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ABSTRACT 

 

 Cataract is a condition in the eye that if left untreated, could lead to blindness.  

One of the effective ways to treat cataract is the removal of the cataractous natural 

crystalline lens and implantation of an artificial lens called an intraocular lens(IOL).  The 

designs of the IOLs have shown improvements over the years to further imitate natural 

human vision.  A need for an objective testing and analysis tool for the latest IOLs grow 

with the advancements of the IOLs. 

 In this dissertation, I present a system capable of objective test and analysis of the 

advanced IOLs.  The system consists of  

 Model eye into which an IOL can be inserted to mimic conditions of the 

human eye. 

 Modulation Transfer Function measurement setup capable of through-focus 

test for depth of field studies and polychromatic test for study of effects of 

chromatization. 

 Use of Defocus Transfer Function to simulate depth of field characteristic of 

rotationally symmetric multifocal designs and extension of the function to 

polychromatic conditions. 

 Several target imaging experiments for comparison of stray light artifacts and 

simulation using a non-sequential ray trace package. 
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Chapter 1 

INTRODUCTION 

 

1.1 Background 

One of the most sophisticated optical systems found in nature is the human eye.  

The human eye consists of a cornea, an iris that automatically adjusts its size according to 

the light level, a crystalline lens that can change shape therefore varying the power of the 

eye, and a retina containing photosensitive cells.  These photoreceptors record the 

incident image and transfer the signal to  the human brain where impressive image 

processing takes place to allow us to perceive an object.   

 

Figure 1.1: Eye diagram (black and white). NEI Catalog number NEA08. 

 

This impressive set of optics, just like any other optical system, is limited by 

aberrations and since the eye is a biological organ, it is vulnerable to damages from aging 
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or diseases that degrade visual performance of the eye.  Various apparatus and medical 

procedures now exist to minimize aberrations in the human eye to improve its 

performance.  Eyeglasses, contact lenses, and LASIK surgery are examples of some of 

the more prevalent methods that deal with aberrations in the eye.  However, the human 

vision may be affected by more than optical aberrations if one of the optics in the human 

eye is damaged.  One of the conditions that damages the crystalline lens and limits 

capabilities of the eye is cataract.  Cataract is a condition that results in clouding of the 

crystalline lens of the human eye.  Cataracts typically result from cumulative exposure to 

ultraviolet radiation, but can also be a result of trauma, medication or congenital defects.  

Everyday sunlight is sufficient to cause cataracts over a lifetime, and assuming an 

individual lives long enough, the emergence of cataract is almost guaranteed.  Although 

avoiding risk factors such as UV-B exposure, smoking or poor diet can reduce the risk of 

developing cataract, no prevention is currently known.  Table 1.1 shows the prevalence of 

cataract in the United States.[1] 

 

Age Prevalence (%) 

43-54 1.6 

55-64 7.2 

65-74 19.6 

75-85 43.1 

Table 1.1: Prevalence of cataract in population of United States residents. 
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1.2 Treatment for Cataract  

The clouding of the crystalline lens degrades vision due to scatter and interferes 

with everyday activities such as driving, watching TV, or reading.  The earliest treatment 

for cataract was removal of the cloudy crystalline lens.  However, removal of the 

crystalline lens also removes about 20D of power from the eye and requires the patient to 

wear high power spectacle lenses.  With the advent of intraocular lenses (IOLs), which 

are artificial lenses designed to replace the natural crystalline lens of the human eye, 

cataract is often treated with a surgical procedure that replaces the natural lens with an 

IOL.  Presence of the natural lens in the human eye is called phakia and substitution of 

natural lens with the artificial IOL is called pseudophakia for “fake lens”. Figure 1.2 

shows a picture of a typical IOL.   

     

Figure 1.2: A picture of a typical IOL and a diagram of implant in the eye. 

 

While this replacement lens provides clear passage through the eye with minimal scatter, 

IOLs have limitations in their performance.  Some of the more prominent issues are loss 
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of accommodation, stray light artifacts from lens edges and control of the total ocular 

spherical aberration.     

Various IOL designs have been introduced to help enhance pseudophakic vision 

while minimizing effects of the mentioned limitations.  To understand the motivation for 

different designs of IOLs, knowledge of differences between the natural crystalline lens 

and IOLs are needed.  One of the limitations of IOLs is the loss of accommodation.  

Accommodation is the process in which the optical power of the eye is increased by 

changing the shape of the crystalline lens.  The power change enables objects at both 

distance and near, and in between, to be brought into focus on the retina.   The human eye 

with a young natural crystalline lens accommodates by the slight bulging and thinning of 

the natural lens by respectively relaxing and contracting the ciliary muscle in the eye.[2]  

On the other hand, conventional IOLs, although flexible enough to be folded for insertion 

into the eye, do not change shape once they are implanted.  Accommodating IOLs, which 

change their shape or position within the eye, are currently being aggressively pursued.  

However, to date functional accommodating lenses have not been demonstrated in vivo.  

Consequently, current cataract patients are only receiving IOLs that lack the ability to 

change the power of the eye.  The side effect of this fixed power is that recipients will 

have severely degraded near vision due to large defocus even though high quality 

distance vision is provided.  The loss of accommodation for pseudophakes requires 

additional optical appliances, such as reading glasses, to perform near work.   

Another difference between the natural crystalline lens and the IOL implant is the 

spherical aberration content.  IOLs with spherical surfaces contribute to the spherical 
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aberration of the eye and degrade the image quality at the retina.  The natural crystalline 

lens typically compensates for most of the positive corneal spherical aberration with 

inherent negative spherical aberration.[3]  The crystalline lens can achieve this aberration 

control through a combination of aspheric surfaces and a gradient refractive index.  Until 

recently, conventional IOLs have been manufactured with spherical surfaces.  For a 

single lens with spherical surfaces, only positive spherical aberration can be introduced.  

Consequently, the total ocular spherical aberration can only increase with conventional 

spherical surface IOLs.  Typically though, this induced aberration can be minimized by 

choosing an asymmetric biconvex form for the lens surfaces.   

 

1.3 Motivation for this research 

The latest IOL designs have introduced multifocal elements that provide 

simultaneous vision of both far and near objects.  Simultaneous vision refers to creating 

both in- and out-of-focus images on the retina and letting the visual system sort out the 

details of the scene.  Current multifocal IOLs achieve simultaneous imaging by utilizing a 

diffractive optical element in the IOL or by incorporating refractive regions of different 

optical power within the aperture of the IOL.  Since multifocal IOLs produce multiple in- 

and out-of-focus images simultaneously on the retina, these lenses can improve near 

vision at the expense of distance vision.  The multifocal IOLs however, are more prone to 

stray light artifacts because of its method of creating multiple images on the retina.  A 

second advancement in IOL design is the use of aspheric surfaces to compensate for 

spherical aberration of the cornea.  Incorporating an aspheric surface on either the front 
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or back surface of the IOL allows arbitrary levels of negative spherical aberration to be 

chosen, resulting in lenses that can partially or fully compensate for the corneal spherical 

aberration. 

Different IOL designs made to further imitate human vision have resulted in 

increased popularity of IOLs in both implantation following cataract surgery as well as 

Refractive Lens Exchange.[4]  Refractive Lens Exchange is sometimes also called Clear 

Lens Exchange and refers to replacement of the non-cataractous natural crystalline lens  

with an IOL as an alternative to vision correction procedures such as LASIK or for 

presbyopic patients.  Cataract surgery has become one of the most common non-obstetric 

operations performed in the United States.[5]  With many different choices for IOLs, 

comparison of these IOLs are necessary to identify advantages and disadvantages of 

different designs.   

The goal of this dissertation research project was to develop a system that can be 

used to objectively compare different IOL designs.  This objective was approached in 

several ways.  First,  a testing system capable of testing optical performance of various 

IOLs using Modulation Transfer Function (MTF) as the figure of merit was developed.  

The MTF is the modulus of the Optical Transfer Function (OTF), which is a conventional 

means for evaluating the performance of optical systems.[6]  This function describes the 

loss in contrast and possible phase shift of sinusoidal patterns as a function of spatial 

frequency.  In cases of multifocal optics the through-focus MTF was evaluated for a 

given spatial frequency.  The through-focus MTF provides a measure of system 

performance for a continuum of object distances (vergences).  An extension of this 
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concept is the Defocus Transfer Function (DTF).  Fitzgerrel et al. [7] introduced the DTF 

as a means of evaluating rotationally symmetric systems with extended depth of field.  

The DTF is a two-dimensional function, and cross-sections through its origin at various 

angles are equivalent to the OTF for different object vergences. The second method for 

IOL performance comparisons uses the DTF as a simulation tool to simultaneously 

compare the through-focus MTF performance of various multifocal designs.  Finally, a 

non-sequential ray trace package was used to analyze stray light artifacts inevitable with 

multifocal IOLs. 

 

1.4 Outline of this dissertation 

This dissertation is organized the following way.  Chapter 2 discusses existing 

method for testing the IOLs and its limitations.  A modified method that overcomes those 

limitations is proposed.  Design process, test system setup, and an outline of IOL test 

procedures conclude Chapter 2.   

Three different multifocal IOL designs are introduced in Chapter 3.  Derivation of 

DTF is followed and is extended to calculate polychromatic DTF.  The three multifocal 

designs are compared using the DTF. 

Chapter 4 includes MTF test results of various IOLs.  Monofocal IOL test results 

are presented and the difference between spherical and aspherical IOLs is shown.  The 

MTF results are compared against the simulation results from the DTF analyses.  

Monochromatic MTF test results of multifocal IOLs are presented next and are also 
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compared with the DTF results.  Through-focus MTF plots are shown for multifocal 

IOLs and polychromatic through-focus MTF results are also presented. 

Studies of stray light effects of multifocal IOLs are included in Chapter 5.  

Results from three different tests are presented and compared.  Simulation of off-axis 

imaging is conducted using the non-sequential mode in Zemax to compare stray light 

artifacts induced by different multifocal IOLs. 

More multifocal designs found in the US patent literature are evaluated with the 

DTF and are included in the Appendix C.  Variations of certain designs are examined to 

observe effects of a particular design parameter. 
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Chapter 2 

MTF MEASUREMENT SETUP FOR IOLS 

 

2.1 Background on IOL Testing 

Performance of IOLs can be tested and compared in several different ways.  One 

such method is clinical testing of IOLs where patients with IOL implants are studied to 

analyze their performance.  However, clinical testing can be difficult due to factors such 

as cornea clarity, retina function, variations in surgical positioning of the implant and 

neural processing.  It also requires large numbers of subjects and long follow-up times.  

Use of a model eye in testing of IOLs has an advantage of providing quick testing and 

results prior to the surgical procedure.  Unlike the clinical test, IOL testing using a model 

eye is also cost effective because it does not involve human subjects.   

 

2.2 International Standard for IOL testing 

 The International Organization for Standards, ISO, provides a method for 

measurement of the MTF of the IOLs to make objective testing possible.  The testing 

method is specified in ISO 11979-2.  The ISO requires the use of a model eye to evaluate 

IOLs.  The model eye in the ISO literature has the following features,[8] 
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a) The IOL front surface is placed at a plane between 27mm and 28mm in front 

of the focal point of the model cornea itself, taking the refractive index of the 

image space to be 1.336. 

b) The converging beam from the model cornea exposes the central circular 

3.0mm +/- 0.1mm of the IOL. 

c) The IOL is placed in a liquid medium contained between two flat windows. 

d) The difference in refractive index between the IOL and the liquid medium is 

within 0.005 units of that under in situ conditions. 

e) The model cornea is virtually aberration free in combination with the light 

source used, so that any aberrations of the system are due to the IOL. 

f) The image plane falls in air, beyond the last window. 

