the ratio of 

magnification change comparing the magnification meridian and the magnification axis by 

transforming the preoperative to the postoperative retinal image. If not stated otherwise, vertex 

distance VD was considered 14 mm, keratometer index for a thin lens model of the cornea was 

nK=1.332 and for the refractive indices of air, cornea (nC), aqueous humour (nA), crystalline 

lens (nL) and vitreous (nV) we used 1.000, 1.376, 1.336, 1.41, 1.336, as used in the Gullstrand 

schematic model eye [17]. 

The dataset included axial length measurement (AL), central corneal thickness (CCT), aqueous 

depth (AQD), anterior chamber depth (ACD) as a sum of CCT and AQD, phakic or 

pseudophakic lens thickness (LT), corneal front surface curvature in the flat (R1) and the steep 

(R2) meridian with orientation of the flat meridian (RA), corneal back surface curvature in the 

flat (PR1) and the steep (PR2) meridian with orientation of the flat meridian (PRA), spectacle 

refraction with sphere (Sphere), cylinder (Cylinder) and axis (Axis), the power of the 

implanted IOL (IOLP for rotational symmetric lenses and IOLP as equivalent power, 

IOLPAST as lens toricity and implantation axis IOLPA for toric lenses) alongside with the 

refractive index nIOL and the ratio of average lens back surface to front surface power (q). 

Mean corneal front (Rmean) and back (PRmean) surface radius was derived as average from R1 

and R2 or PR1 and PR2, respectively, and spherical equivalent of refraction (SEQ, Sphere + 

0.5·Cylinder). Astigmatism of the corneal front (AST) and back (PAST) surface was derived 

using AST=(nC-1)(1/R2-1/R1) and PAST=(nV-nC)(1/PR2-1/PR1). 

Out of the dataset with N=8998, 1119 cases show a corneal astigmatism more than 2 diopters 

and were treated with toric lenses. This subset of data was used to present results on ocular 
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overall and meridional magnification in astigmatic eyes. For presentation of the results of 

change in overall and meridional ocular magnification after corneal surgery, the dataset of 

N=8998 cases was filtered for those cases where the spherical equivalent was |SEQ| > 1.5 dpt 

or refractive cylinder was Cylinder <-1.5 dpt to mimic realistic conditions where 

corneorefractive surgery is typically performed. Finally, N=5017 clinical cases were 

considered. The dataset of N=8998 cases was also used for a simulations of ocular 

magnification, target refraction, and visual field angle (VFA) in keratoprostheses. 

Results for the respective dataset are shown with descriptive statistics and a Monte-Carlo 

simulation with a focus in trend analysis to extract the effect sizes and fitting (multivariate) 

linear models. For that purpose we setup a Monte-Carlo simulation.  

3.1. Application of our calculation strategy in cataract patients 

3.1.1. Overall ocular magnification in the phakic and pseudophakic eye 

Clinical case 

In this example I would like to show a situation of a patient, who received cataract surgery with 

implantation of a standard IOL in both eyes (left eye: SN 60, Alcon, Fort Worth, USA, right 

eye: Vivinex XC1, Hoya, Tokio, Japan). The left eye was treated first and 6 weeks later the 

right eye received cataract surgery. We selected this patient as a normal case with average 

biometric measures, and the biometric and refraction data before and after cataract surgery are 

shown in Table 3.1. As phakometry is difficult and unreliable, we back-calculated the 

crystalline lens power from biometric measures and refraction [43].  

Table 3.1: Preoperative and postoperative biometric and refraction data of the left (OS) and right (OD) 
eye alongside with resulting magnification. For the phakic eye we assumed a ratio of back to front 
surface power of 10/6, for the IOL we took the data from the data sheet. 
 Axial 

length AL 

in mm 

Anterior 

chamber 

depth ACD 

in mm 

Lens 

thickness 

LT in mm 

Lens shape 

factor q / 

nIOL 

Mean 

corneal 

radius Rmean 

in mm 

Spherical 

equivalent 

SEQ in dpt 

Ocular 

magnificati

on OM 

x1000 

OS preop 23.70 3.50 4.30 0.6 / 1.41 7.6 -1.50 15.8473 

OS postop 23.70 5.20 0.81 0.7 / 1.55 7.6 -0.25 16.4365 

OD preop 23.60 3.60 4.20 0.6 / 1.41 7.8 -0.50 15.9540 

OD postop 23.60 5.30 0.80 1.3 / 1.56 7.8 0.00 16.3069 

Preoperatively, the ratio of OM left/right eye was -0.67% and postoperatively 0.79%, the gain 

in OM from preoperative situation to the postoperative situation was 3.72% in the left and 

2.21% in the right eye. In the time interval between both surgeries the pseudophakic left eye 

shows a larger OM (0.0164365) compared to the untreated right eye (0.0159540) by 3.02%. 
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This image size disparity caused some fusion and diplopia problems and the patient forced the 

treatment at the second eye. 

Descriptive statistics of our clinical dataset 

The descriptive data of our large consecutive dataset of N=8998 clinical cases before and after 

cataract surgery is displayed in Table 3.2 with mean, standard deviation, median, minimum 

and maximum and 95% confidence interval. Table 3.2 is restricted to a selection of the most 

relevant data for calculation of overall ocular magnification in the preoperative and 

postoperative situation. 

Table 3.2: Descriptive statistics of the most relevant parameters for calculation of overall ocular 
magnification. SD refers to standard deviation, AL to axial length, ACD to anterior chamber depth 
(CCT+AQD), LT to lens thickness, and SEQ to the spherical equivalent in refraction. 

 AL  

in mm 

ACD 

preop in 

mm 

ACD 

postop 

in mm 

LT 

preop in 

mm 

LT 

postop 

in mm 

Rmean in 

mm 

SEQ 

preop in 

dpt 

SEQ 

postop 

in dpt 

Mean 23.8510 3.2185 4.5972 4.5057 0.7941 7.7349 -0.5053 -0.1711 

SD 1.3999 0.4560 0.3481 0.6048 0.1063 0.2775 3.2659 0.2635 

Median 23.6765 3.2056 4.5918 4.5955 0.7951 7.7266 0.0 -0.1250 

Minimum 18.7129 1.5305 3.3596 1.0066 0.3768 6.2948 -22.3750 -1.7500 

Maximum 32.2087 5.5347 6.1917 8.6412 1.1988 9.5788 12.5000 0.6250 

2.5% quantile 21.5167 2.3556 3.9289 3.2784 0.5823 7.2366 -8.2500 -1.0000 

97.5% quantile 27.1137 4.0849 5.3042 5.4966 0.9966 8.3247 4.6250 0.2500 

Table 3.2 presents the OM for the phakic eye before cataract surgery and the pseudophakic eye 

after cataract surgery alongside with the gain in OM from preoperative to postoperative 

situation. 

Table 3.2: Descriptive statistics of ocular magnification (OM) and gain in ocular magnification from 
the preoperative to the postoperative situation. 

 OM x1000 

preoperatively 

OM x1000 

postoperatively 

Gain in OM in % 

Mean 16.2700 16.7128 2.6767 

Standard deviation 0.5215 1.1189 5.1252 

Median 16.2494 16.5667 1.9081 

Minimum 14.2371 12.6524 -16.6503 

Maximum 19.2368 24.0111 37.7394 

2.5% quantile 15.3243 14.8520 -5.5938 

97.5% quantile 17.3993 19.2687 14.1937 
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Overall, OM gains due to cataract surgery by 2.7% on average, and there is large individual 

scatter depending on several effect sizes, which is demonstrated in the following section. The 

95% confidence interval ranges in between -5.6 and 14.2%. 

Monte-Carlo simulation in our clinical dataset 

For this Monte-Carlo simulation, we considered the cornea as a thick meniscus lens with Rmean, 

PRmean, and CCT to study the effect sizes. Therefore ACD as a potential effect size was 

replaced by CCT and AQD. The linear multivariate prediction model for ocular magnification 

in the phakic and pseudophakic eye with the effect sizes AL, CCT, AQD, LT, Rmean, PRmean,, 

and SEQ read 

 OM=0.41208+0.85444·AL-0.28442·CCT-0.2331·AQD-0.173·LT-0.21044·Rmean-

0.17223·PRmean+0.26351·SEQ   (phakic eye) 

 OM= 0.057259+ 0.89048·AL -0.27063·CCT --206.08·AQD-0.173·LT- -0.26·Rmean- 

0.16754·PRmean+ 0.26673·SEQ   (pseudophakic eye) 

The root mean squared error of this prediction model for the phakic/pseudophakic situation is 

0.0408 / 0.0253 and R²=0.994 / 0.999. All effect sizes are highly significant with p<0.0001. 

The multivariate model for the phakic eye including all 7 effect sizes shows a very good 

performance (Figure 3.1 lower row right column), whereas the effect sizes in a univariate 

linear model yield a much lower performance as shown in Figure 3.1. Mostly AL, Rmean, 

PRmean,, and SEQ seem to have a strong impact on OM. 
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Figure 3.1: Phakic eye: univariate linear models to analyse the predictability of axial length (AL), 
central corneal thickness (CCT), aqueous depth (AQD), lens thickness (LT), mean curvature of the 
corneal front and back surface (Rmean, PRmean), and spherical equivalent (SEQ) alongside with the 
performance plot for the multivariate model (lower right). 

For the pseudophakic eye, the respective graphs for the 7 univariate and the multivariate linear 

models are shown in Figure 3.2. Due to the lower variation in refraction error in the 

pseudophakic eye, the performance of the prediction models is even better, compared to the 

phakic eye. In the univariate linear model AL seems to have a high and AQD and LT as well as 
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SEQ a moderate impact on OM. The multivariate model, as shown on the lower row right 

column implies, that pseudophakic OM could be predicted with a very low prediction error. 
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Figure 3.2: Pseudophakic eye: univariate linear models to analyse the predictability of axial length 
(AL), central corneal thickness (CCT), aqueous depth (AQD), lens thickness (LT), mean curvature of 
the corneal front and back surface (Rmean, PRmean), and spherical equivalent (SEQ)  alongside with the 
performance plot for the multivariate model (lower right). 

3.1.2. Meridional ocular magnification in the phakic and pseudophakic eye 

Clinical case 

In this example I would like to present the situation of a patient, who underwent cataract 

surgery with implantation of a toric lens implant IOL in both eyes (both eyes: Vivinex XY1 

toric, Hoya, Tokio, Japan). The right eye was treated first, and 2 weeks later the left eye 

underwent surgery. The biometric and refraction data before and after cataract surgery are 

shown in Table 3.3. Again, as phakometry is difficult and unreliable, we determined the 

crystalline lens power from biometric measures and refraction and the shape factor (ratio of 

front to back surface radius 10/6, q=0.6) and average refractive index (n=1.41), derived from 

the Gullstrand schematic model eye [17]. The shape factor for the IOL, as well as the refractive 

index was provided by the lens manufacturer. 

Table 3.3: Preoperative and postoperative biometric and refraction data of the left (OS) and right (OD) 
eye alongside with resulting overall magnification and meridional magnification disparity. AL, CCT, 
AQD LT refer to axial length, central corneal thickness, aqueous depth, lens thickness, R1 / R2 and PR1 
/ PR2 to the corneal front and back surface radius of curvature in the flat / steep meridian, corrected / 
uncorrected OM to the mean ocular magnification and disparity of meridional ocular magnification 
with/without spectacle correction. 
 AL / CCT / 

AQD / LT 

in mm 

R1 / R2 in 

mm 

PR1 / PR2 

in mm 

Refraction 

SEQ / 

Cylinder 

Corrected OM 

overall x1000 / 

meridional OM 

in % 

Uncorrected OM 

overall x1000 / 

meridional OM in 

% 

OS preop 25.50 / 0.54 

/ 2.84 / 4.13 

8.05 / 7.45 6.85 / 6.60 -6.25 / -4.5 15.96 / 6.15 17.63 / 1.06 

OS postop 25.50 / 0.54 

/ 4.62 / 0.73 

8.05 / 7.45 6.85 / 6.60 -0.375 / -

0.25 

18.07 / 1.99 18.15 / 1.99 
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OD preop 24.60 / 0.55 

2.80 / 4.25 

7.90 / 7.40 6.90 / 6.70 -2.50 / -3.0 15.88 / 3.76 16.95 / 1.15 

OD postop 24.60 / 0.55 

/ 4.72 / 0.75 

7.95 / 7.40 6.90 / 6.70 -0.25 / -0.5 17.25 / 1.05 17.34 / 1.91 

Preoperatively, the difference in overall OM between left and right eye was 0.50% and 

postoperatively 4.75%, the gain in OM from preoperative situation to the postoperative 

situation was 13.22% in the left and 8.62% in the right eye. For the uncorrected eye (with blur), 

the preoperative ratio of overall OM left/right eye was 4.01% and postoperatively 4.67%, the 

gain in OM from preoperative situation to the postoperative situation was 2.94% in the left and 

2.30% in the right eye. 