 

It is recommended that the test be done with a light source confined to a wavelength of 

546nm +/- 10nm and that the liquid medium be a physiological solution or water.  They 

also mention Melles-Griot LAO 034, which is an achromatic doublet, as a possible 

choice of the model cornea.  The model eye is designed for on-axis testing.  The use of an 

aberration free cornea is successful in characterizing the optical performance of the test 

IOL as an isolated optical element.  However, since an IOL is not a standalone element 

but a component within a complicated system, it is beneficial to study the aberration 

characteristics of the human eye. 
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2.3 IOL Aberrations 

 The human cornea typically has positive spherical aberration.[9]  However, the 

natural crystalline lens usually has inherent negative spherical aberration that reduces the 

total ocular spherical aberration.[3]  The negative spherical aberration of the crystalline 

lens is provided by the asphericity and the gradient index structure of the lens.  The first 

generation of the IOLs were spherical singlets.  Smith and Lu analyzed the aberration 

induced by IOLs using the thin lens Seidel aberration formulas described by Welford[10-

11] and showed that the IOLs, which have positive powers, always produce positive 

spherical aberration thereby adding to the positive corneal spherical aberration for the 

majority of the population.    

 Recent developments in IOL designs have introduced aspheric surfaces to the 

IOLs.  While the conventional spherical IOLs attempt to minimize aberrations induced by 

the implant itself, the aspheric IOLs are designed to reduce the aberrations of the eye 

itself.  The value of corneal spherical aberration is typically given in terms of the 

coefficient for a spherical Zernike polynomial expansion.[12]  The Zernike polynomials 

are a set of orthonormal functions that are continuous over a unit circle.  The Zernike 

polynomials have polynomial variation in the radial direction and sinusoidal variation in 

the azimuthal direction.[12]  Based on measured values published in various 

literature[3,13-15], most aspheric IOLs target a value of 0.27um of spherical Zernike 

coefficient at 5-mm pupil size as the corneal spherical aberration. 
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2.4 Limitations of ISO Method for IOL MTF Testing 

 IOLs have made great strides to more closely imitate natural human vision.  In 

addition to aspheric IOLs, the advances in the IOL design also include the development 

of multifocal IOLs.  Multifocal IOLs, by utilizing diffractive optical elements or multiple 

zones of alternating optical power, extend the depth of field and image objects primarily 

at two different distances with one being in-focus while the other is out of focus.  These 

IOLs aim to compensate for the loss of accommodation and eliminate the need for 

reading glasses. 

While IOL designs have shown significant progress over the years, the MTF 

testing method described by the ISO does not address the changes in IOL designs we 

have seen.  Using an aberration free model cornea for testing aspheric IOLs would 

obviously skew the results against the aspheric lenses as they are designed to have 

inherent negative spherical aberration to compensate for corneal positive spherical 

aberration.  In addition to the virtually aberration free model cornea, the ISO test method 

fails to address extended depth of field possible with multifocal IOLs by only taking 

measurements at a single object distance.  Other conditions found in the human visual 

system such as variable pupil size that depends on ambient light levels, and white light 

imaging condition in almost all situations, are also left out of the analysis of IOLs using 

the ISO method. 

One of the goals of this research project was to develop an objective MTF test 

system that addresses the limitations found in the ISO test method and consequently 

allows testing of the advanced IOLs.  In this chapter, a new model cornea designed to 
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simulate spherical aberration and longitudinal chromatic aberration(LCA) is presented 

and will be followed by introduction of polychromatic and through-focus MTF test setup.  

Table 2.1 summaries limitations found in the ISO method along with a proposed new 

method. 

 

Limitations of ISO test method Proposed MTF test method 

Aberration free cornea Model cornea with average corneal 
spherical aberration 

Monochromatic test Polychromatic test 

Single pupil size 3 different pupil sizes to simulate different 
light levels 

Measurement at a single object distance Through-focus MTF measured by 
simulating different object distances. 

Table 2.1: Limitations of ISO test method and proposed solutions. 

 

2.5 Proposed IOL Test Method 

To study IOLs in a model eye, one must understand and work around the fact that 

the morphology of human eyes varies markedly from person to person.  Therefore, to 

more accurately test the performance of the IOLs, the model must mimic the structure 

and optical performance of the average human eye as well as possible.  The model eye 

designed for this project consisted of a model cornea and an IOL mounted in a 

customized holder placed in a wet cell (Starna Cells, Atascadero, CA).  Figure 2.1 shows 

pictures of custom holders for the IOLs.  The holder in Figure 2.1(a) is used for most 

IOLs on the market that have two curved arms, called haptics, to hold the lens in place in 
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the human eye.  The holder in Figure 2.1(c) is designed for IOLs with a plate haptic 

design, where flat flanges protrude from the top and bottom of the lens. 

         
   (a)   (b)    (c) 
Figure 2.1: (a) IOL holder (b) IOL with plate haptics (c) Plate-haptic IOL holder. 

 

The wet cell is filled with Balanced Salt Solution (BSS) and mounted behind a 

model cornea, which stands alone in air, to form a model eye.  BSS is a sterile irrigation 

solution used in surgeries to replace intraocular fluids.  A pupil plate is placed in between 

the cornea and the wet cell containing the IOL, rather than at the IOL plane, to simulate 

different pupil sizes.  The diameter of the pupil plate was scaled to represent 3-, 4.5-, and 

6-mm pupil diameters at the entrance pupil plane.  It should be noted here that the shift of 

the stop along the optic axis from its original location, the IOL plane, does not affect the 

spherical aberration or the LCA.[16]  The proposed model eye was designed to meet 

three major design parameters: vergence at the IOL plane, corneal spherical aberration 

and ocular chromatic aberration.  The vergence requirement restricts the model cornea to 

give a certain cone of light incident on the IOL and was designed to focus light in the 

liquid medium about 27~28mm behind the plane where the IOL sits.  Figure 2.2 shows a 
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schematic representation of the vergence requirement.  In this configuration, the rays 

striking the IOL have similar angles of incidence as would be found in the eye. 

27~28 mm  

Figure 2.2: Vergence condition. 

 

The spherical aberration of the model eye mimics clinical levels with a spherical 

aberration of 0.27 µm for a 5-mm pupil.  The human eye also introduces about 2.5 

diopters of LCA across the visible spectrum.[17-18]  The model eye was designed to 

imitate the human eye in chromatic aberration.  These criteria were met with a custom 

designed doublet for the artificial cornea in the model eye.   

To fully understand the design process a simple setup called Badal configuration 

must be introduced.  Badal configuration has an object at the front focal plane of a lens, 

called a Badal lens, and an optical system with its entrance pupil placed at the rear focal 

plane.  Under these conditions, there is a linear relationship between the axial 

displacement of the object and the apparent vergence of the object as seen by the optics at 

the rear focal plane.[19]  The relationship is given by the following equation, 

2V = −Φ ∆ .   (2.1) 



 28

Vergence, V, is given in units of diopters (1/meters), Φ  is the power of the Badal lens, 

and  is the displacement of the object from the front focal plane.  The Badal lens setup 

allows simple control of different apparent object distances for the optical system of 

interest.  The Badal configuration was used in the design of the model eye as well as in 

the test setup.  Design procedure for the model cornea is as follows.   

∆

 

A) Set vergence of the cornea by removing the IOL from the design and 

extending the wet cell beyond the focal plane. 

B) Hold the power of the cornea constant and return the wet cell to its 

original setting.  Insert a Zernike surface in place of the IOL that has 

the required spherical term of 0.27um.  Vary curvatures of the cornea 

and optimize to cancel spherical aberrations.  Save the spherical 

aberration value into the merit function as a target value since the 

spherical aberration content may vary during the design process. 

C) Extend the back end of the wet cell again so that the image plane is 

submerged in water.  The IOL is removed from the layout to simulate 

the LCA that the IOL implant would provide under in a human eye.  

Reverse the order of the elements so that the surface representing the 

retina is now the object surface.  The only parameters that can vary are 

curvatures of the cornea.  The power of the cornea should still be held 

constant.  Add a Badal lens and place the new image plane at the rear 

focal plane of the Badal lens.  Figure 2.3 shows a Zemax diagram of 
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the setup.  With this setting, checking chromatic focal shift results 

gives information on how much the image plane has shifted with the 

given wavelengths.  Compare this result using the equivalent setup with 

the Arizona Eye Model[19].  Vary the curvatures of the cornea if the 

results do not match. 

∆z Badal Lens 

 Figure 2.3: Badal setup for model cornea design to satisfy dispersion requirement. 

 

Successful design of the model cornea required multiple iterations of the outlined 

steps.  Figure 2.4 shows the LCA of the model eye and compares it to a chromatic 

aberration model for a human eye given by Atchison & Smith.[20]  The general pattern is 

preserved with the model eye and there is a maximum difference of 0.25D at the extreme 

end of blue. 
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Figure 2.4: LCA comparison of the model eye. 

 

A model cornea that satisfies all three design parameters was successfully designed and 

manufactured, but was retained by Alcon Laboratories for use at their facility and was not 

available for this study.  Therefore, I used a cornea that satisfies the vergence and the 

spherical aberration conditions for monochromatic MTF tests and another cornea that 

fulfills the vergence and the LCA condition for polychromatic MTF tests.  Figure 2.5 also 

shows a picture of the fabricated model eye used in this research project for 

monochromatic MTF measurements.  This particular model cornea has the spherical 

Zernike coefficient of 0.289um.  The lens parameters data is shown in Figure 2.6.  Details 

on more model corneas designed to meet various conditions are presented in Appendix A. 
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Figure 2.5: Schematic of the system shown in Zemax and a picture of model eye. 

 

 

Figure 2.6: Parameters of the model cornea used for monochromatic MTF tests. 

 

 

2.6 MTF testing of IOLs 

Comparison of the performance of optical systems is possible by comparing the 

quality of the image formed by the optical systems.  Image quality can be characterized in 

multiple ways such as with the Point Spread Function (PSF), RMS wavefront error, 

Optical Path Difference (OPD), Strehl ratio, Optical Transfer Function (OTF) and many 

more.  Without a set metric for image quality, effective comparison of optical systems 

cannot be acquired.  For this research, the Modulation Transfer Function (MTF) is used 

as the merit for comparing optical performance of IOLs.  The MTF is the modulus of 

OTF and is used routinely to test optical quality of IOLs.[21-29]  The MTF of an optical 
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system represents the system’s degradation of contrast in sinusoidal targets as a function 

of spatial frequency.  The object and image irradiance distributions are related by the 

following convolution equation where o(x,y) and i(x,y) are the object and image 

distributions, respectively and PSF(x,y) is the PSF of the imaging system, 

( , ) ( , ) ( , )o x y i x y PSF x y= ⊗ .   (2.2) 

Fourier transforming Equation (2.2) results in  

{ } { } { }( , ) ( , ) ( , ) ( , ) ( , )i x y o x y PSF x y o x y OTF ν ηℑ = ℑ ⊗ = ℑ ⋅ ,  (2.3) 

where { }ℑ  denotes Fourier transform and ⊗ represents convolution operation.  The 

Fourier transform converts the convolution operation to a multiplication and the Fourier 

transform of a PSF is by definition the OTF of the system.  With rotationally symmetric 

systems, we can use a line instead of a point object to get one dimensional response using 

a Line Spread Function (LSF).  Equations (2.2) and (2.3) are still valid in the dimension 

of analysis with a line spread.  According to equation (2.3) in one dimension,  

{ }
{ }

( )
( )

( )
i x

OTF
o x

ν
ℑ

=
ℑ

 .  (2.4) 

Equation (2.4) shows how the OTF of an optical system can be obtained by dividing the 

Fourier transform of an image profile by the Fourier transform of an object profile.  A slit 

of finite width, which mathematically can be expressed with a rectangular function, is 

used as the object.  To perform Fourier transform analysis, the imaging system was made 

a shift-invariant system by using reduced coordinates[6] to remove effects of 

magnification and image inversion.  Then we can write equation (2.4) as 
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{ } { }( ) ( )
( ) ( )

sinc(md )1 ( )

i x i x
MTF OTF

dxrect mdm

ν ν
ν

ℑ ℑ
= = =

⋅ ⋅⎧ ⎫ℑ⎨ ⎬
⎩ ⎭

,  (2.5) 

where m is the magnification, d is the half-width of the slit, andsinc( )= sin( ) ( )ν πν πν . 