Image distortion due to meridional OM for the spectacle corrected eye was 6.15% / 3.76% 

preoperatively and could be reduced by implantation of the toric lens to 1.99 / 1.05% for the 

left / right eye. For the uncorrected eye (with blur), the respective values were 1.06 / 1.15% 

preoperatively and 1.99 / 1.91% postoperatively. 

In the time interval between both surgeries, the pseudophakic right eye shows larger overall 

magnification (0.01725) compared to the untreated left eye (0.01596) by 8.08%. Meridional 

image size disparity was in this time interval 1.05% in the right eye and 6.15% in the left eye, 

which again caused some fusion problems. The patient forced the treatment at the second eye. 

Descriptive statistics of our clinical dataset 

From the N=8998 clinical cases, we selected those cases which received a toric lens implant 

(N=1119). The biometric data and refraction data before and after cataract surgery are 

displayed in Table 3.4 with mean, standard deviation, median, minimum and maximum, and 

95% confidence interval. Table 3.4 is restricted to a selection of the most relevant data for 

calculation of overall and meridional ocular magnification in the preoperative and 

postoperative situation. 

Table 3.4: Descriptive statistics of the most relevant parameters for calculation of overall ocular 
magnification. SD refers to standard deviation, AL to axial length, CCT to central corneal thickness, 
AQD to aqueous depth, LT to lens thickness, Rmean and PRmean to mean corneal front and back surface 
radius, AST and PAST to corneal front and back surface astigmatism, and SEQ and Cylinder to 
spherical equivalent and refractive cylinder. 

 AL / CCT 

in mm 

AQD 

preop / 

postop in 

mm 

LT preop / 

postop in 

mm 

Rmean / 

PRmean in 

mm 

AST / 

PAST in 

dpt 

SEQ / 

Cylinder 

preop in 

dpt 

SEQ / 

Cylinder 

postop in 

dpt 

Mean 23.96 / 

0.56 

2.64 / 4.06 4.50 / 0.77 7.71 / 6.86 2.64 / 0.37 -1.57 / -

2.14 

-0.16 / -

0.64 
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SD 1.64 / 0.04 0.47 / 0.38 0.63 / 0.11 0.29 / 0.30 0.94 / 0.22 4.10 / 0.76 0.23 / 0.24 

Median 23.85 / 

0.56 

2.60 / 4.05 4.61 / 0.77 7.69 / 6.86 2.34 / 0.39 -1.00 / -

2.00 

-0.12 / -

0.50 

Minimum 18.71 / 

0.43 

1.15 / 2.96 3.13 / 0.44 6.29 / 5.34 1.50 / 0.02 -20.75 / -

7.25 

-1.25 / -2-

25 

Maximum 31.72 / 

0.72 

4.16 / 5.29 6.45 / 1.09 8.63 / 8.48 8.41 / 1.32 12.50 / -

1.00 

0.50 / -

0.25 

2.5% 

quantile 

21.09 / 

0.48 

1.81 / 3.34 3.27 / 0.57 7.15 / 6.32 1.68 / 0.05 -11.06 / -

4.00 

-0.62 / -

1.25 

97.5% 

quantile 

27.71 / 

0.63 

3.51 / 4.83 5.57 / 0.99 8.37 / 7.48 5.27 / 0.85 5.75 / -

1.25 

0.25 / -

0.25 

Table 3.5 presents the overall OM as well as the meridional OM disparity for the phakic eye 

before cataract surgery and the pseudophakic eye after cataract surgery. 

Table 3.5: Descriptive statistics of overall ocular magnification (OM) and gain in ocular magnification 
from the preoperative to the postoperative situation. 

 Overall OM 

x1000 

preoperatively 

Meridional 

magnification 

disparity preop. in % 

Overall OM 

x1000 

postoperatively 

Meridional 

magnification 

disparity postop. in 

% 

Mean 16.0606 2.7501 16.9501 0.4198 

SD 0.5381 1.0309 1.3782 0.2884 

Median 16.0634 2.5116 16.7817 0.3570 

Minimum 13.9398 0.9029 12.4182 0.0134 

Maximum 18.1613 7.8461 23.8516 2.4558 

2.5% quantile 14.9934 1.4244 14.5012 0.0599 

97.5% quantile 17.1305 5.4324 20.0408 1.1572 

Overall, OM gains due to cataract surgery by 5.51%, on average. Image distortion due to 

meridional disparity in OM decreases from 2.75% preoperatively, to 0.42% postoperatively. 

Monte-Carlo simulation in our clinical dataset 

In this Monte-Carlo simulation, we considered N=1119 cases out of N=8998 eyes where a toric 

IOL was implanted during cataract surgery. The cornea was considered as a thick meniscus 

lens with front surface and back surface curvature (mean radius Rmean and PRmean) and 

astigmatism (AST and PAST), with the respective orientation RA and PRA (not shown in this 

evaluation). From biometry, we extracted AL, CCT, and AQD pre- and postoperatively. From 

refraction, we used preoperative and postoperative SEQ and Cylinder. For the multivariate 

linear regression models, we used AL, CCT, AQD, Rmean, PRmean, AST, PAST, SEQ and 
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Cylinder as potential effect sizes. The prediction model for disparity of meridional OM 

(DMOM) for the spectacle corrected phakic and pseudophakic eye read 

 DMOM= -0.20773+ 0.0027107·AL+ 0.23983·CCT- 0.042348·AQD--0.064563·LT- 

0.10661·Rmean-0.4588·AST+0.1717·PRmean+0.78936·PAST+0.067986·SEQ-

1.791·Cylinder    (phakic eye) 

 DMOM= 0.35003 +0.014072 ·AL+ 0.12806 ·CCT-0.0049123 ·AQD+0.0022863·LT-

0.018822 ·Rmean- 0.019815 ·AST-0.071684·PRmean-0.015104 ·PAST-0.045766 ·SEQ-

0.40752·Cylinder    (pseudophakic eye) 

The root mean squared error of this prediction models for the phakic / pseudophakic situation 

is 0.131 / 0.263 and R²=0.984 / 0.178. For the phakic model, all effect sizes except AL and 

intercept were statistically significant (p<0.05), but for the pseudophakic model, the 

performance was much worse. Only Cylinder could be validated, as an effect size (p<0.05). 

Figure 3.3 shows the multivariate model for the phakic eye (left side) and the pseudophakic 

eye (left side) including all 10 effect sizes. The prediction model for disparity of meridional 

magnification shows a very good performance for the phakic eye in contrast to the prediction 

model for the pseudophakic eye. 

 

Figure 3.3: Multivariate linear prediction model disparity of meridional magnification (DMOM in the 
phakic (left) and the pseudophakic eye. As potential effect sizes were considered: axial length AL, 
central corneal thickness CCT, aqueous depth AQD, lens thickness LT, mean corneal front and back 
surface radius Rmean, and PRmean, corneal front and back surface astigmatism AST and PAST, spherical 
equivalent SEQ and refractive cylinder Cylinder. 

Figure 3.4 displays the graphs for the 10 potential effect sizes (AL, CCT, AQD, LT, Rmean, 

PRmean, AST, PAST, SEQ, and Cylinder) analysed in a univariate linear model for the phakic 

and pseudophakic eyes. Axial length AL, central corneal thickness CCT, and aqueous depth 

AQD show almost no effect on disparity of meridional OM, whereas lens thickness presents 

some inverse effect. In the univariate model for disparity of meridional OM in the phakic eye, 
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AST and PAST as well as Cylinder show some impact. SEQ and Cylinder seem to have an 

inverse effect on disparity of meridional OM in the phakic and pseudophakic prediction model. 
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Figure 3.4: Meridional magnification before (phakic eye) and after (pseudophakic eye) cataract 
surgery with implantation of a toric lens described with univariate linear models for all 10 effect sizes 
axial length AL, central corneal thickness CCT, aqueous depth AQD, lens thickness LT, mean corneal 
front and back surface radius Rmean, and PRmean, corneal front and back surface astigmatism AST and 
PAST, spherical equivalent SEQ and refractive cylinder Cylinder.. 

3.2. Change in overall and meridional magnification due to corneal surgery 
Corneal curvature is one of the major effect sizes, which determine OM. The dominant portion 

of ocular astigmatism refers to the corneal front surface shape. Especially in keratoplasty or 

corneorefractive surgery such as LASIK, LASEK, or PRK, the correction with spectacles is 

shifted in part or completely to the corneal plane, which affects overall OM, and in case of 

corneal astigmatism also meridional OM. In this section, we address the change in OM due to 

change of corneal curvature [35,37]. The cornea is considered as a thick lens. We provide 2 

clinical examples and present descriptive data and results of a Monte-Carlo simulation based 

on our clinical dataset where the change in OM is predicted for a potential population for 

corneorefractive surgery (target refraction was assumed to be plano) from biometric data and 

the change in corneal curvature. For the descriptive data and the Monte-Carlo simulation we 

extracted from the dataset of N=8998 all clinical cases with |SEQ| > 1.5 dpt or Cylinder <-1.5 

dpt (N=5017), to mimic realistic situations for corneorefractive surgery. 
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Clinical case 

In the first example we consider a clinical situation before and after LASIK. Preoperatively, 

R1/R2/RA and PR1/PR2/PRA are 7.80 mm / 7.50 mm / 10° and 6.80 mm / 6.60 mm / 5°, and 

spectacle refraction is -7.5 dpt -2.5 dpt / 5°. Postoperative refraction is intended to be 0 dpt – 

0.25 dpt / 90° to support reading ability. The change in corneal front surface curvature was 

derived from the intended change in refraction and yielded 9.11 mm / 9.00 mm / 70°. Central 

corneal thickness prior to ablation was assumed to be 550 µm, and postoperatively it was 

reduced to 480 µm due to corneal ablation. Corneal back surface curvature and aqueous depth 

(3.5 mm) are assumed to be unchanged during surgery.  

Due to corneal flattening overall OM gains by 12.05%, and expressed in the principal 

meridians [4] it gains by 13.99% in 90° (magnification meridian) and by 10.11% in 0° 

(magnification axis). 

In the second example, we consider a clinical situation before and after penetrating 

keratoplasty. Preoperatively, R1/R2/RA and PR1/PR2/PRA are 8.00 mm / 7.30 mm / 25° and 

6.90 mm / 6.40 mm / 35°, and spectacle refraction is 2.5 dpt -4.0 dpt / 30°. Postoperatively, 

R1/R2/RA and PR1/PR2/PRA are 7.90 mm / 7.20 mm / 95° and 6.80 mm / 6.50 mm / 100°, 

and spectacle refraction is 2.0 dpt -4.0 dpt / 100°.  CCT and AQD preoperatively / 

postoperatively are 630 µm / 610 µm and 3.3 mm / 3.2 mm. 

Due to the change in corneal shape (front and back surface), CCT and AQD, overall OM gains 

by 2.83%, and expressed in the principal meridians, it shows a gain of 12.06% in 91° 

(magnification meridian) and a loss of 6.40% in 1° (magnification axis). 

Descriptive statistics of our clinical dataset 

From the N=8998 clinical cases, we selected those situations with |SEQ|>1.5 dpt or Cylinder < 

-1.5 dpt (N=5017). The biometric data and refraction data and the simulated corneal front 

surface and thickness data after ‘simulated’ corneorefractive surgery are displayed in Table 3.6 

with mean, standard deviation, median, minimum and maximum, and 95% confidence interval. 

Table 3.6 is restricted to a selection of the most relevant data, for calculation of overall and 

meridional OM in the preoperative and ‘simulated postoperative’ situation. 

Table 3.6: Descriptive statistics of the most relevant (preoperative) parameters for calculation of 
overall and meridional ocular magnification. SD refers to standard deviation, CCT to central corneal 
thickness, AQD to aqueous depth, Rmean and PRmean to mean corneal front and back surface radius, AST 
and PAST to corneal front and back surface astigmatism, and SEQ and Cylinder to spherical equivalent 
and refractive cylinder. Postoperative Rmean, AST and CCT were back-calculated to achieve 
postoperative plano refraction. 

 CCT preop AQD in Rmean / AST / PAST SEQ preop in Cylinder 
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in mm mm PRmean in 

mm 

in dpt dpt preop in dpt 

Mean 0.5586 2.65 7.72 / 6.87 1.20 / 0.28 -0.99 -0.98 

SD 0.0362 0.50 0.28 / 0.28 0.96 / 0.15 4.23 0.79 

Median 0.5584 2.60 7.72 / 6.86 0.94 / 0.26 -1.62 -0.75 

Minimum 0.4248 1.04 6.29 / 5.35 0.00 / 0.00 -20.75 -7.25 

Maximum 0.7227 4.99 9.12 / 8.48 8.41 / 1.32 12.50 0.00 

2.5% quantile 0.4870 172 7.22 / 6.36 0.15 / 0.05 -9.75 -3.0 

97.5% quantile 0.6305 3.60 8.34 / 7.44 3.82 / 0.65 5.62 0.0 

Table 3.7 presents the change in overall OM as well as meridional OM disparity from the 

situation before, to the situation after corneorefractive surgery. 

Table 3.7: Descriptive statistics of the change in ocular magnification due to corneorefractive surgery 
intending plano refraction postoperatively. SD refers to standard deviation, change in ocular 
magnification in the magnification meridian (maximum change) and the magnification axis (minimum 
change), DMOM to the disparity of meridional magnification. Positive values refer to a gain and 
negative values to a loss in ocular magnification. 

 Minimum change 

in OM in % 

Maximum change 

in OM in % 

Change in overall 

OM in % 

DMOM in % 

Mean 0.5683 2.2261 1.3972 1.6430 

SD 5.7864 6.1652 5.9308 1.5012 

Median 1.1319 3.0321 2.2774 1.2111 

Minimum -18.3908 -16.5965 -17.4936 0.0014 

Maximum 30.8895 32.4685 31.3247 13.8338 

2.5% quantile -8.7642 -7.2717 -7.8769 0.0578 

97.5% quantile 12.5965 15.2244 13.6861 5.5840 

Overall, OM gains due to corneorefractive surgery based on our dataset by -7.88% to 13.69% 

(95% confidence interval), and distortion in terms of difference between the meridian with the 

maximum and the minimum change ranges in between 0.06% and 5.58% (95% confidence 

interval). 

Monte-Carlo simulation in our clinical dataset 

In this Monte-Carlo simulation we considered N=5017 cases out of N=8998 eyes with a mean 

ametropia |SEQ| > 1.5 dpt or Cylinder < -1.5 dpt. A corneorefractive surgery was not 

performed in any of those patients. From the dataset we extracted the curvature data of the 

front and back surface, CCT, AQD, and refraction, which was quoted as ‘preoperative 

refractive error’. By targeting to a plano refraction, we estimated corneal front surface 

curvature and central corneal thickness in the postoperative situation, by transforming 

preoperative refraction error from spectacle plane to a change in corneal front surface 
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curvature, while keeping corneal back surface curvature and AQD constant. Change in overall 

OM, as well as change in meridional OM was calculated, and a multivariate linear model was 

defined for prediction of overall and meridional OM change, with the effect sizes preoperative 

CCT, AQD, Rmean, AST, PRmean, PAST, SEQ and Cylinder. The prediction model for the 

change in overall and meridional ocular magnification Δ read 

 ΔOM= -0.028076 -0.005936·CCT +0.0058624·AQD -0.0033889·Rmean + 

0.0088816·AST + 0.0044042·PRmean + 0.015244·PAST -1.3997·SEQ -

0.0012854·Cylinder   (overall change in OM) 

 ΔOM= -0.83477 -0.30987 ·CCT +0.37092 ·AQD -0.087154 ·Rmean + 0.60646 ·AST + 

0.086664·PRmean + 0.29782 ·PAST 0.02179·SEQ -0.9742·Cylinder   (change in 

meridional OM) 

The root mean squared error of this prediction models (change in overall/meridional OM) are 

0.015 / 0.599 and R²=0.999 / 0.841. In the prediction model for the change in overall OM, all 

effect sizes except CCT and Cylinder were statistically significant (p<0.05), and for the 

prediction model for change in meridional OM beside the intercept, the effect sizes AQD, 

AST, PAST, SEQ and Cylinder were statistically significant (p<0.05). 

Figure 3.5 shows the multivariate model for prediction of change in overall (left) and 

meridional (right) OM due to corneorefractive surgery targeting for a plano postoperative 

refraction, including all 8 effect sizes. The performance of predicting the change in overall OM 

seems to be much better compared to the performance of the predicting the change in 

meridional OM due to corneorefractive surgery. 

 

DOI:10.14753/SE.2021.2503



 26 

Figure 3.5: Multivariate linear prediction model for the change in overall ocular magnification (left) 
and  in meridional ocular magnification (right) due to corneorefractive surgery. As potential effect sizes 
were considered: central corneal thickness CCT, aqueous depth AQD, lens thickness LT, mean 
curvature of the corneal front and back surface Rmean, and PRmean, astigmatism of the corneal front and 
back surface AST and  PAST, spherical equivalent SEQ and refractive cylinder Cylinder. 

Figure 3.6 displays the graphs for the 8 potential effect sizes (CCT, AQD, Rmean, PRmean, AST, 

PAST, SEQ and Cylinder) analysed in a univariate linear models for prediction of change in 

overall and change in meridional ocular magnification, due to corneorefractive surgery aiming 

for plano postoperative refraction. CCT seems to be no predictor, AQD and Rmean and PRmean 

are weak predictors, AST, PAST, and Cylinder seem to be strong predictors for change in 

meridional OM, and SEQ seems to be a strong predictor for estimating the change in overall 

OM. 
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Figure 3.6: Univariate linear models for predicting the change in overall and meridional ocular 
magnificatio due to corneorefractive surgery. The change in corneal front surface curvature and 
thickness was estimated from the intended change in refraction. Please note that for integrating both 
target parameters into one plot, the change in meridional ocular magnification was multiplied by x10. 
Both target parameters were described with univariate linear models for all 8 effect sizes (CCT, AQD, 
Rmean,, PRmean, AST, PAST, SEQ, and Cylinder). 

3.3. Ocular magnification and visual angle in keratoprostheses 
Keratoprostheses are an artificial replacement of the cornea for clinical situations, where the 

prognosis of a standard keratoplasty procedure is poor. Keratoprostheses such as the Boston I 

or II are assembled from a central optics cylinder made from polymethylmethacrylate (PMMA) 

and a haptics part for fixation in the host cornea [9,12,19,45]. As the optics cylinder is intended 

to have a rotationally symmetric shape, it is defined with a surface curvature for the front (Rf) 

and back (Rb) surface, as well as a diameter (D) and length (L). The diameter and length 

characterize the visual (half) field angle (VFA) within the optics cylinder, whereas the 

refraction is defined by the thickness and the curvature of both refractive surfaces [39]. The 

optical model that we used consists of a spectacle correction (to mimic target refraction), the 

optics cylinder, which typically extends the cornea by around half a millimetre, and the focal 

distance as interspace between the optics cylinder and the retina (aqueous / vitreous).  
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Clinical case 

If we consider for our clinical case AL=23.5 mm, a VD=12 mm, an optics cylinder of the 

keratoprosthesis with a diameter 2.8 mm and thickness of 3.5 mm, and a target refraction of 

TR=-1.0 dpt, we could analyse (exemplarily) 3 different scenarios by variation of the front 

surface curvature Rf: 

 Rf=6.0 mm: Rb=4.5 mm, OM: 18.7077, equivalent power: 53.45 dpt, VFA: 34.8° 

 Rf=7.0 mm: Rb=8.9 mm, OM: 18.0959, equivalent power: 55.26 dpt, VFA: 35.4° 

 Rf=8.0 mm: Rb=30.6 mm, OM: 17.6626, equivalent power: 56.61 dpt, VFA: 35.9° 

If we compare OM with the steep (6.0 mm) or the flat (8.0 mm) front surface curvature to the 

average of 7.0 mm, we read out a gain of 3.38% or a loss of 2.39% in OM. In contrast, if we 

vary the target refraction TR and keep front surface radius Rf constant at 7.0 mm, we get out: 

 TR=-3 dpt: Rb=10.6 mm, OM: 17.5826, equivalent power: 56.87 dpt, VFA: 36.2° 

 TR=-1 dpt:: Rb=8.9 mm, OM: 18.0959, equivalent power: 55.26 dpt, VFA: 35.4° 

 TR= 1 dpt:: Rb=7.7 mm, OM: 18.6400, equivalent power: 53.64 dpt, VFA: 34.7° 

If we compare OM with the more myopic refraction (-3.0 dpt)) or the more hyperopic 

refraction (1.0 dpt) to the average of -1.0 dpt, we read out a loss of 3.01% or a gain of 3.01% in 

OM. 

Monte-Carlo simulation in our clinical dataset 

In this Monte-Carlo simulation we consider N=8998 cases to resample the distribution of axial 

length in a clinical population. We varied target refraction TR, front surface radius of the optics 

cylinder Rf, as well as the diameter D and thickness L of the optics cylinder to analyse the 

effect sizes for OM and VFA. The back surface of the optics cylinder was adjusted to maintain 

the optical system balanced and to place the focus at the retina. 

With some basics in optics [16] it is clear that from the potential effect sizes TR, AL, Rf, D and 

L the diameter of the optics cylinder does not affect magnification and AL does not affect the 

visual field angle, therefore, these components were omitted from the multivariate linear 

models. OM and VFA are described by: 

 OM= 0.0011146+ 0.00087566·AL+ 0.00026564·TR -0.00055671·Rf+ 0.00025279·L  

 VFA= 37.065 -0.37185·TR+ 0.55456·Rf+10.676·D- 10.377·L 

Root mean squared fit error was 0.000483 / 0.408 and R² was 0.929 / 0.988 for prediction of 

OM and VFA, respectively. 
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Figure 3.7 shows the performance of the multivariate linear prediction model for ocular 

magnification (OM, left) and visual field angle (VFA, right), for variations of TR, AL, Rf, D 

and L.  

 

Figure 3.7: Performance of the multivariate prediction model for ocular magnification (OM) and 
visual (half) field angle (VFA).  

Figure 3.8 presents the prediction of OM (x1000) and VFA as functions of AL, TR, Rf and 

D/L in univariate linear models. As D does not affect OM, in the lower right graph we 

condensed the effect of D and L on VFA. 
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Figure 3.8: Ocular magnification (OM) and visual (half) field angle (VFA) versus AL, TR, Rf and VFA 
versus D/L 

From the lower right graph we see that the aspect ratio D/L mostly determines VFA; and OM 

increases with larger AL, more hyperopic target refraction and steeper Rf. 
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4. Discussion 

4.1. Magnification and problems caused by magnification disparities 
In modern ophthalmic surgery, the major goal is to reach the intended refraction and to get out 

perfect image performance in terms of high visual acuity, high contrast sensitivity, negligible 

blur and halos [14]. The focus of today’s research is mostly on reduction of optical aberration, 

chromatic errors and elimination of photic phenomena, and in this context classical problems 

such as magnification disparity, image fusion and stereopsis are mostly ignored 

[3,10,11,31,51,52]. Ocular magnification is determined by the entire optical system, which 

includes the spectacle refraction in addition with the shape of the glasses [1,2], contact lenses, 

corneal shape and thickness, lens shape and thickness [37] and the interspaces between cornea 

and lens, as well as between lens and retina. The refractive indices of cornea, aqueous and 

vitreous do not show large variations, but in the crystalline lens we have a complex structure of 

a gradient index which varies with the optical density of the cataract [18]. For spectacles, we 

have different options of optical materials from low refracting glasses to high refractive 

glasses, and for lens implants the material which are typically used by the IOL manufacturers 

show a range in refractive index between 1.46 (hydrophilic acrylate) to 1.57 (high index 

hydrophobic acrylic). In most of the textbooks, the disparity of retinal image size mostly refers 

to the overall magnification difference between both eyes [3,5]. For this classical perspective 

of aniseikonia, we have lots of clinical data about tolerance and problems of fusion, summation 

or suppression of images in the brain. As soon as we have at least one astigmatic surface in the 

optical system, we deal with a cylindrical telescope [33,35,38] and in best case, if all optical 

elements are centred and aligned, a circular structure at object space is distorted to an ellipse at 

the retina. That means that all structures show distortions, and meridional difference in ocular 

magnification refers to the ratio of the large to the short diameter of the ellipse (mostly 

provided in % of difference) [36,38]. With modern diagnostic techniques based on 

Scheimpflug imaging, optical coherence tomography (OCT) or confocal microscopy, we get a 

detailed insight into ocular structures, and lots of measures could be grabbed from those 

instruments. Today, we are mostly using optical biometers which provide information about 

the corneal front surface geometry, and all distances in the eye. In addition, some biometers 

provide the tomographic data of corneal front and back surface and a central OCT image of the 

para-foveal space. Anterior segment OCT gives some complementary information about the 

geometry of the chamber angle, the pupil outline, as well as the geometry of the crystalline or 

artificial lens’ front and back surface in dedicated phakometry measurement modules. 
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Therefore, alongside with the refractive error of the eye, we have all relevant parameters to 

investigate ocular magnification [3,5,38].  