The expression for the object in Equation (2.5) is also identical to the expression for the 

geometrical image formed by the system without the diffraction effects.  The 

magnification factor in the amplitude term ensures that the total energy is conserved.  

Given this relationship between the OTF of an imaging system and object and image 

distributions, a MTF test setup for IOLs is designed. 

 

2.7 MTF Testing Setup  

IOLs implanted in the human eye are expected to perform within the visible 

spectrum, under various lighting conditions, and for different object distances.  The 

amount of ambient light affects the pupil size of the eye, which is incorporated in the 

design of the model eye with multiple pupil plates.  The MTF test setup incorporates 

pupil size and allows both through-focus and polychromatic MTF testing.  Having these 

capabilities result in a thorough analysis of the optical performance of the IOLs.  A 

schematic of the MTF test setup with such capabilities is shown in Figure 2.7.  The 

illumination system consists of a white light source and a condenser lens.  Although 

polychromatic illumination is possible with a white light source alone, the human eye has 

a spectral response that is different from the CCD’s response to different colors.  

Therefore, it is necessary to test the IOLs under monochromatic conditions then use the 
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weighted average equation to calculate polychromatic MTF.  The process is given by 

Equation (2.6) 

 
( ) ( ) ( )

( ) ( )

T V MTF

T V
λ

λ

λ λ λ

λ λ

∑
∑

  Polychromatic MTF  = (2.6)    

 

As the equation states, the MTF for each wavelength is weighted by the IOL material 

transmission as well as the photopic response of the eye, where ( )T λ is the wavelength 

dependent transmission of the IOL material and ( )V λ is the photopic response of the 

human eye.  Conceptually, the scotopic response of the eye could be used as well, but 

testing under these conditions is very rare.  A filter wheel with multiple narrow band-pass 

filters (Edmund Optics) is inserted into the illumination path to select various wavelength 

bands across the visible spectrum. Wavelengths of 400, 420, 442, 458, 480, 500, 520, 540, 

546, 568, 580, 600, 620, 640, 656, 676 and 694nm are used in this study.  A narrow slit is 

mounted on a translation stage (Zaber, Richmond, British Columbia, Canada) and placed 

at the front focal plane of the Badal lens.  For the Badal lens, an f = 60.08mm doublet 

from Linos Photonics (part 322266) was used.  For this project, object vergences ranging 

from -5D to +1D in steps of 0.25D were used for through-focus testing.  Finally, a narrow 

slit of width 10um from Edmund optics(part 38-557) was imaged by the model eye and 

captured with a firewire CCD camera (Point Grey, Vancouver, Canada) placed at the rear 

focal point of the eye model to serve as the “retina.”   
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Figure 2.7: Schematic of polychromatic through-focus MTF testing setup. 

 

The size of the human eye is fixed and so is the position of the IOL within the eye 

for non-accommodating IOLs.  However, that does not mean that the detector in the test 

setup stays in the same plane for IOLs of equal power.  The position of the implant within 

the eye depends on the A-constant of the IOL.  The A-constant is a number provided by 

the manufacturer but is given without an industry standard.  This leads to IOLs of equal 

optical power possibly having a different specified position for optimal performance.  

However, since the position of the implant is fixed in the MTF test setup and the model 

eye, the difference in the A-constant has to be compensated by moving the detection 

plane.  Interested reader can find more detailed information on A-constants and IOL 

power calculation in Appendix B. 
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A profile across the resultant blurred image of the slit is the Line Spread Function 

(LSF) of the model eye.  This function is then processed via the Fourier transform to 

obtain the MTF.  Since we know the object distribution from the properties of the slit and 

the image distribution from the image obtained with the CCD camera, one can calculate 

the MTF of the imaging system that includes the test IOL as shown in Equation (2.5).  

Effect from the Badal lens is minimized by using an achromatic doublet that is well 

corrected for spherical aberration.  Since the IOL is the test optic and consequently the 

only optical component that is changed between test runs, the resulting MTF can be used 

to compare performance of various IOLs.   

One subtle requirement of the MTF testing system for IOLs is that the MTF must 

include values for spatial frequencies up to at least 100 cycles/mm.  This number for 

spatial frequency can be derived from the fact that the smallest feature a “normal” eye 

can resolve is 1 arcmin.  This means a line pair, or a cycle, would cover 2 arcmin.  

Converting the angle to radians and using the average position of the rear nodal point of 

the human eye, the nodal-to-retina distance is approximately 16.67mm using the 

Gullstrand eye model[19].  The image size at the retina is close to 10um.  One 

cycle/10um will give us 100 cycles/mm, which corresponds to the fundamental frequency 

of 20/20 letters on an eyechart, or a “normal” vision.  Anytime an analog signal is 

converted to a digital signal proper sampling is necessary to adequately represent the 

signal and avoid aliasing.  The CCD used in the project has individual pixel sizes of 

4.65um square.  The Nyquist-Shannon sampling Theorem says that frequencies below 

Nyquist frequency are not aliased [30].  The Nyquist frequency for this detector is 
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1/(2*4.65um), which equals 107 cycles/mm.  However, experimental results suggest the 

center to center spacing of the CCD to be greater since the cutoff frequency is below 100 

cycles/mm.  Therefore, a magnification system was added at the end of the system to 

magnify the image formed by the model eye onto the CCD.  This method can also be 

thought of as effectively shrinking the CCD pixel size by a factor of 1/mr, where mr is the 

magnification of the relay system.  A telescope system with a microscope objective was 

used to produce a magnification of approximately 11.  Microscope objective, well 

corrected, is used with an achromatic doublet to minimized deleterious effects from the 

non-model-eye components. 

 

2.8 Procedures for testing 

 A picture of the MTF test setup introduced in the previous section is shown. 

   

Figure 2.8: Picture of polychromatic through-focus MTF test bench setup. 

 

The white light source, filter wheel, condenser lens, slit object on a linear translation 

stage, Badal lens, model eye, relay optics, and CCD are shown and labeled.  Where 
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possible, cage optics from Thorlabs are used to minimize errors from misalignment.  A 

fiber bundle of the light source is inserted into a custom mount which is then mounted on 

a standard optic mount.  Narrow band filters are mounted on an automatic filter wheel 

that holds six filters.  An achromatic doublet was chosen for the Badal lens to minimize 

longitudinal chromatic and spherical aberrations of the Badal lens and isolate aberrations 

of the model eye.  The translation stage was controlled with code written in IDL and the 

CCD was controlled with the FlyCap software provided by the manufacturer.  

 Figure 2.9 shows a screen capture of the GUI in IDL.  The slit and the CCD were 

mounted separately on linear translation stages and both translation stages are controlled 

with a code written in IDL.  For the case of the slit object, an input in units of diopters is 

converted to displacement from the focal plane using the relation given by the Badal 

configuration.  Once the system is aligned for a desired test, an image of the slit is 

captured by the CCD.  By manually controlling all settings of the camera, the dark 

current was low enough while maintaining adequate signal to eliminate the need for 

subtracting a background image from the test images. 
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Figure 2.9: Screen capture of interface used to control translation stages. 

 

The pupil size of the human eye varies with the lighting conditions of the scene 

and a couple of the IOLs have pupil size dependent performance to take advantage of that 

characteristic.  As mentioned earlier, the model eye used for the tests has replaceable 

pupil plates.  Although the pupil should ideally lie against the IOL, to avoid the 

inconvenience of switching out the pupil plate in a wet cell, the stop of the model eye was 

moved in front of the wet cell.  The physical pupil size was scaled to represent the 

intended pupil size at the IOL plane.  This shift of the stop does not affect the LCA or the 

spherical aberration.   

Information of the magnification of the system is critical for the MTF calculations.  

The magnification value is determined by a model in Zemax but must also be checked in 

the actual setup.  A Ronchi ruling printed on a transparent circular glass plate is used as 

an object to accurately check the magnification of the system.  First the image formed by 

the model eye is captured with the Ronchi ruling replacing the slit.  Then the image 
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formed with the relay system in place is captured.  Using the line pairs per millimeter 

(LP/mm) information given for the Ronchi ruling, the LP/pixel of the two ruling images 

are used to calculate the magnification of the model eye and that of the relay system.  The 

relay system and the CCD are mounted on the translation stage as a unit to ensure that the 

relay magnification remains constant as the stage is moved. 

A GUI was developed in C# to calculate MTF values from the slit images.  A 

screen shot is shown in Figure 2.10. 

 

Figure 2.10: Screen shot of polychromatic MTF/through-focus MTF calculation program. 

 

The tool bar next to the menus provides an interface to input basic parameters of the 

system used for the MTF calculation.  Slit width in microns, magnification of the model 
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eye, magnification of the relay system, and the CCD pixel size are required.  The spectral 

information window allows the user to select test wavelengths and select one of two IOL 

materials.  For through-focus MTF plots, start and end values for object vergence, step 

size, and the spatial frequency value to be plotted are entered. 
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Chapter 3 

ANALYSIS USING DEFOCUS TRANSFER FUNCTION 

 

3.1 Multifocal IOL designs 

Accommodation is a mechanism that allows an eye to form a clear image on the 

retina as the object distance changes.  Accommodation requires variation of the power of 

the crystalline lens in the eye.  With the natural crystalline lens, the power adjustment is 

accomplished by changing shape of the lens controlled by the ciliary muscle.[19]  

Although the current IOLs are made thin and flexible for insertion into the eye through 

small incisions, they are not capable of changing shape once implanted in the eye.  

Accommodating IOLs, which ideally change their shape or position within the eye, are 

currently being aggressively pursued to overcome this limitation.  The total ocular power 

of the eye is increased by increasing the power of an IOL in a manner similar to the 

natural crystalline lens or by moving the IOL forward within the eye.  However, to date 

functional accommodating lenses have not been demonstrated in vivo.  Consequently, 

current cataract patients are only receiving IOLs that lack the ability to change the power 

of the eye.  The side effect of this fixed power is that recipients have severely degraded 

near vision due to large defocus even though high quality distance vision is provided.   

One solution used to alleviate the effects of loss of accommodation is the 

implementation of multifocal optical element in the design of the IOLs.  Multifocal IOLs, 

in general, rely on simultaneous vision to provide good distance and near vision.  
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Simultaneous vision refers to creating both in- and out-of-focus images on the retina and 

letting the visual system sort out the details of the scene.  These lenses have two or more 

distinct powers, one targeting correction of distance vision and the second one providing 

3.5 to 4.0 diopters of add power for near vision.  While these add powers may appear 

large, they are in reference to the plane of the IOL within the eye.  Vertex-adjusting these 

powers to the spectacle plane gives an add power of 2.0 to 3.0 diopters.  The consequence 

of having two distinct powers within the same lens is to create both in-focus and out-of-

focus images on the retina.  The distance power provides clear images of distant objects, 

but blurry images of near objects.  The near power projects a sharp image of near objects 

on the retina, but also a blurry image of distant objects.  Consequently, under both near 

and distance viewing conditions sharp and blurry images of the object are superimposed, 

degrading contrast.  While this drawback is inherent to simultaneous vision multifocal 

lenses, different design philosophies introduce variations in the performance of the 

lenses.  