4.2. Handling with magnification disparities 
There are several strategies for addressing retinal image size disparity. Before going into detail, 

clinicians have to measure the tolerance of a patient to retinal image size disparities and image 

distortions due to variations in meridional magnification [10,11]. For that purpose, we have 

standard approaches such as eikonometers. But such instruments do not yield reliable data 

about the tolerance under realistic conditions, as most of the fusion problems typically arise in 

daily life and may be absent under ideal test conditions. If the tolerance levels are derived, the 

evaluation of the actual eikonic status should be mandatory, prior to any type of ocular surgery, 

where refractive surfaces or distance in the eye are systematically changed [5,10,11]. With that 

baseline of ocular magnification, we could use prediction models to estimate the effect of 

ocular surgery on the eikonic status of the patient [40].  

In most cases of cataract surgery or corneorefractive surgery, both eyes show very similar 

measures (anisometropia is small), and if both eyes are treated with similar surgeries or 

implants, aniseikonia is not a major task. But if there is a larger time interval between treating 

the left and the right eye, the patient may complain about lack of stereopsis or fusion problems 

in this time interval. But even in case of isometric situations of both eyes, if only one eye is 

indicated for ocular surgery (e.g. for monovision), the preoperative situation should be 

analysed alongside with any prediction of the postoperative situation, to get some idea how 

much change in (overall or meridional) magnification could be expected after surgery [36]. In 

case of anisometric eyes, such an analysis of the baseline eikonic situation and a prediction of 

the postoperative situations are even more important to avoid severe eikonic problems after 

interventions [36]. 

The most popular surgical intervention which may change the eikonic status of the patient are 

cataract surgery, corneorefractive procedures such as LASIK, LASEK, PRK, refractive 

procedures at the lens [38] such as implantation of an artificial lens in a phakic or 

pseudophakic eye, or keratoplasty [36]. In cases where an implantation of a toric lens is 

scheduled or a corneorefractive procedure includes a correction of cylindrical refraction errors, 

the meridional magnification may change in addition to the overall magnification, and should 

be considered in the calculation concept. 
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4.3. Options for calculating ocular magnification 
In this thesis we restricted to models based on linear Gaussian optics (paraxial optics), which 

can be applied to thick lens models as well as simplified thin lens models [4-7,20,21,27,28]. 

There are different strategies to deal with optical systems in linear optics: one option is to trace 

vergences [46] from the object to the image [18]. Such calculation strategies are step-by-step 

approaches, which can deal with rotational symmetric optical systems, where all optical 

elements are centred and aligned, but also with astigmatic systems where we use 

complementary notations such as the standard and Humphrey notation [20,21]. The standard 

notation is in general used if we trace through a homogeneous optical medium, and the 

Humphrey notation is used if we consider (rotational symmetric or spherocylindrical) optical 

surfaces. We can switch between both notations and vergences are described with both 

notations equivalently. 

Alternatively, we could use matrices for analysing paraxial optical systems [43,49]. The benefit 

of the matrix notation is that the calculation is performed en bloc, instead of a step-by-step 

approach. Refractive surfaces are defined using refraction matrices, and interspaces with a 

homogeneous medium are represented by translation matrices [26-29,32]. A system matrix 

which represents the entire optical system is calculated by multiplying all matrices from the 

object to the image (in an inverse order) together [27,28]. Ocular magnification can be directly 

extracted from the system matrix of the entire system if it is fully corrected to image the object 

sharply to the retina. If we deal with rotationally symmetric optical systems, a simple 2x2 

matrix strategy is sufficient [34,42,49], and if at least one refractive surface is astigmatic, an 

upgrade to 4x4 matrices is sufficient. In that case the system matrix is of dimension 4x4 and 

decomposes into 4 2x2 submatrices. One of those 2x2 submatrices describes the ocular 

magnification properties, and with a principal component analysis [4] we could derive the 

ocular magnification in both principal meridians (the major and the minor axis of the ellipse 

including orientation, if a circle is imaged to the retina). If the optical system is not fully 

corrected, we have to calculate the principal ray, which passes through the centre of the 

aperture stop, and magnification of such an uncorrected system is referenced to that principal 

ray [36].  

In the general case if all refractive surfaces are well-defined with topographic data (corneal 

front and back surface, lens front and back surface and if available the design data of the 

spectacle correction) we could use full aperture raytracing instead of paraxial setting [41,47]. 

With raytracing, we trace a representative bundle of rays starting from the object through all 

optical surfaces and media to the retina. Instead of simplifications (linearization) of the Snellius 
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refraction law the sine of the angle between the surface normal and the incident ray 

characterizes the sine of the exiting ray. The benefit of full aperture raytracing is that we could 

deal adequately with image distortions, large numerical apertures or rays with a larger height, 

with respect to the optical axis [47]. However, raytracing strategies require a full set of surface 

data, which – up to my knowledge – are at the moment only available for the corneal front and 

back surface, but not for the lens [41]. In general, phakometry is difficult and in this thesis we 

back-calculated the refractive properties of the crystalline lens from biometric data of the 

cornea [18,44,46], all distances in the eye, refractive error, and an average refractive index 

(nL=1.41) and curvature ratio of front and back surface (10 mm / 6 mm), derived from a 

schematic model eye [17]. 

Currently there are only few companies which manufacture dedicated individual eikonic 

implants [26,37] or glasses to reach a target ocular magnification [1]. The major problem is 

that such lenses are limited in thickness, and as the optical thickness between front and back 

surface is a critical parameter for the change of magnification, the variation of the shape of 

both surfaces necessary for achieving a target magnification could be dramatically [37]. But if 

we plan during surgery to vary e.g. the spectacle correction (target refraction) and the cornea 

(corneorefractive surgery, e.g. LASIK) or the spectacle correction and the IOL (lens power) to 

be implanted, we have a wide range of eikonic correction even with small or moderate 

modifications in the target refraction and the corneal shape or IOL power [33]. In contrast to 

using individual eikonic designs for the glasses or the IOL, we could deal with standard lenses 

and glasses, as the combination of both maintains the eikonic correction. 

4.4. Application of a calculation strategy to clinical data 
In this PhD thesis, we applied our calculation strategy for analysing and predicting overall and 

meridional magnification to the special condition of standard cataract surgery (with 

implantation of rotational symmetric IOL), to cataract surgery with implantation of a toric 

lenses, to situations of corneal surgery, as well as keratoprostheses implanted in the aphakic 

eye in situations with severe corneal pathologies. For all fields of application we provided 

clinical examples to give some idea about the change in ocular magnification. The calculation 

strategy for standard cataract surgery is very simple dealing with 2x2 matrices [32,40,42], and 

therefore it could be implemented and integrated easily in all IOL calculation concepts (even 

with an Excel spreadsheet). If the biometric data of both eyes of an individual together with the 

actual refraction and the target refraction after surgery is entered, we can read out the actual 

eikonic status as well as the estimated postoperative eikonic status and the situation if only one 

of both eyes is treated. The calculation concept for astigmatic systems which are treated with a 
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standard or toric lens implant is much more complex, as we have to deal with 4x4 matrices. As 

long as the principal meridians of all astigmatic surfaces are properly aligned, magnification 

can be simplified to a separate calculation, according to standard lenses for both principal 

meridians [33]. But in general, the principal meridians are not aligned and we consider 

astigmatic axes at random by using 4x4 matrix calculations [26-29]. As a result, we read out 

the average ocular magnification as well as the disparity in meridional magnification 

(comparing the meridional magnification in the magnification meridian and magnification axis) 

at image plane if a circle at object plane is traced through the optical system. Finally, we get 

out an ellipse for the left and for the right eye each for the preoperative and the postoperative 

situation, in total 4 ellipses. If comparing the ellipses of both eyes in the preoperative or in the 

postoperative situation, we could analyse the preoperative and the estimated postoperative 

eikonic situation of the patient. By comparing the preoperative and the postoperative situation 

for the left and the right eye, we calculate the gain or loss in overall or meridional 

magnification due to surgery. For the application of our concept to corneal surgery, we 

restricted to analysis of ocular magnification gain or loss and ignored absolute magnification 

values and a comparison of both eyes [36]. In those situations, the measurement of the 

posterior eye segment is not required for this analysis, and we are restricted to measurement of 

the anterior eye segment. In general cases, if we have no data whether the eye is fully corrected 

or not, we require the measurement of the anterior segment from the object to the aperture stop 

(pupillary plane) for calculation.  

For the application of keratoprostheses, the situation is completely different. Keratoprostheses 

are implanted into aphakic eyes, and therefore, we have a very simple optical system with a 

spectacle correction and both surfaces of the optics cylinder of the prosthesis 

[8,9,12,19,24,39,45,50]. Designing such an optics cylinder we modulate the front and back 

surface curvature of the cylinder and the aspect ratio defined by the length and diameter. The 

diameter as an artificial aperture stop solely changes the amount of light entering the eye and 

the visual field which can be realized, but the length and both radii affect the refraction status, 

magnification properties as well as the visual field [39].  

Beside some clinical cases, we setup a Monte-Carlo simulation, which shows the impact of the 

effect sizes on ocular magnification. The most crucial issue is the selection of a proper dataset 

for the Monte-Carlo simulation. This dataset should represent the typical clinical conditions. 

That mean, that the distributions of all effect sizes as well as the interaction between effect 

sizes should resample the real life situation. We used a large clinical dataset from a modern 

optical biometer, where data of the corneal front surface (keratometry and optical coherence 
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tomography data), from the corneal back surface (only optical coherence tomography data) as 

well as data on all distances in the eye are available. In this patient cohort, measurements were 

performed prior to and after cataract surgery, and alongside to the preoperative and 

postoperative biometry, we have data of subjective refraction (derived with trial glasses in a 

trial frame). These data are properly reflecting the standard cataract population. For our 

analysis of toric intraocular lenses, we restricted to those eyes where due to a moderate or high 

corneal astigmatism, toric lenses have been implanted. For both Monte-Carlo simulations 

(standard situation and toric lens implantation), we used an appropriate study population. In 

contrast, for the study where we presented the application of our calculation strategy to the 

change in overall and meridional magnification [36] due to corneorefractive surgery or to 

analysis of the situation with keratoprostheses [39], the study population might be 

inappropriate for a Monte-Carlo simulation. Corneorefractive surgery (e.g. LASIK) is typically 

performed in a young study population, where the proportions of the eye – especially the 

crystalline lens – are somehow different and we have a significant refraction error which 

should be corrected by corneal ablation procedure. Therefore, we decided to extract those 

patients from the dataset, where the mean refractive error is larger than 1.5 dpt or the refractive 

cylinder is more than 1.5 dpt. But even though, this is a typical cataract population where due 

to the growth of the crystalline lens, the anterior chamber is flattened and the lens thickness is 

increased. Lens thickness was not used for this Monte-Carlo simulation, but as the axial 

position of the aperture stop is defined at the front surface of the crystalline lens, there might be 

a small inaccuracy as the principal ray through the centre of the aperture is slightly incorrect. 

For the Monte-Carlo simulation on ocular magnification in situations of keratoprostheses 

implantation the age and cataract related changes of aqueous depth and lens thickness does not 

play a role as keratoprostheses are implanted in aphakic eyes. Therefore, we do not expect any 

potential inaccuracy of our Monte-Carlo simulation model. 