Two techniques currently used to implement multifocal imaging in the IOLs are 

zonal refractive and diffractive elements.  I have tested four multifocal IOLs that have 

found their way into widespread use that utilize one of the two techniques.  Zonal 

refractive lenses have two or more regions of distinct optical power and this optical 

power is introduced through a difference of surface curvature in the disparate regions.  

Figure 3.1(a) shows a generalized diagram of a zonal refractive design.  Zonal refractive 

lenses operate purely through refraction and the areas of each refractive region compared 

to the pupil area determines the amount of light going into the distant and near portions of 
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the retinal image.  The ReZoom lens by AMO (Irvine, CA) is an example of a purely 

refractive multifocal IOL.  Diffractive lenses, on the other hand, use diffraction and 

interference to create a multifocal effect.  Diffractive lenses have discrete annular regions 

with a sharp step between each of the regions.  The radial spacing of these steps gets 

closer together towards the edge of the lens and their positions determine the add power 

of the lens.  The relative amount of light going into the distance and near portions of the 

image is dictated by the height of the step. The step height is given by 

aqlens nn
pHeight  Step
−
λ

= ,  (3.1) 

where p is the phase height, λ is the wavelength of light, nlens is the refractive index of the 

IOL material and naq is the refractive index of the surrounding aqueous.  The parameter p 

can be adjusted to control the amount of light going into each foci.  A value p = 0.5 

equally splits light between the distance and near foci, while a value p = 0.0 would 

degenerate into a purely refractive lens and send all of the light into the distant foci.  

Other values of p vary the bias between distance and near vision.  The Tecnis Multifocal 

(AMO, Irvine, CA) and the Acri.LISA multifocal (Carl Zeiss Meditec, Hennigsdorf, 

Germany) are full-aperture diffractive lenses with different p values.  Figure 3.1(b) shows 

a schematic of the full-aperture diffractive design. 

 A third type of IOL incorporates combination of refraction and diffraction to 

provide simultaneous multifocal vision while mitigating the effects of the out-of-focus 

portion of the retinal image.  The ReSTOR and the ReSTOR Aspheric (Alcon 

Laboratories, Fort Worth, TX) IOLs are multifocal lenses with a central diffractive region 
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and a peripheral purely refractive region.  These lenses incorporate the pupil’s response 

to ambient light to control the amount of light in each of the images formed on the retina.  

Figure 3.1(c) shows a diagram of such a lens, termed apodized diffractive lens. 
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Figure 3.1: (a) Diagram of a zonal 
refractive design.  This design 
consists of series of concentric 
zones of alternating power.  
Performance depends on the 
pupil size. 

Figure 3.1: (b) Diagram of a full-
aperture diffractive lens.  One 
side is purely diffractive to split 
light into controlled orders 
while the other side is purely 
refractive to focus the light. 

0+1

Figure 3.1: (c) Diagram of an apodized 
diffractive lens.  Similar to full-
aperture diffractive design except the 
diffractive element is confined to a 
central region while the periphery is 
purely refractive.  Performance varies 
with the pupil size. 
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In this chapter, use of the Defocus Transfer Function (DTF) to view depth of field 

characteristic of different multifocal designs is presented and used. 

 

3.2 Derivation of DTF 

Depth of field analysis provides insight into the performance of the multifocal 

IOLs and is used to compare various multifocal designs.  The DTF is a two-dimensional 

function, and cross-sections through its origin at various angles are equivalent to the OTF 

for different object vergences.  Fitzgerrel et al. [7] introduced the DTF as a means of 

evaluating rotationally symmetric systems with extended depth of field.  The technique 

has found application to microscopy.  Fitzgerrel et al. also suggested that the DTF would 

be beneficial for analyzing multifocal systems and illustrated an example of a full 

aperture diffractive.  The concept is utilized to analyze various multifocal designs found 

in patent literature for human visual systems.  Every applications of the DTF were purely 

monochromatic.  Here, the DTF is also extended to account for polychromatic 

illumination using methods outlined by Yang et al. [31] and expanded by Schwiegerling 

et al. [32]   

The Pupil Function P(x,y) of an optical system describes the amplitude 

transmission and the phase profile across the exit pupil.  One means of calculating the 

OTF of a radially-symmetric system is to perform the autocorrelation of the pupil 

function [6] such that 

1( ; ) , * ,
2 2

i iz zOTF P x y P x y dxdy
A

λ ρ λ ρρ λ
∞

−∞

⎛ ⎞ ⎛ ⎞= − +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∫ ∫  (3.2) 
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where A is the area of the pupil, λ is the wavelength of the light, zi is the distance from 

the exit pupil to the image plane, and ρ  is the spatial frequency component.  The * 

operator represents complex conjugation.  Presence of aberrations will alter the phase of 

the wavefront leading to a phase term in the pupil function indicating the phase difference 

relative to the reference sphere.  Such a pupil function is termed the generalized pupil 

function and has the form of 

[ ]( , ) ( , ) exp ( , )x y P x y jkW x y℘ =   (3.3) 

where k = 2 /π λ , and W(x,y) represents the effective path length difference.  For an 

aberration-free system, the W(x,y) term is zero and the generalized pupil function equals 

the original pupil function.  A defocused wavefront is given by a spherical wavefront 

with a radius of curvature corresponding to the distance from the exit pupil to the 

defocused image plane.  Defocused wavefront will have an optical path difference from 

the reference wavefront at the edge of the pupil that can be approximated by an 

expression for sag.   

( )λDr
R

rsagyxW
22

),(
22

===   (3.4) 

The expression for sag has been rewritten in terms of wavelength dependent defocus, 

( )λD , with units of diopters, or inverse meters.  Inserting a defocus phase term of 

equation (3.4) in equation (3.3) modifies the generalized pupil function to include 

arbitrary levels of defocus. 

( ) 2( , ) ( , ) expx y P x y j D rπ λ
λ

⎡ ⎤℘ = −⎢ ⎥⎣ ⎦
  (3.5) 
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where )(λD  indicates inverse of the radius of curvature of the defocused wavefront.    

Using the generalized pupil function of equation (3.5) in equation (3.2), the OTF can be 

written as 

( ) ( )

( ) ( )

2
2 2

2
2 2

1 2( ; ) , exp
2 4

2* , exp
2 4

ii
i

ii
i

zzOTF P x y i D x z x y
A

zzP x y i D x z x y dxdy

λ ρλ ρ πρ λ λ λ ρ
λ

λ ρλ ρ π λ λ ρ
λ

∞

−∞

⎛ ⎞⎛ ⎞⎛ ⎞ ⎜ ⎟= − − − + +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞⎛ ⎞ ⎜ ⎟× + + + +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

∫ ∫
 (3.6) 

This expression can be reduced to  

(1( ; ) , * , exp 2 2 ( )
2 2

i i
i

z zOTF P x y P x y i D z x dxdy
A

λ ρ λ ρρ λ π λ ρ
∞

−∞

⎛ ⎞ ⎛ ⎞= − +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∫ ∫ )  (3.7) 

Defocus Transfer Function (DTF) which is a 2-D function, is defined as 

( )1( , ; ) , * , exp 2
2 2

i iz zDTF z P x y P x y i vx dxdy
A

λ ρ λ ρρ λ π
∞

−∞

⎛ ⎞ ⎛ ⎞= − +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∫ ∫   (3.8) 

Comparing equation (3.8) to equation (3.7), we get 

( )( ; ) , 2 ( ) ;iOTF DTF D zρ λ ρ λ= ρ λ   (3.9) 

Equation (3.9) shows that OTF for a defocus level of ( )D λ  is given by values along a 

line through the origin of the DTF at a slope of 2 ( ) iD zλ .   

 

3.3 Example of DTF analysis 

 An example of the DTF plot is shown for an aberration-free circular aperture.  In 

Figure 3.2(a), the DTF is plotted against spatial frequency values normalized to the 

coherent cutoff frequency.  False color scale is used to indicate height of the curve with 
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red indicating peak and black indicating minimum values.  Figure 3.2(b) is the same DTF 

plot in grayscale and is plotted out to 200 cycles/mm.  In this plot, the contrast is reversed 

so that the dark areas show peak of the DTF while lighter areas indicate poor optical 

performance.  Although the second grayscale plot is plotted on a different scale, identical 

pattern of the ripples are present.  Figure 3.2(c) shows a 2-D surface plot of the DTF.  A 

horizontal line across the center of the plot gives a diffraction-limited MTF curve for a 

circular aperture and a line through the origin with a slope would have the ripples in the 

MTF curve as a defocused system would show. 

             

ν  
ν

Spatial Frequency (cycles/mm) 
  (a)     (b) 

(c) 

Figure 3.2: Application of DTF to aberration-free circular pupil. 
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3.4 Polychromatic DTF 

The defocus term D(λ) is dependent upon two factors: a wavelength-independent 

object vergence Dobj and a wavelength-dependent term DLCA(λ) which is the defocus 

associated with the LCA of the eye.  DeHoog and Schwiegerling measured the LCA of 

the eye relative to white-light best focus.[33]  In this effort, the LCA in diopters is given 

by  

( ) ⎥⎦
⎤

⎢⎣
⎡

−λ
−−=λ

495.248
207.536621.1DLCA .  (3.10) 

A plot of the LCA is included in Figure 3.3.  The zero of the curve is around 579.3nm.  

DeHoog and Schwiegerling’s LCA model shows that although the eye’s photopic 

response is max at 555nm, the human eye recognizes focus of 579.3nm light as white 

light’s best focus.  This particular model of LCA is used because the IOLs are designed at 

a wavelength of 555nm to utilize the peak of the eye’s response and the discrepancy 

between the peak response and the best recognized focus wavelength introduces 

additional chromatic aberration. 
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Figure 3.3: Plot of LCA of human eye relative to white-light best focus. 
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Finally, the total defocus used to calculate the DTF is given by  

( ) ( )λλ LCAobj DDD += .  (3.11) 

The polychromatic DTF consists of a weighted sum of the monochromatic DTFs.  

Three factors affect the weighting at a given wavelength.  The first factor is the spectral 

distribution of the object or scene O(λ).  The second factor is the spectral transmission of 

the system T(λ) and the final factor is the sensitivity of the photoreceptors.  Using the 

photopic response of the eye for the photoreceptor response, the polychromatic DTF is 

given by 

( )
( ) ( ) ( ) ( )

( ) ( ) ( )∑
∑

=

λ

λ

λλλ

λρλλλ
ρ

VTO

zDTFVTO
zticDTFPolychroma

;,
,  . (3.12) 

Figure 3.4 compares a polychromatic DTF to a monochromatic DTF of a circular pupil.  

Polychromatic DTF on the left shows a broader band meaning a slightly broadened depth 

of field as a direct consequence of the LCA.  While the monochromatic DTF band is 

horizontal, the polychromatic DTF has a slight tilt downwards that indicates the design 

wavelength, 555nm, of the lens is slightly myopic compared to the white-light best focus 

wavelength of 579.3nm.  The DTF plot for a circular pupil shown in Figure 3.2(b) is a 

zoomed-in version of the plot in Figure 3.4.  In all subsequent DTF plots throughout this 

dissertation, the horizontal axis represents spatial frequency values, ρ , plotted out to 200 

cycles/mm and the vertical axis shows values of ν  which is given by 2 ( ) iD zλ ρ  as found 

in Equation (3.9). 
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Figure 3.4: Polychromatic DTF on the left, monochromatic MTF on the right. 

 

3.5 Application of DTF to multifocal IOL designs 

The DTF has been shown to accurately predict through-focus MTF of a 

rotationally symmetric system and Fitzgerrel et al has shown examples of 

monochromatic analysis of clear circular aperture, diffractive IOL, and an annular type 

lens.[7]  Analyses of various multifocal designs from U.S. patents for the human eye are 

included in Appendix C.  In this section, I will be showing results for the zonal refractive, 

the full-aperture diffractive, and the apodized diffractive designs obtained from the DTF 

analysis.   

Successful analysis of DTF starts with an accurate definition of the pupil function.  

For each of the three multifocal IOL designs, either a radial phase distribution plot or a 

radial add power distribution plot is included.  Add power refers to additional optical 

power required relative to the base power for far vision correction, to image objects in the 

reading distance.  The radial add power distribution plot is very useful for refractive 

multifocal lenses as it helps to immediately recognize how the lens aperture is divided to 

image multiple object distances.  However, since diffractive lenses use diffraction of light 
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to create both distance and near vision correction beams even at a single radial position, a 

radial phase plot is used for this type of design instead. 

The radial add power distribution plot shows how the zonal refractive lens is 

modeled.  The central zone has zero add power, meaning it is optimized for distance 

viewing while the two zones in the middle, indicated by two peaks, are designed for 

viewing near objects. 

 

Figure 3.5: Radial add power plot for a zonal refractive design. 

 

Figure 3.6 has the radial phase plot for a full-aperture diffractive lens.  The phase of the 

pupil function was described by 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2
2modexp)(

2 ππarjrP , (3.13) 

where ‘r’ is the normalized radial coordinates and ‘a’ is a constant.  In this study, an ‘a’ 

value of 80 is used.  The mod π2  restricts the phase function to the interval [0, π2 ].   
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Figure 3.6: Radial phase distribution plot for a full-aperture diffractive design. 

 

The constants needed for description of the phase function for an apodized 

diffractive design was obtained from the manufacturer, Alcon Laboratories, and used to 

create the following radial phase profile.  The periphery of the purely refractive region is 

evident from the phase plot. 

 

Figure 3.7: Radial phase distribution plot for an apodized diffractive design. 
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The 2-D plots for each design are shown in the following figure 3.8.  Since a 

couple of the IOLs have pupil dependent performance, the DTF plot for a 3mm pupil, on 

the left column, and 6mm, on the right, are shown. 

   

Figure 3.8: (a) DTF for zonal refractive design.  3mm pupil on left, 6mm pupil on right. 

   

Figure 3.8: (b) DTF for full-aperture diffractive design. 3mm pupil on left, 6mm on right. 

   

Figure 3.8: (c) DTF for apodized diffractive design. 3mm pupil on left, 6mm on right. 
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One obvious feature from the DTF plots is that all have two lines where the MTF 

values peak.  This is indicative of the fact that all of the multifocal IOLs are designed to 

simultaneously image distance and near objects.  The line along the horizontal has the 

MTF values for distance vision while the line with a negative slope has MTF values for 4 

diopters of defocus which is the case for near objects where accommodation is necessary.  

The plots also clearly show difference in cutoff frequency value for the two pupil sizes. 

The zonal refractive IOL provides minimal benefit to near vision for bright 

lighting conditions with smaller pupil due to a limited number of refractive rings falling 

over the pupil.  Consequently, it acts very much like a monofocal lens under these 

conditions.  For larger pupil sizes, the performance with the zonal refractive is split 

between distance and near vision.  The full aperture diffractive lenses have the near and 

distance performance remain constant for different pupil sizes.  The apodized diffractive 

design that transition from a pure diffractive under small pupils to a diffractive/refractive 

structure for large pupils show pupil dependent performance.  The effect of the 

apodization is to equally split performance between distance and near vision for small 

pupils and dramatically enhance distance visual performance for large pupils. 
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Chapter 4 

MTF TEST & DTF RESULTS 

 

4.1 Verification of the MTF test system 

The MTF curve has a conceptually simple relation to the pupil function of the 

system.  Optical systems under incoherent illumination have MTF curves that are 

equivalent to the autocorrelation of the pupil function.[6]  For this reason, the MTF 

curves for diffraction limited systems can be analytically predicted.  When the wavefront 

at the exit pupil has deviations from the reference wavefront, a phase term is added to the 

pupil function incorporating the aberrations.  Although aberrations do not affect the 

cutoff frequency of the system, they do lower contrast in the pass-band and consequently 

deform the diffraction limited MTF curve.  Since it is more difficult to accurately 

characterize aberrations, I made the system quasi-diffraction limited and compared the 

MTF curve to the predicted curve given in Zemax to validate the test setup.  The Badal 

lens was replaced with a well-corrected f = 200mm doublet from Edmund Optics (part 

32-925) and the model eye in the test setup was replaced with another long focal length,  f 

= 300mm, lens from Carl-Zeiss.  An aperture was added as the last surface to check the 

cutoff frequency.  A model in Zemax is compared to the experimental result.  In Zemax, 

the Badal lens is modeled accurately but parameters for the f = 300mm lens was not 

available and a paraxial lens was used in Zemax to approximate the Carl-Zeiss lens.  The 
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layout of the system in Zemax is shown in figure 4.1.  The MTF curve calculated by 

Zemax is shown in figure 4.2. 

 

Figure 4.1: Model of a low f/# system to check MTF calculation method. 

 

The stop size was set at 4mm and the cutoff frequency can be calculated using Equation 

(4.1). 

)/#(
1
f

uencycutoffFreq
λ

=   (4.1) 

With stop size of 4mm, wavelength of 546nm, and the distance from the stop to the 

image plane of 282mm, the cutoff frequency is 25.9 cycles/mm.  This can be seen from 

the MTF plot calculated by Zemax shown in Figure 4.2. 
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Figure 4.2: MTF curve of the system with a cutoff frequency below 26 cpmm. 

 

Using the MTF test setup, the layout simulated in Zemax was setup and the MTF curve 

obtained is plotted against the result from Zemax.  This comparison validates the MTF 

test setup and the analysis of the data. 
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Figure 4.3: Comparison of theoretical MTF curve and experimental MTF curve. 

 

4.2 MTF Test Results – Monofocal IOLs 

Various IOLs from different manufacturers were available to be tested.  Table 4.1 

lists names and design features of the IOLs. 

Manufacturer Name Design Power 

Alcon SN60WF Aspherical 20D 

Alcon SN60AT Spherical 20D 

AMO ZA9003 Aspherical 20D 

AMO ZCB00 Aspherical 20D 

HOYA FY-60AD Aspherical 20D 

Sensar AR40e Spherical 20D 

Table 4.1: List of monofocal IOLs and their features. 
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Total of six IOLs were tested.  Two of the lenses are spherical IOLs and the rest have 

aspheric surface incorporated into the design.  The aspheric IOLs are designed to correct 

the corneal spherical aberration to produce superior images on the retina.  All IOLs tested 

had a power of 20D, which is the average power of the crystalline lens for an 

unaccommodated eye.  A 546nm filter was used to test the lenses, the wavelength 

specified by the ISO, which was also the closest wavelength filter to the design 

wavelength of 555nm.  Recall that the IOLs are also characterized by a value called the 

A-constant that dictates the placement of the IOL within the eye.  Each manufacturer 

provides its own value of the A-constant without an industry standard and consequently 

the IOL position needs to change to compensate for the variations in the A-constants.  

However, since the model eye developed for this research has a fixed placement within 

the model eye, the image plane was shifted to locate the best image plane for each IOL.  

Due to the shift of the image plane for different IOLs, the magnification of the model eye 

was checked for each IOL.  But the image plane shift was not great enough to alter the 

LP/pixel value counted for the ronchi ruling and therefore same magnification factor was 

used for all of the IOLs. 

Figure 4.4 shows a plot of MTF curves for the six monofocal IOLs consisting of 

both spherical and aspherical lenses.  Tests were done with a 6mm pupil plate 

representing a large pupil to emphasize the difference of spherical aberration content 

between the two IOL designs.  It is evident that the aspherical IOLs result in better image 

quality in terms of contrast sensitivity compared to the spherical counterparts.  Two 
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curves labeled “AR40e” and “Alcon Spherical IOL” show the results for the two 

spherical IOLs. 

 

Figure 4.4: Experimental MTF curves of six monofocal IOLs at 6mm pupil. 

 

 Alcon’s spherical and aspherical IOLs’ design parameters were available for this 

research and used to simulate the results in Zemax.  Figure 4.5 shows a plot of MTF 

curve obtained from a simulation using Zemax along with one obtained with the test 

system for Alcon’s spherical IOL.  In the simulation with Zemax, the image plane was 

shifted about 0.15mm from its best spot-size image plane to simulate defocus error of the 

test setup.  The pupil size was at 6mm.  The result from the test setup is in close 

agreement with the simulation results. 
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Figure 4.5: Alcon’s spherical IOL used to compare experimental and modeled MTF curve. 

 

The MTF values for the model eye with Alcon’s aspheric IOL are also compared 

to a simulated model in Zemax and the curves are plotted in Figure 4.6.  Since the 

asphericity of the IOL is designed to null the spherical aberration of the cornea, the model 

of the system with an aspheric IOL in Zemax show an MTF curve that is close to the 

diffraction limited MTF curve at its best-focused image plane.  The experimental MTF 

curve is noticeably lower than the diffraction-limited MTF.  When the system in Zemax 

is adjusted for defocus error of the optical bench setup as was done for the spherical IOL, 

a shift of about 0.1mm of the image plane resulted in a curve that more closely resembles 

the test result.  However, the simulation model in Zemax adjusted for defocus still has 
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higher MTF values at low spatial frequencies than the test result.  This is a result of 

difference in spherical aberration between the model and the actual system.  The 

difference was not as dramatic for spherical IOL system because spherical surfaces are 

easier to manufacture compared to aspheric surfaces used in aspheric IOLs. 

 

MTF Comparison for Alcon's Aspherical IOL
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Figure 4.6: Comparison of aspheric IOL MTF curve. 
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4.3 MTF Test Results – Multifocal IOLs 

Total of four different multifocal IOLs were available for through-focus MTF 

tests.  Table 4.2 has a summary of information on the lenses. 

Manufacturer Name Base Power / 
Add Power 

Design 
Philosophy 

Pupil 
Dependent 
Performance 

Distance / 
Near Ratio 
at 6mm 
Pupil 

Alcon Aspheric 
ReSTOR 

20D / 4D Apodized 
Diffractive 

Yes >1 

AMO ReZoom 20D / 4D Zonal 
Refractive 

Yes 1/1 

AMO Tecnis 
ZM900 

20D / 4D Full-aperture 
Diffractive 

No 1/1 

Acri-Tec Acri.LISA 20D / 4D Full-aperture 
Diffractive 

No 2/1 

Table 4.2: Summary of multifocal IOLs. 

 

The design philosophies were explained in the previous chapter.  The base power 

used for distance viewing is 20D, which again is a typical power for an IOL.  The add 

power of 4D indicates additional power created by the multifocal element that adds to the 

base power for viewing of objects at reading distance.  The distance/near ratio shows how 

the performance is divided between the two dominant distances for the multifocal lenses.  

The apodized diffractive design becomes more distance-weighted in its performance at 

larger pupil as explained in Chapter 3.  The Acri.LISA IOL is a full-aperture diffractive 

IOL and the performance is independent of the pupil size but it is designed to diffract 

about 2/3 of light to the zero diffraction order (distance) and about 1/3 to the first 

diffracted order (near).  The Acri.LISA IOL is therefore always distance-biased. 
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Figure 4.7 shows a plot of the MTF curves obtained with various multifocal IOLs 

at their respective distance image planes.  At larger pupil sizes, the Alcon’s ReSTOR 

Aspheric and Acri.LISA IOLs have slightly higher MTF values than the other two 

designs at all spatial frequencies.  The results are in accordance with the design 

philosophy of the lenses as the two IOLs with the higher MTF values have distance 

biased performance designs.  The tests were done at a single wavelength of 546nm 

following the method specified by the ISO.  It also was the closest wavelength to the 

design wavelength of 555nm.                   