4.5. Our most relevant results 
Overall, from our dataset of N=8998 clinical cases, we learn that mean ocular magnification is 

0.0162700±0.0005215 with a 95% confidence interval ranging from 0.0153243 to 0.0173993. 

That means that e.g. the retinal image size of an object with an angular field of 1 arc minute 

(according to the opening of a Landolt ring for vision test with acuity of 1.0) is on average 

4.733 µm, which is about 2 diameters of a photoreceptor. After cataract surgery, retinal image 

size is on average gained to 4.862 µm, which is about 3% more than preoperatively. But for the 

individual change in magnification we calculated a range (95% confidence interval) from-5.6% 
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to 14.2%, which could have a strong impact on image fusion, summation or suppression in the 

brain, if only 1 eye is treated.  

In the phakic as well as in the pseudophakic eye axial length, mean corneal front and back 

surface radius seem to have the most impact on ocular magnification, whereas aqueous depth, 

lens thickness and spherical equivalent of refraction show a minor impact. Corneal thickness 

seems to have no systematic impact, which is mostly due to the small variation of some 10 

microns. From mathematics, variation in corneal thickness affects ocular magnification, but 

this small effect is mostly dominated by other effect sizes with larger variations. In the 

pseudophakic eye, the high performance of our prediction model is mostly due to the axial 

length as predictor. Spherical equivalent after cataract surgery is typically small as clinicians 

intend more or less plano refraction during lens power calculation [15,44], and therefore, in the 

scatterplot in the lower left graph we observe some quantization effect as sphere and cylinder 

are given in steps of quarter diopters.  

If we deal with astigmatism in the eye, we have an overlay of overall and meridional ocular 

magnification in the phakic as well as in the pseudophakic eye. This astigmatism in the optical 

system is mostly due to the corneal shape and especially in the corneal front surface with a 

large index step from air to cornea even small variation in curvature between meridians induces 

some astigmatism. For that purpose, we extracted those eyes from our dataset where a toric 

lens was implanted. Decades ago, ophthalmologists were more reluctant with indication for 

toric lenses [15], but today indication for toric lenses starts already with a corneal astigmatism 

of 1 diopter [35]. With implantation of multifocal lenses or additional lenses [38], correction of 

corneal astigmatism could be even indicated with a small corneal cylinder of half a dioptre and 

manufacturers of IOLs reacted on this trend and include a large toricity range for their IOLs. In 

our dataset, the portion of toric lenses was relatively high with 12.4%. For this study 

population, which received a toric lens implant, we analysed the ratio of the long to the short 

axis of the ellipse at retinal plane, if a circle was imaged at object plane. Preoperatively, we 

derived an image distortion due to astigmatism of 2.8% on average, with a range from 1.42% 

to 5.43% (95% confidence interval). If both eyes are anisometric or if the orientation of the 

magnification meridians is asymmetric, there might arise some problems of image fusion in the 

brain, and stereopsis or binocular vision might be lost [31]. Postoperatively, image distortion is 

much less and ranges between 0.06% and 1.16% (95% confidence interval). This reduction in 

meridional aniseikonia is obvious, because the refractive correction of corneal astigmatism is 

shifted from spectacle plane to lens plane, which is located much closer to the nodal point and 

principal point of the eye. That means, if patients with corneal astigmatism indicated for 
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cataract surgery show some image fusion problems, clinicians should think about a correction 

with toric lenses instead of standard lenses and a postoperative correction of the residual 

astigmatism with spectacles. The potential meridional magnification at baseline and the 

estimated meridional magnification after cataract surgery with implantation of a standard lens 

or a toric lens implant could be derived using our calculation strategy. From the scatterplots in 

Figure 3.4 we learn that all distances in the eye such as axial length, central corneal thickness, 

aqueous depth and lens thickness as well as mean corneal front and back surface curvature 

have a negligible effect on meridional ocular magnification. In the phakic eye, corneal front 

and back surface astigmatism as well as refractive cylinder show a large impact in meridional 

magnification. Again in the pseudophakic eye, due to the small variation in meridional 

magnification and residual refractive cylinder with toric lens implantation, the effect sizes 

corneal front and back surface astigmatism as well as refractive cylinder show much less 

predictability compared to the preoperative situation. 

For analysing the impact of corneal surgery on overall and meridional magnification changes 

of the eye, we restricted to a Monte-Carlo model focused on ‘simulated’ situations with 

corneorefractive surgery (e.g. LASIK) and a plano target refraction to keep the simulation 

model simple [36]. The change in corneal front surface curvature and the reduction in central 

corneal thickness due to tissue ablation were derived from the preoperative corneal front 

surface curvature, assuming that corneal back surface curvature keeps unchanged. From the 

patient cohort we selected those cases with a sufficient mean ametropia or refractive cylinder, 

where corneorefractive surgery procedure seems to be justified. The change in ocular 

magnification means, that if a circle at object plane is imaged to the retina both for the 

preoperative to the postoperative situation, we read out an elliptical image at image plane both 

for the preoperative and the postoperative situation. In general, both ellipses are defined by the 

long and short axes as well as the orientation, and what we calculated is the transform from the 

preoperative to the postoperative ellipse using a principal component analysis [4]. This 

transform again refers to an elliptical design, where we have a meridian with the lowest change 

in magnification and an orthogonal meridian, where we have the highest change in ocular 

magnification. In Table 3.7 we present descriptive statistics on the meridians with the 

minimum and maximum change, the difference of both, as well as the average change in ocular 

magnification. In general, the meridional change ranges in between -8.76% and 15.22% (95% 

confidence interval), and the distortion due to surgery ranges in between 0.05% and 5.58% 

(95% confidence interval). On average, we observed a loss in ocular magnification up to 7.88% 
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(mostly hyperopic interventions) and a gain up to 13.69% (mostly myopic corrections)(95% 

confidence interval). 

For keratoprostheses, we extracted from our data axial length and subjective refraction in terms 

of spherical equivalent and cylinder. As keratoprostheses are implanted in aphakic eyes 

[19,45,50], the only optics on the pathway between object and image is the target refraction (in 

terms of a spectacle correction) and the optics cylinder of the keratoprosthesis. The optics 

cylinder was designed in a way that the entire optical system including spectacle refraction was 

corrected to image an object at infinity sharply to the retina. As we have the option to split the 

required refractive power into front and back surface of the optics cylinder and to spectacle 

correction after surgery, we could aim for some target magnification. As we directly see from 

Figure 3.8, the more fraction of refractive power is given to the front surface (and the less to 

the back surface), the higher will be ocular magnification, but this gain of magnification is on 

cost of field angle. The same situation is observed with the target refraction: the more plus 

(patient will be hyperopic), the higher is ocular magnification, but on cost of field angle. The 

optics diameter is independent of ocular magnification, and the larger the diameter (and the 

shorter the optics cylinder,) the larger the field angle.  

Overall, the multivariate linear models shown in this thesis could help to avoid complex 

calculations of ocular magnification, using matrix algebra or vergence transformation, 

especially in case of an astigmatic system. They could be used for the phakic eye or in the 

pseudophakic eye to estimate the eikonic status of the patient at baseline, and they can be 

utilized for an estimation of the situation after cataract surgery, with implantation of a standard 

or toric lens, for estimation of change in ocular magnification after corneal (especially 

corneorefractive) surgery, as well as for designing and customizing the shape of the optics 

cylinder for keratoprostheses. From our point of view, such an estimate of magnification at 

baseline and potential change due to surgery seems to be mandatory in the planning phase of 

cataract surgery and corneal surgery to avoid eikonic [52] problems, postoperatively. 
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5. Conclusions 
In conclusion, we developed a calculation scheme for analysis of overall and meridional 

magnification of the eye. This calculation scheme is based in linear Gaussian optics and 

considers rotationally symmetric optical systems as well as astigmatic systems with cylinder 

axes at random. This algorithm has been applied to situations before and after cataract surgery 

in standard situations, as well as with implantation of toric intraocular lenses, to situations 

before and after corneal surgery, as well as to keratoprostheses. From a comparison of the left 

to the right eye, we read out overall and meridional magnification disparities in terms of 

aniseikonia for the preoperative and the postoperative situation. By comparing for both eyes, 

the preoperative with the estimated postoperative situation, we read out data on gain or loss in 

the overall or meridional magnification. The optics cylinder of keratoprostheses (Bostin I and 

II type) could be designed with this calculation strategy in order to realize a specific 

magnification, target refraction, and/or visual field angle. The applicability of this calculation 

scheme has been shown with clinical examples as well as on a large study population before 

and after cataract surgery. From this population we studied the potential effect sizes for overall 

and meridional magnification, of magnification disparities, as well as changes due to surgery, 

and we established multivariate linear prediction models in terms of a Monte-Carlo simulation. 

We strongly recommend integrating assessment of eikonic evaluation at baseline and 

estimation of postoperative eikonic situation into the routine preoperative cataract biometry 

and intraocular lens power calculation procedure as well as in the planning of corneorefractive 

surgery.  
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6. Summary 

In modern ophthalmology, the main goal is to reach the target refraction, to optimize visual 

performance, and to avoid photic phenomena such as halos, glare, or starburst. Ocular 

magnification disparities with their clinical consequences of deterioration of image fusion, 

diplopia, binocular vision problems or rapid fatigue are almost overlooked in daily routine, 

In this PhD thesis we addressed the impact of cataract surgery, corneal surgery, and 

implantation of keratoprostheses on ocular magnification properties. Therefore, we developed 

calculation strategies based on matrix optics (restricted to linear Gaussian optics in the paraxial 

space) to describe overall and meridional ocular magnification. For stigmatic optical systems 

we used 2x2 system matrices, and for astigmatic systems we described the optical system with 

4x4 system matrices. Calculations are based on biometric and refraction data of the eye. Ocular 

magnification (disparity) was analysed at baseline and – if postoperative data are available - 

after surgery. For situations prior to ocular surgery, we developed mathematical methods to 

predict the change in overall and meridional ocular magnification due to surgery.  

The calculation strategies were applied to clinical examples to give some insight, how to 

interpret the results. In addition, we applied our calculation schemes to a large dataset of 

clinical data. We could find out that in a cataract population overall, ocular magnification 

gained due to implantation of a standard replacement lens by 2.67±5.13% (-5.59 to 14.19% 

(95% confidence interval). In a sub-population with implantation of a toric lens we found out 

that meridional magnification disparity could be decreased from 2.75±1.03% (95% confidence 

interval 1.42 to 5.43%) preoperatively to 0.42±0.29% (95% confidence interval 0.06 to 1.16%) 

postoperatively. Due to ‘simulated’ corneorefractive surgery in a sub-population of our dataset 

we noticed a change in overall magnification by 1.40±5.93% (95% confidence interval -7.88 to 

13.68%) and a change in meridional magnification by 1.64±1.50% (95% confidence interval 

0.06 to 5.58%). Applying our algorithms to keratoprosthesis surgery we found out that with 

front and back surface curvature and aspect ratio of the optics cylinder, we could individually 

modulate target refraction, magnification and visual field angle. 

Assuming an overall tolerance level of 3 to 5% of overall or meridional magnification 

disparity, a significant portion of cases in our dataset might be affected by fusion problems in 

the interval between treatment of both eyes, or in case surgery in one eye only. Ocular 

magnification evaluation at baseline as well as a sophisticated prediction of magnification 

change should be performed to escape from avoidable problems of stereopsis.  
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Zusammenfassung
!