 

Figure 4.7: Monochromatic MTF comparison of multifocal IOLs at 6mm pupil. 
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In all of the curves, a rather sharp drop of the MTF values is followed by a less 

dramatic steady decline.  The initial drop of the MTF values is expected as these IOLs 

create multiple images simultaneously and they decrease in contrast at all frequencies due 

to the “pedestal” created by the out of focus image.  Comparison of slit images formed by 

the model eye at the intermediate image plane using a multifocal IOL and a monofocal 

IOL are shown in Figure 4.8.  Out of focus background image is visible in the image by a 

model eye with a multifocal IOL.  Figure 4.8(a) shows an image of the slit at distance 

image plane and Figure 4.8(b) shows an image at the near image plane.  For each image, 

a negative of the image representing a peak with dark values is included. 

              (a)   (b)    

Figure 4.8: Slit images at (a) distance and (b) near image planes. 

 

Using the DTF method introduced in Chapter 3, the MTF values of the distance 

vision is simulated and plotted with the experimental MTF curve for a full-aperture 

diffractive IOL.  The MTF curves obtained from the DTF simulation displays a similar 
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pattern of rapid initial drop followed by a relatively slow drop out to 100 cycles/mm as 

shown in Figure 4.9.   In practice however, the IOL has a spherical surface on one of the 

sides to focus the light which will add to corneal spherical aberration.  Therefore, another 

MTF curve representing a full-aperture diffractive with an arbitrary level of spherical 

aberration is also included in the plot.  Also in the model eye in the MTF test setup is 

designed so that the entrance pupil has aperture size of 6mm, which scales to about 

4.5mm at the IOL plane.  Therefore, a pupil size of 4.5mm was used.  Phase term in the 

form shown in Equation (4.2) is added to the existing phase function to simulate spherical 

aberration, 

4
040 **2_ ρπ WPhaseSA = ,  (4.2) 

where ρ  is the normalized radial coordinate with a normalization value of 3mm and W040 

is the spherical aberration coefficient normalized by the wavelength.  Setting W040 equal 

to 1.4 for the full-aperture diffractive analysis results in a new MTF curve that is a closer 

approximation to the experimental MTF curve, as seen in Figure 4.9.  At 3mm pupil, as 

seen in Figure 4.10, the tested system more closely resembles diffraction-limited system 

shown by the MTF curve from the DTF simulation.  A system with the same amount of 

spherical aberration used in the 6mm pupil case is again plotted for the 3mm case, but 

due to smaller pupil size the impact is minimized. 
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Figure 4.9: Full-aperture diffractive IOL MTF comparison at 6mm pupil. 

 

Observing MTF curves for both 6mm and 3mm pupil sizes, it can be seen that in both 

cases, the curve drops down to about 0.4 initially.  This indicates that this design of full-

aperture diffractive lens divides light so that about 40% of the light is dedicated for 

distance vision.  Since the design is independent of the pupil size, same fraction of 0.4 is 

found for the 3mm pupil case. 
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Full-aperture Diffractive IOL MTF @ 3mm pupil
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Figure 4.10: Full-aperture diffractive IOL MTF comparison at 3mm pupil. 

 

The DTF was used to simulate results for the apodized diffractive design as well.  

The pupil dependence of the IOL performance is evident from the following two plots at 

6mm, and 3mm pupil sizes in Figures 4.11 and 4.12, respectively.  The apodized 

diffractive lens has lower initial drop of the MTF values at a larger pupil because the 

purely refractive periphery region is exposed at larger pupil sizes and the lens becomes 

distance vision biased.  Spherical aberration term is added to the phase function for the 

apodized diffractive design as well and W040 value of -3.0 produces a close match to the 

experimental MTF curve.  However, more MTF curves that closely resemble the 

experimental MTF curve can be produced with a number of different combinations of 

pupil size and spherical aberration coefficient.   
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Apodized Diffractive IOL MTF @ 6mm pupil
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Figure 4.11: Apodized diffractive IOL MTF comparison at 6mm pupil. 

 

In the small pupil case, where only the diffractive zone is clear for the passage of 

the light, the initial drop of the MTF value is about 0.4.  The value of 0.4 is identical to 

the full-aperture diffractive design, indicating that the apodized diffractive IOL is purely 

a diffractive element at a small pupil size.  Smaller pupil reduces the effects of spherical 

aberration. 
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Apodized Diffractive IOL MTF @ 3mm pupil
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Figure 4.12: Apodized diffractive IOL MTF comparison at 3mm pupil. 

 

4.4 Through-focus MTF Results for Multifocal IOLs 

 Through-focus MTF is a valuable tool enabling an examination of the depth of 

field property of an optical system with a single plot.  The Badal lens configuration was 

used with the slit object at the front focal plane to imitate far vision.  Then the slit object, 

mounted on a translation stage, was moved from the focal plane to simulate different 

object distances.  In the through-focus MTF plots in figure 4.13, the zero object vergence 

corresponds to far vision and the object vergence of +4D represents a reading distance.  

The two dominant peaks quickly show that these IOLs functions as multifocal lenses 

imaging different object distances simultaneously.  All four designs also attempt to 



 73

compensate for intermediate vision with varying degrees of success represented by lower 

peaks around the one and two diopters of vergence. 

 

M
T

F 

Object Vergence (Diopters) 

Figure 4.13: Through-focus MTF comparison at 6mm pupil. 

 

 At a 6mm pupil, the Alcon’s aspheric ReSTOR with the apodized diffractive 

technology has performance shifted toward the distance vision.  The Acri.LISA which is 

a full-aperture diffractive weighted more heavily for the distance vision also shows 

higher peak at that object distance.  The other two IOLs show evenly divided 

performance between the two object distances agreeing with its own design principle. 
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Figure 4.14: Through-focus MTF comparison at 3mm pupil. 

 

 Tests with a smaller pupil size show that the two full-aperture diffractive IOLs 

maintain the characteristics shown at the larger pupil size.  The zonal refractive design, 

which the AMO ReZoom uses, is primarily a distance vision dominated lens at the small 

pupil size.  This is consistent with the design of the ReZoom IOL as the central portion of 

the lens is designed for far vision.  Another lens with pupil dependent performance is the 

Alcon ReSTOR.  Due to its apodized diffractive design, only the diffractive region is 

exposed at smaller pupil size and the lens evenly divides light into the two object 

vergences.  The apodized diffractive design is intended to use the response of the pupil to 

the ambient light level to vary the performance of the IOL.   The advantage of having 
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such a design can be found for example in nighttime driving conditions where the pupil 

would open up to allow more light into the eye.  The apodized diffractive IOL would 

function as a distance biased lens to visualize oncoming traffic.  Usually, when reading, 

the light level can be easily controlled and tend to be under bright conditions.  This is 

when the apodized diffractive IOL shifts performance equally between the distance and 

near vision.  An example of a disadvantage would be reading a menu at restaurants where 

the ambient light level tends to be low.  Near vision operation would be required in those 

cases for a distance biased system.  Since the zonal refractive IOL has the reverse 

philosophy on pupil dependence compared to the apodized diffractive lens, the same 

examples would be disadvantage and advantage for the zonal refractive design. 

 

4.5 Polychromatic Through-focus MTF Results for Multifocal IOLs 

 So far, only the monochromatic MTF test results have been presented.  Although 

the monochromatic MTF tests are sufficient to show differences in various design 

philosophies, polychromatic tests should be done since a phakic eye would perform under 

white light conditions.  The DTF has been expanded to calculate polychromatic values 

imitating human eye’s response.[32]  For the polychromatic MTF tests, the model cornea 

that has the required LCA, but not the spherical aberration was used.  Therefore, results 

from this section should not be used to compare MTF values to determine a superior 

multifocal design, but to study each IOL independently for changes from chromatization. 
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4.5.1 Polychromatic Through-focus MTF - Apodized Diffractive IOL 

The results from the monochromatic and polychromatic DTF are shown in figure 

4.15 for an apodized diffractive lens design.  The polychromatic DTF has the same basic 

form seen with the monochromatic DTF.  However, the chromatic aberration of the eye 

has the effect of broadening the distance vergence band of the DTF suggesting an 

increased depth of field for distance vision.  Interestingly, the near vergence only shows a 

mild increase in depth of field.  This effect occurs because negative dispersion of the 

diffractive optical element mitigates positive dispersion of refractive optical elements. 

The changes brought on by the chromatization are also evident from the 

polychromatic MTF test results.  In Figure 4.16, the polychromatic through-focus MTF is 

plotted against two monochromatic through-focus MTF curves for Alcon’s ReSTOR IOL 

with the apodized diffractive design.  One of the monochromatic curve is at 546nm, 

representing the design wavelength, and the other at 580nm, which is used as the 

reference wavelength in accordance with the white light best focus.[33]  Broadening of 

the distance band but almost none at the near vergence is shown with the test results just 

as the simulation with polychromatic DTF displayed. 
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(a) 

(b) 

Figure 4.15: (a) Monochromatic DTF (b) Polychromatic DTF for apodized diffractive design. 
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Figure 4.16: Polychromatic through-focus MTF for apodized diffractive at 6mm pupil. 

 

4.5.2 Polychromatic Through-focus MTF - Full-Aperture Diffractive IOL 

 Monochromatic DTF and polychromatic DTF plots are shown in Figure 4.17 for a 

full-aperture diffractive design.  Comparing the results to the apodized diffractive design 

DTF plots, we see a similar pattern of broadening of the distance band and a near band 

that is not affected by chromatization as much as the distance vision.   
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(a) 

(b) 

Figure 4.17: (a) Monochromatic DTF (b) Polychromatic DTF for full-aperture diffractive design. 

 

Figure 4.18 shows through-focus MTF plots obtained with the MTF test setup.  

As seen with the apodized diffractive design, the near vision portion of the curve shows 

minimal separation between the two monochromatic curves and therefore the 

polychromatic MTF at near vergence shows minimal changes. 
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Figure 4.18: Polychromatic through-focus MTF for full-aperture diffractive at 6mm pupil. 

 

4.5.3 Polychromatic Through-focus MTF - Zonal Refractive IOL  

Three of the four multifocal IOLs tested utilize diffraction to make simultaneous 

imaging possible.  The lone IOL that uses refraction for multifocal imaging is the AMO 

ReZoom, the zonal refractive lens.  Simulation with polychromatic DTF preceded by the 

monochromatic DTF is shown in Figure 4.19.  With a purely refractive design, both 

bands appear to have broadened due to dispersion.   
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(a) 

(b) 

Figure 4.19: (a) Monochromatic DTF (b) Polychromatic DTF for zonal refractive design. 

 

Test results support the DTF results.  Both the distance and near object vergences 

are broadened to increase the depth of field.  With this design, the near portions of the 

through-focus MTF curves show noticeable separation between the two monochromatic 

peaks, unlike the diffractive designs. 
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Figure 4.20: Polychromatic through-focus MTF for zonal refractive at 6mm pupil. 

 

Comparison of through-focus MTF for 500nm and 676nm wavelenghts for an 

apodized diffractive IOL, shown in Figure 4.21, and a zonal refractive multifocal IOL, 

shown in Figure 4.22, show disparity between the two multifocal designs.  At the zero 

vergence condition, both designs show the peaks of two wavelengths separated by about 

1.75 diopters.  At the near object vergence condition, the apodized diffractive IOL shows 

the peaks separated by about 0.75 diopters while the zonal refractive IOL has separation 

of 1.75 diopters again.  The diffractive IOL results in reduced total LCA because of the 

negative chromatic dispersion of diffractive elements.  However, when the reduced LCA 

is weighted by the photopic response of the human eye, the polychromatic MTF at the 
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near vergence appears close to achromatized.  The diffractive IOL displays identical LCA 

for the distance vision because distant vision portion of light is not diffracted and 

therefore dispersion is purely from the refraction of light.   