Hintergrund und Zielsetzung: Aniseikonie ist
eines der wichtigen bisher ungelçsten Probleme
der modernen Kataraktchirurgie. Es zeichnet ver-
antwortlich f�r eingeschr�nktes Binokularsehen,
Doppelbilder oder Kopfschmerzen. Ziel der vor-
liegenden Arbeit ist, dem Kliniker ein Verfahren
an die Hand zu geben, mit dem der Abbildungs-
maßstab abgesch�tzt werden kann und Mçglich-
keiten aufgezeigt werden, wie bei der Katarakt-
chirurgie der Abbildungsmaßstab gezielt variiert
werden kann.
Methoden: Auf der Basis eines zentrierten opti-
schen Systems im paraxialen Raum wird das op-
tische System Auge mit 2 �2 Matrizen modelliert
und der Abbildungsmaßstab extrahiert. Die Me-
thodik wird auf das Modell einer „d�nnen Linse“
sowie dasModell einer „dicken Linse“ angewandt
und die Anwendung in Beispielen detailliert er-
l�utert. Weiter wird aufgezeigt, wie durch eine
geeignete Kombination aus Kunstlinse und Bril-
lenkorrektur ein vorgegebener Abbildungsmaß-
stab realisiert werden kann.
Ergebnisse: In Beispiel 1 wird der Abbildungs-
maßstab f�r ein bereits kataraktoperiertes Refe-
renzauge ermittelt. Beispiel 2 sch�tzt ab, welcher
Abbildungsmaßstab nach Kataraktoperation am
OP-Auge zu erwarten ist, wenn der gleiche Lin-
sentyp implantiert wird. Beispiel 3 soll eine
�bersicht geben, wie der Abbildungsmaßstab va-
riiert, wenn die Linsenposition, die Geometrie
oder die Dicke der Linse moduliert wird. Beispiel
4 zeigt auf, wie eine Kombination einer Kunstlin-
se und einer Brillenkorrektur f�r eine eikonische
Abbildung berechnet wird.
Schlussfolgerung: Die Studie soll den Ophthal-
mochirurgen sensibilisieren f�r die Problematik
der Aniseikonie nach Kataraktoperationen und
einmathematischesWerkzeug an die Hand geben,
wie mit einfachen Mitteln Abbildungsmaßst�be

Abstract
!

Background and Purpose: Aniseikonia is one of
the relevant unsolved problems of modern catar-
act surgery and may cause severe functional
problems such as deteriorated binocular vision,
diplopia or headaches. The aim of the present
study is to assist the clinician as to how to esti-
mate lateral magnification in a pseudophakic
eye and how to reduce or eliminate aniseikonia.
Methods: Based on the characterisation of a
centred optical system in the paraxial space, the
optical system eye is modelled with 2� 2 matri-
ces and the lateral magnification is extracted.
This method is applied on the “thin lens model”
as well as the “thick lens model” and illustrated
in detail with 4 working examples. Additionally,
we demonstrate how a predefined lateral magni-
fication (e.g., from the contralateral eye) can be
realised during cataract surgery by calculating
an appropriate combination of an IOL and a spec-
tacle correction.
Working Examples: In example 1 the lateral
magnification of the reference eye following cat-
aract surgery is determined. In example 2 we es-
timate the lateral magnification behaviour that is
expected after cataract surgery using the same
IOL as in example 1. Example 3 gives an overview
of how the magnification varies if the IOL posi-
tion in the eye, the geometry of the lens or the
central thickness is changed. Example 4 shows
how to calculate an appropriate combination of
an IOL and spectacle correction to realise an eiko-
nic imaging of both eyes.
Conclusion: The present study should sensitise
ophthalmic surgeons for the still unsolved prob-
lem of aniseikonia after cataract surgery and
should give them a simple mathematical tool to
help determine object-image magnification and
show how to reduce or eliminate aniseikonia
during cataract surgery.
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Hintergrund und Zielsetzung
!

Nach der klassischen Definition ist Aniseikonie ein binokularer
Refraktionsstatus, bei dem der retinale laterale Abbildungsmaß-
stab der beiden Augen voneinander abweicht [10]. Dies meint
nicht zwangsl�ufig, dass der globale Abbildungsmaßstab beider
Augen unterschiedlich ist („globale Aniseikonie“), sondern kann
auch durch einen unterschiedlichen meridionalen Abbildungs-
maßstab aufgrund astigmatischer Grenzfl�chen im Auge verur-
sacht sein („meridionale Aniseikonie“). Weiter unterscheidet
man zwischen der statischen und der dynamischen Aniseikonie.
Im Falle der statischen Aniseikonie liegen f�r verschiedene Blick-
richtungen konstante, aber unterschiedliche Abbildungsmaßst�-
be bei beiden Augen vor, wohingegen man bei der dynamischen
Aniseikonie auch von der induzierten Anisophorie spricht. Hier
treten f�r unterschiedliche Blickrichtungen aufgrund eines pris-
matischen Effekts unterschiedliche laterale Abbildungsmaßst�be
auf, da der Patient z.B. durch unterschiedliche Areale von 2 (ani-
sometrischen) refraktionskorrigierenden Brillengl�sern blickt.
Die Inzidenz der Aniseikonie ist in der Klinik oft untersch�tzt, da
die Symptomemeist nicht unmittelbar in Erscheinung treten oder
direkt fassbar sind. Neben der nicht zu vernachl�ssigenden Grup-
pe an Patienten im Alter �ber 20 Jahren mit einer Pr�valenz der
Aniseikonie von bis zu 10% aufgrund einer Anisometropie grçßer
als 1 Dioptrie unterliegen speziell Patienten nach einer Katarakt-
operation oder einem refraktiv-chirurgischen Eingriff dem Risiko
einer Aniseikonie. Kramer [10] best�tigte, dass rund 40% aller Pa-
tienten, die sich einer Kataraktoperation mit Implantation einer
Kunstlinse unterzogen hatten, mehr oder weniger an einer Anisei-
konie leiden. Schon aufgrund dieser beachtlichenH�ufigkeit sollte
das Problem der Aniseikonie in diesem Zusammenhang einge-
hend erçrtert und in das Ged�chtnis der Ophthalmochirurgen ge-
rufen werden.
Die Sensitivit�t gegen�ber Aniseikonie ist in der Bevçlkerung
individuell unterschiedlich: W�hrend manche Patienten be-
reits den Ausgleich eines Bildgrçßenunterschiedes von 1%
zwischen beiden Augen als hilfreich empfinden ist das sub-
jektive Empfinden anderer Patienten bei 3% Bildgrçßenunter-
schied nicht im mindesten beeintr�chtigt. Anders als bei der
globalen Aniseikonie liegen f�r die Akzeptanz bzw. Toleranz
der meridionalen Aniseikonie keine Literaturwerte vor. So ist
f�r manche Patienten beschrieben, dass der Ausgleich der
globalen Aniseikonie ausreicht und meridionale Bildgrçßen-
unterschiede bis zu einem bestimmten Grad toleriert werden,
wohingegen an anderer Stelle behauptet wird, dass gerade
die meridionale Aniseikonie mit der Folge von Bildverzerrun-
gen verantwortlich zeichnet f�r Kopfschmerzen und astheno-
pische Beschwerden [13].
Das klassische Verfahren der Aniseikoniekorrektur ist die Ver-
wendung eikonischer Brillengl�ser. So kann die individuelle Bril-
lenvergrçßerung eines Brillenglases variiert werden durch die
Basiskurve, die zentrale Dicke, den Brechungsindex des Materi-
als sowie den Hornhautscheitelabstand. F�r Patienten nach Ka-
taraktextraktion mit Hinterkammerlinsenimplantation konnte
als logische Antwort auf Aniseikonie in einer fr�heren Studie be-
reits gezeigt werden, wie mit bitorischen eikonischen Intraoku-
larlinsen, bei denen die zentrale Dicke, der Brechungsindex so-
wie die beiden Sph�ren und Zylinderwerte (mit Orientierung

des Zylinders) der Linsenvorder- und R�ckfl�che justiert werden
m�ssen, um eine eikonische Abbildung des Patienten (im Sinne
einer Korrektur der globalen und meridionalen Aniseikonie) zu
erzielen [12]. Allerdings ist die Herstellung und Berechnung der-
artiger individueller Linsenimplantate derzeit noch eine Heraus-
forderung der innovativen Medizintechnikfirmen.
Das Ziel der vorliegenden Studie ist, ein Berechnungsmodell vor-
zustellen wie anhand der biometrischen Daten des phaken Auges
pr�operativ der Abbildungsmaßstab eines pseudophaken Auges
postoperativ f�r eine beliebige Zielrefraktion auf der Basis der
paraxialen Optik abgesch�tzt werden kann und wie gezielt der
Abbildungsmaßstab des Operationsauges auf die Gegebenheiten
des Partnerauges angepasst werden kann. Falls vom Linsenher-
steller ausschließlich die gesch�tzte Linsenposition (in Form ei-
ner ACD-Konstante) vorliegt, wird das Modell einer „d�nnen Lin-
se“ angesetzt, falls umfangreichere geometrische Daten vorliegen
(gesch�tzte Linsenposition, Mittendicke, Brechungsindex und die
Kr�mmung der Vorder- und R�ckfl�che) kann das Modell einer
„dicken Linse“ angesetzt werden. Die meridionale Aniseikonie
wird hierbei ausgeklammert und in einer separaten Arbeit adres-
siert werden.

Material und Methoden
!

Refraktions- und Translationsmatrizen sowie die
Systemmatrix
Geht man von einem zentrierten optischen System aus, bei
dem sph�rische optische Grenzfl�chen homogene optische Me-
dien trennen, so kçnnen die optischen Grenzfl�chen bzw. die
Zwischenr�ume zwischen den Grenzfl�chen durch 2�2 Refrak-
tionsmatrizen R bzw. Translationsmatrizen T beschrieben wer-
den mit

wobei P der Fl�chenbrechkraft in Dioptrien, d dem geometri-
schen Abstand zwischen den Grenzfl�chen und n dem Bre-
chungsindex des (homogenen) optischen Mediums entspricht
[11, 20].
Das gesamte optische System f�r eine alternierende Anord-
nung von refraktiven Grenzfl�chen und optischen Zwischen-
r�umen beginnend von links nach rechts mit der Indizierung
1...m ist charakterisiert durch eine Systemmatrix S, die aus
dem Produkt der zugehçrigen Refraktions- und Translations-
matrizen gebildet wird:

Diese Systemmatrix beschreibt nun, wie ein Strahl einfallend an
der Grenzfl�che 1 (von links) charakterisiert durch die Strahl-
hçhe y0 und den Einfallwinkel a0 auf den Ausgang des Systems
(Grenzfl�che m, nach rechts) in eine Strahlhçhe y und einen
Ausfallwinkel a �bertragen wird.

Umgekehrt wird ein Strahl charakterisiert durch die Strahlhçhe
y0 und den Einfallwinkel a0, der von rechts auf das System trifft,

abgesch�tzt werden kçnnen und wie man bei der Kataraktchirur-
gie gezielt Aniseikonie reduzieren und eliminieren kann.

⎥
⎦
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auf einen Strahl charakterisiert durch die Strahlhçhe y und den
Einfallwinkel a (Grenzfl�che 1, nach links) �bersetzt durch

Beschreibung eines pseudophaken Auges durch Matri-
zen, Abbildungsmaßstab
Das optische System „pseudophakes Auge“ in der einfachsten
Form ist charakterisiert durch eine einfl�chige Brillenkorrektur
(bei Emmetropie identisch null), einfl�chige Hornhaut, die Vor-
derkammer des Auges, eine d�nne (einfl�chige) Kunstlinse so-
wie den Glaskçrper. Die zugehçrige Systemmatrix S beschreibt
sich demnach zu

wobei TV der (pseudophaken) Glaskçrperstrecke entspricht, RIOL

der Kunstlinse, TVK der (pseudophaken) Vorderkammertiefe, RHH

der Hornhaut, TB dem Hornhautscheitelabstand und RB dem Re-
fraktionsausgleich auf Brillenebene.
Sofern die Position der Kunstlinse im Auge als bekannt vo-
rausgesetzt werden kann (z.B. ACD-Konstanten, „lens haptic
plane concept“ [15, 16, 18, 19]), so sind die Matrizen TV, TVK,
RHH und TB bekannt, wohingegen im einfachsten Fall die Ma-
trizen RIOL und RB oder genauer deren Elemente P verwendet
werden, um den Abbildungsmaßstab zu justieren. Selbstver-
st�ndlich kçnnen auch �ber spezielle Designs der Kunstlinse
(z.B. unterschiedliche ACD-Konstanten) oder der Brillenfas-
sung (anderer Hornhautscheitelabstand) die Werte der Matri-
zen TV, TVK und TB ver�ndert werden.
Der retinale Abbildungsmaßstab ist definiert als das Verh�lt-
nis der lateralen Ausdehnung des Netzhautbildes y zum Win-
kel a0 des zugehçrigen Objektes (unter dem es wahrgenom-
men wird), das im Unendlichen lokalisiert ist. F�r den Fall,
dass das optische System refraktiv korrigiert ist (d.h. die Bril-
le die Fehlsichtigkeit des Auges ausgleicht), ist das Matrixele-
ment (2,2) der Systemmatrix identisch null (d.h. ein parallel
zur Achse einfallendes Strahlb�ndel wird stets auf die Netz-
haut fokussiert) und der laterale Abbildungsmaßstab M l�sst
sich unmittelbar aus dem Matrixelement (2,1) aus der Sys-
temmatrix ablesen:

Geht man davon aus, dass der Abbildungsmaßstab ausschließ-
lich durch Ver�nderung der Brechkr�fte der Kunstlinse und der
Brillenrefraktion an den Referenzwert des Partnerauges ange-
passt werden soll, so kann mit der Definition eines Subsystems
SA

die Systemmatrix S vereinfachend geschrieben werden als

Multipliziert man die Beziehung (8) aus, so resultieren die bei-
den Elemente der zweiten Zeile der Systemmatrix zu

nV bzw. nVK bezeichnen hier den Brechungsindex von Glaskçrper
und Kammerwasser und PHH, PIOL bzw. PB die Fl�chenbrechkr�fte
der Hornhaut, der d�nnen Kunstlinse bzw. der Brillenkorrektur
und dVK bzw. dB die pseudophake Vorderkammertiefe bzw. den
Hornhautscheitelabstand.
Aus Beziehung (9) erkennt man unmittelbar, dass in den reti-
nalen Abbildungsmaßstab M (Element (2,1) der Matrix S) die
Brillenrefraktion nicht einfließt, wenn das Brillenglas als „d�n-
ne Linse“ angenommen wird.
Somit ist die Bestimmung der Brechkraft der Kunstlinse und der
Brillenkorrektur entkoppelt: In einem ersten Schritt wird der
Abbildungsmaßstab M an den Abbildungsmaßstab des Partner-
auges angepasst, indem eine geeignete Brechkraft f�r die Kunst-
linse bestimmt wird:

Im zweiten Schritt wird nun unter Verwendung der mit Glei-
chung (10) bestimmten Kunstlinse eine geeignete Brillenkorrek-
tur derart bestimmt, dass das gesamte optische System refraktiv
auskorrigiert ist (d.h. das Element (2,2) der Systemmatrix iden-
tisch null ist):

Beispiele
Bei den hier vorgestellten Beispielen gehen wir davon aus, dass
ein Auge (Referenzauge) bereits einer Kataraktoperation unter-
zogen wurde und von diesem Auge die biometrischen Daten
(l" Tab. 1) sowie die Position und die St�rke der implantierten
Linse bekannt sind. Vom Operationsauge sind ausschließlich
die biometrischen Daten bekannt. Es soll nun eine Kunstlinse
in Kombination mit einer Brillenkorrektur derart ausgew�hlt
werden, dass der Abbildungsmaßstab des Referenzauges nach-
gebildet wird und das gesamte optische System inklusive Bril-
lenkorrektur refraktiv auskorrigiert ist.

Beispiel 1: Berechnung des Abbildungsmaßstabs des Refe-
renzauges
Implantiert wurde eine Kunstlinse mit der nominellen Brech-
kraft von 19,5 D. Gegen�bergestellt werden hier die Ergebnis-
se des Ansatzes auf der Basis eines „Modells der d�nnen Lin-
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se“, bei dem die Kunstlinse als ideal d�nne einfl�chige Linse
angenommen wurde sowie des „Modells einer dicken Linse“,
bei dem davon ausgegangen wurde, dass die Kunstlinse iden-
tische Fl�chenbrechkr�fte der Vorder- und R�ckfl�che aufweist
(equibikonvex). Damit l�sst sich unmittelbar der Abbildungs-
maßstab M f�r dieses Auge aus der Systemmatrix S ableiten.
Setzt man f�r den Fall der d�nnen Linse die Refraktionsmatrizen
f�r die Brillenrefraktion und Hornhaut sowie die Transla-
tionsmatrizen f�r den Hornhautscheitelabstand, die pseudo-
phake Vorderkammer und den Glaskçrperraum nach Beziehung
(1) an und multipliziert nach Gleichung (2) zu einer System-
matrix S zusammen:

so erh�lt man direkt eine �quivalentbrechkraft von 59,5887 D
f�r das Auge bzw. eine Brechkraft von 19,5490 D f�r die d�nne
Linse. Der Abbildungsmaßstab wird aus der Systemmatrix ab-
gelesen mit einem Wert von M=0,0167817.
Setzt man f�r den Fall der dicken Linse die Refraktionsmatrizen
f�r die Brillenrefraktion und Hornhaut sowie die Translations-
matrizen f�r den Hornhautscheitelabstand, die pseudophake
Vorderkammer, die Kunstlinse und den Glaskçrperraum nach
Beziehung (1) an und multipliziert nach Gleichung (2) zu einer
Systemmatrix S zusammen unter der Voraussetzung, dass die
beiden Fl�chenbrechkr�fte der Linse identisch sind (equibikon-
vex), so ergibt sich:

Die beiden Grenzfl�chen der Linsen besitzen eine Brechkraft
von 9,8056 D und die �quivalentbrechkraft berechnet sich zu
19,5585 D. Der Abbildungsmaßstab wird aus der Systemmatrix
abgelesen mit einem Wert von M=0,0167559 und stimmt auf-
grund der equibikonvexen Geometrie sehr gut mit dem Ver-
gleichswert f�r das Modell der d�nnen Linse �berein.

Beispiel 2: Berechnung einer d�nnen Linse f�r das OP-Auge
Zun�chst soll mit den in l" Tab. 1 aufgelisteten biometrischen
Daten f�r das OP-Auge eine d�nne und eine dicke equibikon-
vexe Kunstlinse berechnet werden, die das Auge f�r eine Ziel-
refraktion von –1,0 D auskorrigiert.
F�r den Fall der d�nnen Linse werden die Refraktionsmatrizen
f�r die Brillenkorrektur und die Hornhaut sowie die Transla-

tionsmatrizen f�r den Hornhautscheitelabstand, die pseudo-
phake Vorderkammer (5,2mm) und die pseudophake Glaskçr-
perstrecke (19mm) nach (1) angesetzt.
Anschließend wird in Gleichung (9) Element (2,2) identisch null
gesetzt und nach der Brechkraft der Kunstlinse aufgelçst. Die
Brechkraft der Kunstlinse berechnet sich zu 27,5426 D. Wird
nun die Refraktionsmatrix f�r die Kunstlinse nach Beziehung
(1) angesetzt und die Systemmatrix S f�r das gesamte optische
System einschließlich Brillenkorrektur berechnet, so kann man
direkt ablesen, dass mit

das gesamte System refraktiv auskorrigiert ist (Element [2, 2]
identisch null), die �quivalentbrechkraft des Auges mit Korrek-
tur 65,4311 D und der Abbildungsmaßstab M=0,0152833 be-
tr�gt. Damit ist die laterale Vergrçßerung im Vergleich zum
Partnerauge (Modell der dicken Linse) um 8,8% kleiner.
F�r den Fall der dicken Linse mit einer Mittendicke von 0,8mm
und einem Brechungsindex von 1,46 entsprechend den Ver-
gleichswerten des Referenzauges werden die Refraktionsmatri-
zen f�r die Brillenkorrektur und die Hornhaut sowie die Transla-
tionsmatrizen f�r den Hornhautscheitelabstand, die pseudophake
Vorderkammer (4,8mm), die Kunstlinse (0,8mm) und die pseu-
dophake Glaskçrperstrecke (17mm) nach (1) angesetzt. Anschlie-
ßend wird eine dicke Linsemit Gleichung (9) unter der Bedingung
berechnet, dass die beiden Fl�chenbrechkr�fte der Linse identisch
sind (equibikonvex). Daraus ergeben sich die Fl�chenbrechkr�fte
bzw. die �quivalentbrechkraft der Kunstlinse zu 13,7876 D bzw.
27,4710 D. Werden nun die Refraktionsmatrizen der beiden
Kunstlinsenfl�chen nach Beziehung (1) angesetzt und die Sys-
temmatrix S f�r das gesamte optische System einschließlich Bril-
lenkorrektur berechnet, so kann man direkt ablesen, dass mit

das gesamte System refraktiv auskorrigiert ist (Element [2, 2]
identisch null), die �quivalentbrechkraft des Auges mit Kor-
rektur 65,4779 D und der Abbildungsmaßstab M=0,0152723
betr�gt. Damit ist die laterale Vergrçßerung im Vergleich
zum Partnerauge (Modell der dicken Linse) wieder um 8,8%
kleiner.

Tab. 1 Spalte 2 und 3: Biometrische Grçßen des pseudophaken Referenzauges zusammen mit der Position, des Brechungsindex, der �quivalentbrechkraft
sowie den Fl�chenbrechkr�ften der Kunstlinse. Spalte 3: Angabe der biometrischen Daten f�r das OP-Auge, bei dem die Kunstlinse sowie die Brillenrefraktion
verwendet wird, um den Abbildungsmaßstab des Referenzauges nachzubilden.

Referenzauge (pseudophak) OP-Auge (phak)

„d�nne Linse“ „dicke Linse“

Achsl�nge inmm 24,2 24,2 22,60

phake Linsenposition inmm / / 3,50

phake Linsendicke inmm / / 3,80

pseudophake Linsenposition inmm 5,20 4,80

pseudophake Linsendicke inmm 0,00 0,80

Vorderfl�chenbrechkraft der IOL in D / 9,78

R�ckfl�chenbrechkraft der IOL in D / 9,78

�quivalentbrechkraft der IOL in D 19,50 19,5

Brechungsindex der IOL / 1,46

Hornhautbrechkraft PHH in D 43,50 43,50 42,50

Refraktion auf Brillenebene (HSA 14mm) in D –1,00 –1,00

−
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Beispiel 3: Variation der Linsenposition, der Geometrie so-
wie der Dicke der Linse
Hier soll die dicke Kunstlinse aus Beispiel 2 variiert werden in
ihrer Position (4,3mm und 5,3mm anstatt 4,8mm), ihrer Geo-
metrie (plan-konvex, konvex-plan anstatt equibikonvex) und ih-
rer zentralen Dicke (1,2mm und 1,6mm anstatt 0,8mm) um den
Effekt dieser Einflussgrçßen auf den lateralen Abbildungsmaß-
stab abzusch�tzen. Die Ergebnisse sind in l" Tab. 2 dargestellt.
Die �bersicht zeigt, dass die Wirkung der Variation o.g. Parame-
ter auf den Abbildungsmaßstab sehr gering ist und maximal im
Bereich von 1–2% rangiert.

Beispiel 4: Eikonische Abbildung durch Kombination aus
d�nner Kunstlinse und Brille
In diesem Beispiel soll gezeigt werden, wie man durch eine geeig-
nete Kombination aus Kunstlinse (zur Vereinfachung wird das
Modell einer d�nnen Linse verwendet) und Brillenkorrektur den
Abbildungsmaßstab an den Vergleichswert des Referenzauges
anpassen kann. Wir gehen wieder von den in l" Tab.1 dargestell-
ten biometrischen Daten des OP-Auges und einer Position der
d�nnen Kunstlinse bei 5,2mm (siehe Beispiel 2) aus und berech-
nen zun�chst die 4 Elemente des Subsystems SA gem�ß Bezie-
hung (7). Weiter ermitteln wir mit Gleichung (10) die Brechkraft
der Kunstlinse f�r die Anpassung des Abbildungsmaßstabes an
das Referenzauge zu PIOL=20,1831 D. Mit Beziehung (11) wird ab-
schließend die Brillenkorrektur zu PB=+3,7077 D ermittelt, die
das gesamte optische System Auge inklusive Brillenkorrektur re-
fraktiv auskorrigiert. Multipliziert man nun zur Kontrolle alle Re-
fraktionsmatrizen und Translationsmatrizen gem�ß Gleichung
(5) auf, so resultiert eine Systemmatrix
An dieser Systemmatrix kann unmittelbar abgelesen werden,
dass die �quivalentbrechkraft des Auges 59,6804 D betr�gt und
dass das System refraktiv auskorrigiert ist. Erweitert man die
Dezimalstellen f�r den Abbildungsmaßstab (Element [2, 1] der
Systemmatrix) so entspricht dieser dem Vergleichswert des Re-
ferenzauges mit M=0,0167817 (vgl. Beispiel 1).

Diskussion
!