 

 

Figure 4.21: Through-focus MTF for ReSTOR IOL @ 500nm and 676nm wavelengths. 
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Figure 4.22: Through-focus MTF for ReZoom IOL @ 500nm and 676nm wavelengths. 

 

4.6 Chapter Summary 

 In this Chapter, I have presented the MTF test results for various IOL designs 

including spherical IOLs, aspherical IOLs, and various multifocal IOLs.  The test results 

are compared to results from simulation to validate the work.  Aspheric IOLs are shown 

to correct the corneal spherical aberration to produce superior images.  With through-

focus MTF tests, the pupil dependencies of the multifocal designs are shown.  Results 

from polychromatic simulation and tests revealed a difference in diffractive and 

refractive multifocal IOL designs in the near vision performance due to negative 

dispersion of the diffractive optical element. 
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Chapter 5 

 
STRAY LIGHT EFFECTS OF MULTIFOCAL IOLS 

 
 
5.1 Introduction 

 One of the chief complaints about multifocal IOLs is the inherent stray light 

artifacts present with the image.  Although the effects on the visual system are very 

subjective, the potential for glare and halo cannot be avoided.  This chapter will present 

three different methods used to compare stray light effects of the four multifocal IOL 

designs shown in Chapter 3.  The first two tests captured images of two different targets 

through the model eye using the Badal setup.  The first target was an eye chart and the 

second was an off-axis pinhole.  Both targets provided bright objects on a dark 

background and the targets were rear-illuminated through a diffuser to provide uniform 

illumination of each target.  The final test was capturing night-driving scene photographs 

with the model eye.  A relay system connected the model eye and a portable digital SLR 

camera to make photography with the model eye possible.  The purpose of these tests was 

to objectively compare the stray light artifacts falling on the retina.  By understanding the 

distribution of artifacts, their sources can be tracked and potentially accounted for in 

future lens designs.  To help quantify the stray light effects, the results obtained from the 

three tests are compared to a simulated model created in non-sequential mode of Zemax 

and analysis of different multifocal designs in suppressing off-axis stray light will be 

presented. 
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5.2 ETDRS chart imaging 

ETDRS stands for Early Treatment Diabetic Retinopathy Study.  The ETDRS 

acuity test was designed to eliminate inaccuracies in the Snellen acuity test.  The type of 

letters used and inconsistent line/letter spacing make statistical evaluation of visual 

performance using the Snellen eye chart difficult.  The ETDRS eye chart was designed to 

overcome these limitations and follows specific design criteria for accurate standardized 

testing.[34]  They are  

 

 Equal number of letters per line 

 Equal spacing of rows on a log scale 

 Equal spacing of the letters on a log scale 

 Individual lines balanced for difficulty 

 

A chrome-on-glass version of an ETDRS letter chart (Applied Image, Rochester, NY) 

was used and replaced the slit as the object on a Badal setup.  The contrast of the letter 

chart contrast is inverted meaning the letters are illuminated and the background is 

opaque.  Figure 5.1 shows the image of the ETDRS eye chart and its negative used in this 

study. 

 

Figure 5.1: Image of ETDRS eye chart and a negative of ETDRS eye chart. 
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Figure 5.2: Schematic of the layout for target imaging. 

 

Because the ETDRS chart was printed on a one-inch wide glass plate, the Badal lens 

needed to be replaced allowing the chart to be imaged using the model eye.  To match the 

1-inch field of view of the object a doublet (Edmund Optics; 32-925) is used as the Badal 

lens.  Layout of the system is shown in Figure 5.2.  Figure 5.3 shows the system designed 

in Zemax. 

 

ETDRS Target Badal Lens Model Eye 

Figure 5.3: Schematic of the target imaging system setup. 
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Through focus images were taken with the multifocal lenses and the images are 

compared.  Figure 5.4 shows the results of the letter chart comparison for the four 

multifocal IOLs with a 6-mm pupil.  The target is set for distance vision.  Each of the 

IOLs shows some degree halo due to the simultaneous vision contribution from the near 

vision portion of the respective lenses.   

 

 

Figure 5.4: ETDRS eye chart images at 6mm pupil. 
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The halo is most severe from the ReZoom lens and becomes decreasingly 

noticeable for the Tecnis multifocal, Acri.LISA and ReSTOR Aspheric, respectively.    

The halos in general maintain the high frequency edges of the letters, but reduce contrast.  

Recall the ReZoom lens is a zonal refractive lens composed of several alternating 

concentric regions of distance and near refractive power.  The width of each annular 

region serves to extend the depth of focus of the region.  Consequently, the ETDRS 

image from this lens gives an in-focus version of each letter from the distance annuli with 

a blurry, but still distinguishable due to the extended depth of focus, letter superimposed 

on top of it.  The three other lenses are variations on diffractive lenses.  The Tecnis is a 

full-aperture diffractive lens, meaning the diffractive steps cover the entire aperture of the 

lens.  The step heights of the diffractive zones for the Tecnis represent a π  phase shift 

resulting in an equal split in the energy sent to the distance and near foci.  Since the 

diffractive lens uses the full aperture of the IOL, the depth of focus of a given focus is 

limited.  Consequently, the image of the eye chart with this lens consists of an in-focus 

letter from the distance portion of the lens and a completely blurred halo consisting of the 

energy that was devoted to the near power portion of the lens.  The structure of the out-

of-focus letter is completely eliminated due to the limited depth of focus resulting from 

the large aperture.  The Acir.LISA lens is similar to the Tecnis in being a full-aperture 

diffractive lens, but the step height is adjusted to divert approximately two-thirds of the 

energy into the distance portion of the lens and one-third into the near portion of the lens.  

The ETDRS chart image with this lens is similar to the Tecnis, but the halo from the 

Acri.LISA is suppressed relative to the Tecnis due to the distance power bias.  Finally, 
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the ReSTOR lens is an apodized diffractive lens, meaning the central 3mm is diffractive 

splitting energy between distance and near powers.  The outer annular portion of the lens 

is purely refractive and devoted to distance power.  The ETDRS image for this lens 

subsequently has a further suppression of the halo with respect to the Tecnis and 

Acri.LISA lenses due to the increased distance power bias for large apertures. 

Figure 5.5 shows a through-focus images at 0, 1, 2, 3, and 4 diopters of defocus 

using the zonfal refractive ReZoom design on the left column and the apodized 

diffractive ReSTOR design on the right.  These images of the ETDRS target were taken 

with a 6mm pupil to simulate dark conditions.  Due to the distance vision bias of the 

apodized diffractive lens at large pupil size, the ReSTOR images show reduced halo at 

0D of defocus but reduced contrast for near object at 4D of defocus.  The zonal refractive 

images on the left show better contrast for near vision image at the cost of more halo at 

the distance vision image. 
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4D

Figure 5.5: ETDRS chart images for ReZoom(left) and ReSTOR(right) at 6mm pupil. 
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5.3 Off-axis pinhole imaging 

Stray light effects may be more than just inconvenient; they could even be 

hazardous in night driving conditions.  Peripheral vision is used in driving to help detect 

road signs, hazards, or other information related to safety.  With stray light, or glare from 

other light sources, peripheral vision is diminished.  Therefore stray light effects should 

be a factor to be considered when IOLs are being compared.  To simulate oncoming car 

headlights at night, a pinhole with a diameter of 50 µm (Edmund Optics, Barrington, NJ) 

was used as a target and the model eye and the CCD were tilted at an angle of 18 degrees 

to create an off-axis point source.  The basic Badal lens setup is used again for this 

experiment.  Figure 5.6 shows the layout modeled in Zemax.  Only the marginal ray and 

chief ray are shown in the layout. 

 

Badal Lens 

Model Eye 

Figure 5.6: Layout of the system for off-axis pinhole imaging. 
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For the off-axis pinhole images, the pupil plate was removed and the IOL’s 

aperture was set to be the stop of the system.  In Figure 5.7 the images and their negatives, 

for better visual recognition, are shown.  The ReZoom IOL, which is the zonal refractive 

design, shows an image that is most affected by stray light while the ReSTOR Aspheric, 

an apodized diffractive IOL, shows the least amount of spurious light.  Although the 

model eye was not designed for use at this angle, the off-axis images do show some 

interesting features such as the vertical pattern present in the ReSTOR image and the 

varying degrees of stray light artifacts.  However, it should be emphasized that images 

shown in Figure 5.7 do not represent actual images seen on the retina due to limitations 

of using an on-axis model eye for off-axis imaging. 

 

Figure 5.7: Off-axis pinhole images and their negatives. 
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5.4 Portable camera system 

Nighttime vision is more susceptible to stray light and glare.  To compare IOLs 

on a typical night driving scene, the model eye was attached to a commercial digital SLR 

camera (Nikon D70) and photographs are taken.  A relay system is designed to transfer 

the image formed by the model eye to the camera CCD.  Layout of the optical system 

modeled in Zemax is shown below.  The camera lens is approximated with a paraxial lens.  

A custom doublet is designed to be used as a field lens and a doublet, PAC070, from 

Newport Corporation (Irvine, CA) is used as a relay lens. 

 

Intermediate 
Image Final Image 

Model Eye Camera Lens Model 

Relay System 

Figure 5.8: Portable camera system layout shown in Zemax. 
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Figure 5.9: Assembled system. 

 

The night driving simulation scene consists of car headlights, a street light, a red 

traffic light, and a road sign.  The camera system is mounted on a tripod for stability and 

a stationary target is used with identical camera settings for each of the photographs.  The 

nighttime photographs using a model eye with multifocal IOLs are shown in Figure 5.10.  

For all photographs, the aperture of the IOL is the limiting aperture of the model eye in 

order to represent the pupil size under dark conditions and to move the system stop back 

to the IOL plane.  Again, images shown in Figures 5.10 and 5.11 are not representative of 

actual images seen on the retina due to limitations of the on-axis model eye as well as the 

linear response of the detector as opposed to logarithmic response found in human visual 

system. 
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ReSTOR ReZoom 

Tecnis MF Acri.LISA 

Figure 5.10: Night driving scene images. 

 

To observe the stray light artifacts in more detail, a zoomed in image of the upper left-

hand corner of each is shown in Figure 5.11. 
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ReSTOR ReZoom 

Acri.LISA Tecnis MF 

Figure 5.11: Night driving scene images. 

 

Inspections of these images show that the ReSTOR IOL exhibits less stray light 

artifacts than the AMO ReZoom and Tecnis ZM900. The stray light artifacts associated 

with the diffractive lenses tend to be arcs about light sources.  With the zonal refractive 

lens, the stray light appears as a continuous flare.  The continuity of the flare is likely due 

to the continuous change in power that must occur with zonal refractive lenses in the 

transition regions between refractive zones.  Diffractive lenses on the other hand have 

discrete foci leading to a more separated out-of-focus artifact. 
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5.5 Stray Light Analysis 

 The off-axis images using the test model eye showed differences between the 

tested multifocal IOLs.  Although the IOLs are tested under equivalent conditions, the 

model eye is designed primarily for on-axis imaging and consequently, the exact patterns 

formed by the spurious light in test images should not be accepted as an image seen by a 

pseudophakic eye.  The limitation of the model eye leads to a simulation of off-axis 

effects using a non-sequential ray trace package.  Non-sequential mode in Zemax is used 

to study and compare stray light effects caused by multifocal IOLs in the human eye.  An 

Escudero-Sanz & Navarro eye model, designed to match the human eye in off-axis vision 

is selected for the study.[35]  The wide-angle schematic eye model is in better agreement 

with the average experimental data for moderate off-axis angles, 10~40 degrees, than on-

axis.  Table 5.1 shows basic parameters defined for the eye model and Figure 5.12 shows 

the layout modeled in Zemax of the eye model in 2D and 3D. 

 

Figure 5.12: Escudero eye model shown in Zemax. 
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Table 5.1: Parameters of Escudero-Sanz & Navarro eye model. 