Vereinfacht versteht man unter Anisometropie einen Unter-
schied im Brechungsverhalten beider Augen, wohingegen Ani-

seikonie einen funktionellen binokularen Defekt bezeichnet,
bei dem die Geometrie und/oder die Grçße der beiden Netz-
hautbilder unterschiedlich sind. In einer Vielzahl von wissen-
schaftlichen Verçffentlichungen wurden retinale Bildgrçßenun-
terschiede zwischen zwei Augen eines Individuums analysiert
(„globale Aniseikonie“), allerdings wurde in den wenigsten F�l-
len differenziert zwischen der globalen und der meridionalen
Aniseikonie, bei der die Netzhautbilder aufgrund astigmati-
scher Grenzfl�chen im Auge unterschiedlich verzerrt sind [6,
7]. In dieser ersten Studie beschr�nken wir uns auf die Untersu-
chung der globalen Aniseikonie, in einer zweiten Arbeit wird
im Detail auf die Analyse meridionaler Bildverzerrungen einge-
gangen werden.
In der Literatur finden sich f�r den retinalen Bildgrçßenunter-
schied beider Augen Werte bis zu 5%, die vom Patienten akzep-
tiert und toleriert werden [1, 2, 21]. HçhereWerte der Aniseikonie
f�hren zu Doppelbildern, Suppression oder auch zum Verlust der
binokularen Addition. Aniseikonie ist nicht auf das optische Sys-
tem Auge beschr�nkt, sondern hat auch eine entscheidende neu-
ronale Komponente, z.B. bedingt durch individuelle Unterschiede
im Abstand der Fotorezeptoren. In einer Reihe von mehr oder we-
niger empirischen Arbeiten wurde in der Vergangenheit versucht,
dieses Problem zu analysieren und zu charakterisieren. In dieser
Studie haben wir uns bewusst auf die geometrisch-optische Ab-
bildung eines Objektes auf die Netzhaut beschr�nkt und neuro-
nale Einflussfaktoren außer Acht gelassen.
Das optische System Auge kann mit unterschiedlichen Formalis-
men beschrieben werden [4, 5]. Generell unterscheidet man
zwischen numerischen Beschreibungen mittels Raytracing und
der vereinfachten Darstellung mit paraxialer N�herung. Beim
Raytracing wird ein repr�sentatives Strahlenb�ndel (z.B. mehre-
re Tausend Strahlen) von einem Objekt ausgehend auf das Auge
projiziert und sukzessive jeder einzelne Strahl unter Einhaltung
des Snellius-Brechungsgesetzes bis auf die Netzhautebene ver-
folgt. Bei der paraxialen N�herung (lineare Gaußsche Optik)
geht man davon aus, dass das optische System zentriert ist und
ausschließlich sph�rische Grenzfl�chen besitzt. Die Strahlen
treffen so achsnah auf die refraktiven Grenzfl�chen, dass die pa-
raxiale N�herung gilt und im Snellius-Brechungsgesetz der Si-
nus des Winkels des ein- und ausfallenden Strahles durch den
Winkel im Bogenmaß ersetzt werden kann. Im Vergleich zum
Raytracing liefert diese Vereinfachung geschlossene analytische
Lçsungen und ist mit geringem mathematischem Aufwand um-
zusetzen. F�r klinische Anwendungen reicht die Genauigkeit
dieser N�herung bei weitem aus, sodass der Mehraufwand bei

Tab. 2 Variation der Linsenparameter unter der Bedingung eines refraktiv korrigierten Auges, um die Wirkung auf den lateralen Abbildungsmaßstab abzu-
sch�tzen. Angegeben wurden die beiden Fl�chenbrechkr�fte der Kunstlinse (anterior und posterior), die �quivalentbrechkraft, der Abbildungsmaßstab sowie der
relative Abbildungsmaßstab (als Verh�ltnis des Abbildungsmaßstabes zum Vergleichswert des Referenzauges). In Zeile 2 und 3 wurde die Kunstlinse aus Beispiel
2 jeweils um 0,5mm nach vorne bzw. hinten verschoben, in Zeile 4 und 5 wurde das Design auf plan-konvex bzw. konvex-plan ge�ndert, in Zeile 6 und 7 wurde
die Dicke auf 1,2mm bzw. 1,6mm erhçht unter Beibehaltung der �quatorebene (pseudophake Vorderkammertiefe dann 4,6mm bzw. 4,4mm).

Fl�che anterior in

D

Fl�che posterior in

D

�quivalentbrechkraft in

D

Abbildungsmaßstab relativer Abbildungsmaßstab

Position

4,3mm

13,1561 13,1561 26,2174 0,0154264 0,9207

Position

5,3mm

14,4665 14,4665 28,8183 0,0151125 0,9019

plan-konvex 0,0000 28,4566 28,4566 0,0151538 0,9044

konvex-plan 26,5527 0,0000 26,5527 0,0153838 0,9181

Dicke 1,2mm 13,8622 13,8622 27,5664 0,0152503 0,9101

Dicke 1,6mm 13,9350 13,9350 27,6573 0,0152294 0,9089

−
=

0000,00168,0

6804,590906,0
S (16)  ,⎥⎥

⎦

⎤
⎢⎢
⎣

⎡
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der Berechnung mit Raytracing nur in Ausnahmef�llen gerecht-
fertigt erscheint.
In der vorliegenden Arbeit wurde f�r den paraxialen Ansatz ein
matrixbasierter Formalismus gew�hlt, der eine sehr �bersichtli-
che Darstellung des optischen Systems Auge zul�sst. So werden
alle refraktiven Grenzfl�chen durch 2�2 Refraktionsmatrizen
dargestellt und die mit homogenem optischem Medium gef�ll-
ten Zwischenr�ume zwischen den Grenzfl�chen durch 2�2
Translationsmatrizen [8, 11, 14, 20]. Multipliziert man die Re-
fraktions- und Translationsmatrizen gem�ß Gleichung (2) zu-
sammen, so kann das optische System ohne detaillierte Kennt-
nis als „Black Box“ vollst�ndig durch die 2�2 Systemmatrix
beschrieben werden, die charakterisiert, wie ein einfallender
Strahl (definiert durch die Strahlhçhe und den Einfallwinkel)
auf einen ausfallenden Strahl (definiert durch die Strahlhçhe
und den Ausfallwinkel) �bersetzt wird. Der hier vorgestellte
Formalismus ist vielseitig verwendbar. Falls, wie im Falle eines
pseudophaken Auges, die Positionen und Brechkr�fte aller re-
fraktiven Fl�chen bekannt sind sowie die Refraktion und Positi-
on der besten Brillenkorrektur ermittelt ist, so kann sehr einfach
wie in Beispiel 1 aufgezeigt die �quivalentbrechkraft des Auges
inklusive Brillenkorrektur sowie der Abbildungsmaßstab aus
der Systemmatrix abgeleitet werden. Die fehlenden Brechungs-
indizes f�r Kammerwasser und Glaskçrper variieren individuell
nur sehr gering und kçnnen einem der klassischen Augenmo-
delle entnommen werden (z.B. [3, 9, 17]). Falls die biometri-
schen Daten und die implantierte Kunstlinse zur gemessenen
Refraktion auf Brillenebene passt, so erwarten wir insgesamt
ein refraktiv auskorrigiertes optisches System, bei dem ein pa-
rallel zur Achse einfallendes Strahlb�ndel ungeachtet der Ein-
fallshçhe die optische Achse auf der Netzhautebene trifft und
damit Element (2,2) der Systemmatrix identisch null ist. Kleine
Abweichungen von der Null sind mçglich aufgrund der Ferti-
gungstoleranzen von Kunstlinsen und der Messungenauigkeit
bei der Erhebung der biometrischen Daten.
Soll am Operationsauge der Abbildungsmaßstab des Partner-
auges nachgebildet werden und das gesamte optische System
refraktiv auskorrigiert sein, bençtigt man zwei Freiheitsgrade.
Daf�r kommen mehrere Optionen in Betracht: Zum einen
kann eine dicke eikonische Kunstlinse berechnet werden, bei
der die Fl�chenbrechkr�fte der Vorder- und R�ckfl�che der
Linse separat variiert werden kçnnen. F�r den Fall eines astig-
matischen Systems wurde die generelle Vorgehensweise in ei-
ner fr�heren Arbeit im Detail erl�utern [12]. Allerdings zeigt
Beispiel 3 (plan-konvex und konvex-plan) im Vergleich zur
equibikonvexen Linse aus Beispiel 2 eindrucksvoll, dass auf-
grund des geringen Abstandes der beiden Linsengrenzfl�chen
die Variation des Abbildungsmaßstabes sehr gering ist und
im Bereich von rund 1–2% liegt. Auch die Variation der Mit-
tendicke der Linse sowie der Position im Auge �ber unter-
schiedliche Geometrien der Haptiken oder Positionierung im
Sulkus anstatt im Kapselsack (siehe Beispiel 3) sind nur ein-
geschr�nkt geeignet, den Abbildungsmaßstab auf den Refe-
renzwert des Partnerauges anzupassen. Zum anderen kann
�ber eine geeignete Kombination aus Kunstlinse und Brillen-
korrektur aufgrund des großen Abstandes voneinander sehr
effizient der Abbildungsmaßstab ver�ndert und somit Anisei-
konie ausgeglichen werden, wie Beispiel 4 dokumentiert.
Vergleicht man die Ergebnisse der Beispiele 1 und 2 miteinan-
der, so erkennt man selbst bei biometrischen Werten im „Nor-
malbereich“ f�r das Referenz- und OP-Auge, dass der Abbil-
dungsmaßstab bei Berechnung einer d�nnen Linse durchaus

bis zu 10% unterschiedlich ausfallen kann. Da derartige Anisei-
konien nur sehr schwer vom Patienten akzeptiert und toleriert
werden, sollte man sich vor einer anstehenden Kataraktopera-
tion die biometrischen Daten beider Augen sehr sorgf�ltig im
Vergleich ansehen und ggf. f�r beide Augen eine Absch�tzung
des Abbildungsmaßstabes machen, wie er weiter oben in dieser
Arbeit beschrieben ist. Dazu sind die Detaildaten der bereits
implantierten bzw. der zu implantierenden Kunstlinse hilfreich
(um ein Modell der dicken Linse anzusetzen), aber nicht zwin-
gend erforderlich (Modell der d�nnen Linse). Weiter ist in frag-
lichen F�llen zu evaluieren, welches Maß an Aniseikonie vom
Patienten toleriert wird (z.B. mit einem Eikonometer), um zu
entscheiden, ob eine Variation der Linsenposition und/oder ein
geeignetes Linsendesign zur Abmilderung der Aniseikonie aus-
reichen oder ob gezielt eine Kombination aus Kunstlinse und
Brillenkorrektur notwendig ist.
Generell gilt (f�r den klinisch relevanten Fall einer Kunstlinse
mit positiver Brechkraft), dass der Abbildungsmaßstab grçßer
wird, wenn
E Die Kunstlinse mehr anterior (kleinere ACD-Konstante) im

Auge positioniert ist,
E die Fl�chenbrechkraft der Kunstlinse vorne erhçht und hin-

ten reduziert wird (z.B. konvex-plan anstatt plan-konvex),
E bei station�rem�quator der Kunstlinse die Mittendicke redu-

ziert wird, und
E eine geringer brechende Kunstlinse mit einer geeigneten po-

sitiv brechenden Brillenkorrektur kombiniert wird (sehr effi-
zient).

Zusammenfassend und schlussfolgernd ist die moderne Katarakt-
chirurgie so sicher, komplikationsarm und im funktionellen Er-
gebnis vorhersagbar, dass Risikenwie eine nicht tolerierte Anisei-
konie in den Vordergrund treten. Ophthalmochirurgen sollen auf
die Problematik der Aniseikonie nach Kataraktchirurgie sensibili-
siert werden und bereits bei der Planung des Eingriffs anhand der
biometrischen Daten beider Augen absch�tzen, welche Bildgrç-
ßenunterschiede zu erwarten sind, ggf. die Akzeptanz und Tole-
ranz des Patienten f�r Aniseikonie messen und durch geeignete
Maßnahmen Bildgrçßenunterschiede beider Augen reduzieren
oder eliminieren. Die vorliegende Arbeit soll aufzeigen, welche
Maßnahmen ergriffen werden kçnnen und, wie man die Effizienz
dieser Maßnahmen einsch�tzen kann.

Interessenkonflikt: Nein
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