 

 After the eye model, the multifocal IOLs are modeled.  With only a minimal 

amount of information about the lenses known, approximate models are designed to 

function as the testing IOLs within the eye model.  One of the multifocal IOLs is the 

zonal refractive IOL.  A series of objects of type Annular Aspheric Lens in non-

sequential Zemax mode are used to represent the zonal refractive IOL.  Figure 5.13 has a 

schematic of the model.  The lens is divided into five regions of alternating power for 

distance and near vision.  Only one of the two sides has the zonal refractive feature and 

the other side of the lens is left to have a single power.  Specific values for the radii of 

curvature and thickness are taken from Alcon’s spherical IOLs of power 20D for far 

vision and of 24D for near vision zone.  In the diagram, the red zones represent distance 

vision zones and the blue regions represent zones corrected for near vision.  While the 

actual zonal refractive IOL has intermediate distance correction to smooth out the 

transitions between the distance and near zones, this model in Zemax is limited to only 

include the far and near imaging zones without smooth transitions. 
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r5 = 3-mm

r4 = 2.35-mm

r2 = 1.7-mm
r3 = 1.95-mm

r1 = 1.05-mm

 

Figure 5.13: Schematic of the zonal refractive model. 

 

 The other type of a multifocal IOL is the diffractive IOL.  Not having access to 

design parameters of the diffractive lenses, I modeled a lens in Zemax and used a Binary 

2 surface to force it to approximate the diffractive lens.  A surface type of Binary 2 adds 

phase to the ray following Equation (5.1),[36] 

∑
=

=Φ
N

i

i
iAM

1

2ρ  ,  (5.1) 

where M is the diffraction order, N is the number of polynomial coefficients in the 

expansion, Ai is the coefficient on the 2ith power of ρ ,  which is the normalized radial 

coordinate.  So this Binary 2 surface represents a radially symmetric diffractive optical 

element.  Figure 5.14 shows a physical diffractive optical element modeled by a Binary 2 

surface in Zemax.[37]  It shows a period varying as a function of radial distance. 
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Figure 5.14: Diffractive optical element modeled by Binary 2 surface. 

 

 Only one of the two sides is selected to be a Binary 2 surface while the other is 

purely refractive as is the case with real diffractive IOLs.  The challenge is defining the 

coefficients for the Binary 2 surface as they must be specified to have the surface 

function as a diffractive element.  The following steps are followed to characterize the 

diffractive surface. 

 

 Using information on Alcon’s 20D and 24D IOLs, the two respective image planes 

are located and set as two configurations.  The 20D corresponds to the base power 

of the multifocal IOL and the +4D of add power is needed for near vision. 
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 Remove the IOL in the setup.  Leave the rear surface as a spherical surface and 

modify the front surface to Binary 2 type.  Add the diffraction order information in 

the multi-configuration editor.  Zero diffraction order is matched with image 

distance for a 20D IOL and the first diffracted order is in the same configuration 

with the 24D IOL image plane. 

 Vary the phase coefficients for ρ 2 and ρ 4 terms for the Binary 2 surface. 

 Optimize the system over both configurations using the image distances as the 

merit function in addition to the default merit function. 

 

Using the method outline above, two models of full-aperture diffractive lenses are 

created.  The Binary 2A object is used in the non-sequential mode which uses the same 

Binary 2 surface with an option to add asphericity to the surfaces.  The full-aperture 

diffractive model has coefficients of A1 = -286.088867 radians, and A2 = 9.541908 

radians with a spherical refractive surface.  In the non-sequential mode of Zemax, the 

diffracted orders along with the diffraction efficiencies are defined to trace multiple 

orders in a single configuration.   

Modeling the apodized diffractive IOL involved combining a binary-2A object for 

the region of r <= 1.5-mm with an annular aspheric lens object for the region of 1.5-mm 

< r <= 3-mm.  Considering the smaller aperture size of the diffractive zone in this 

multifocal model, the Binary 2 surface coefficients are found again.  A1 = -55.231303 

radians and A2 = 0.403080 radians are used.  The rear surface of the apodized diffractive 

model is made to be aspheric just as the ReSTOR IOL has an aspheric surface.  Although 
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the model has a discrete boundary between the diffractive and refractive zones, the actual 

IOL has the steps of the diffractive zone gradually fade out to a purely refractive 

periphery.   

 Replacing the natural crystalline lens with an IOL presents a question about the 

placement of the IOL as the crystalline lens is 4mm thick while a typical IOL has a 

thickness less than 1-mm.  In the simulations, the IOLs were placed within 1-mm behind 

the iris of the eye.  To confirm the simultaneous multi-imaging nature of the different 

multifocal IOL designs modeled in Zemax, an on-axis beam of light, at the design 

wavelength of 555nm, is used to form a point image on the retina.  A number of detectors 

are setup on axis near the retina to view through-focus images for the zonal refractive 

design shown in Figure 5.14.  Figures 5.15 and 5.16 show on-axis images for full 

aperture diffractive and apodized diffractive designs, respectively.  The on-axis images 

are labeled to show pattern in a plane on optic axis at (a) 0mm, (b) 0.25mm, (c) 0.5mm, 

(d) 1mm, and (e) 2mm away from the retina. 

(a) (b)  (c) 

(d) (e)  
Figure 5.15: On-axis through-focus images for zonal refractive design. 
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(a) (b) (c) 

(d) (e)  
Figure 5.16: On-axis through-focus images for full-aperture diffractive design. 

 

(a) (b) (c)  

(d) (e)     
Figure 5.17: On-axis through-focus images for apodized diffractive design. 
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All of the multifocal IOL models function properly as multifocal lenses.  All of the IOLs 

showed the primary (distance) image in diagram (a) and the secondary (near) image in 

diagram (d). 

  

5.5.1 Stray Light Analysis - Off-axis Imaging Simulations 

To study off-axis imaging using the multifocal IOLs, the light source is tilted 

about the eye at an angle of 18 degrees, which is a typical angle for oncoming car 

headlights.  Multifocal IOL models optimized for on-axis imaging are used without 

further optimization for off-axis imaging However, at this angle, with the light overfilling 

the iris of the eye with a diameter of 3.5-mm, the edge of the IOL became visible for the 

incoming beam.  This causes diffraction off the edge of the IOL shown in Figure 5.17.  

The diffraction effects off the edge of the IOLs were present regardless of the design of 

the lens.  For lenses with smaller aperture sizes, for example a Crystalen of 4.5-mm 

diameter, the spurious effects on the retinal image from the diffraction off the IOL edge 

should be inferior compared to 6-mm diameter IOLs for off-axis imaging. 

 

Figure 5.18: An eye model with an incoming beam at 18 degrees. 
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The following figures show simulated image at the retina at log scale for (a) a zonal 

refractive IOL and (b) a diffractive IOL. 

(a) 

(b) 

Figure 5.19: Pattern formed on the retina with an 18 degree beam. 

 

Since the diffraction at the edge of the IOL depends on the aperture size of the 

IOL, placement of the IOL within the eye, and the pupil size of the eye rather than the 

design characteristics, the settings are adjusted to avoid the edge effects to isolate and 
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compare stray light effects arising from differences in the design philosophy.  

Specifically, the semi-diameter of the incoming beam was reduced to 3-mm.  Though-

focus images from simulation are obtained to study changes of spot patterns along the 

optic axis.  Unless otherwise stated, 2 million rays were traced for the off-axis imaging 

studies. 

After the adjustments, the zonal refractive system is traced with multiple detectors 

setup along the path of the light and perpendicular to the path as shown in Figure 5.19.  

 

Figure 5.20: Off-axis imaging with multiple detectors along optic axis. 

 

5.5.2 Stray Light Analysis - Zonal Refractive Off-axis Simulations  

Results for the zonal refractive IOL are shown.  Figure 5.20 has pattern on the 

retina and a zoomed in view of the off-axis spot.  The spot patterns show noticeable 

amount of spurious light around and well below the image.  However, limitations in 

alignment of different annular zones may have contributed to the effects.  All detector 
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irradiances for the zonal refractive IOL are shown at a log scale with a maximum value of 

1.0E+3 watts/cm2. 

    

Figure 5.21: Spot pattern on the retina for zonal refractive design. 

 

The through-focus images for off-axis zonal refractive IOL, on a 2mm detector, 

are shown in diagram 5.21.  The leftmost image,(a), is almost in contact with the retina 

and the distance from the retina increases to the right.  The rightmost image is 2mm 

inward from the retina.  All images for the zonal refractive design show a bright spot 

surrounded by a less intense halo.   

(a) (b) (c) (d) 
Retinal plane 2mm away from retina, 

toward the IOL plane  

Figure 5.22: Through-focus spot patterns for zonal refractive. 
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 The presence of the halo in all of the through-focus images was the outstanding 

feature of the zonal refractive design.  To determine a possible cause of the halos, the 

near vision zones of the IOL model were blocked out to only leave the far vision regions 

open.  Then the distance zones were blocked out leaving only the near zones open.  That 

way, the patterns on the detector can be traced only to a single power of a multifocal lens.  

The alternating zones were blocked out by changing the medium of the particular zones 

to an absorbing medium.  The through-focus image for the case of blocking the near 

vision zones, and the case of blocking far vision zones are shown in Figure 5.22.  For 

these sets of images only, fewer rays are traced but the spot patterns are still conserved. 

(a)     

(b)     
Retinal plane 2mm away from retina, 

toward the IOL plane  

Figure 5.23: Through-focus spot patterns of “monofocal” zonal refractive with (a) 
distance-only in upper row and (b) near-only in the bottom row. 

 

Although the halo is less pronounced for the distance vision only case, it is still 

present in the images, suggesting that the halos are not a direct product of the multifocal 
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nature of the lens.  Next, only one of the five zones was left open while the other four 

were blocked out.  From this study, it is found that only the central zone produced a solid 

spot pattern without any halo structures throughout the whole range of the through-focus 

images.  All other four annular regions produced some level of halo pattern in at least one 

of the detector locations.  For the zonal refractive design, the annular lenses, in addition 

to the multifocal nature, contribute to stray light artifacts for off-axis imaging. 

 

5.5.3 Stray Light Analysis – Full-aperture Diffractive Off-axis Simulations 

 The full-aperture diffractive design, with the diffraction efficiencies divided 

according to Table 5.2, is inserted into the eye model.   

Diffraction Order Diffraction Efficiency 

0 0.5 

1 0.5 

Table 5.2: Diffraction order and efficiency specifications for Tecnis model. 

 

The spot pattern at the retina shows reduced stray light artifacts around the image than 

the zonal refractive model.  All detector irradiances are at log scale with a maximum 

value of 1.0E+4 watts/cm2. 
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Figure 5.24: Spot pattern on the retina. 

 

A cross-figured pattern has been traced in one of the images that is similar to the off-axis 

pinhole image captured with the Alcon’s aspheric apodized diffractive IOL.  

    
Retinal plane 2mm away from retina, 

toward the IOL plane 
 

Figure 5.25: Through-focus spot patterns. 

 

5.5.4 Stray Light Analysis – Apodized Diffractive Off-axis Simulations 

 Values presented in Table 5.2 for diffraction orders and efficiencies are used also 

for the apodized diffractive model.  The apodized diffractive IOL shows some spurious 

light artifacts around the image.  From the through-focus images, a vertical feature that 
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shows up in the full-aperture diffractive IOL image as well as in the off-axis pinhole 

image with the ReSTOR IOL is present.  All detector irradiances are at log scale with a 

maximum value of 1.0E+4 watts/cm2. 

 

Figure 5.26: Spot pattern on the retina. 

 

    

Retinal plane 2mm away from retina, 
toward the IOL plane 

 

Figure 5.27: Through-focus spot patterns. 

 

 Both the full-aperture diffractive and the apodized diffractive IOL designs show 

some level of astigmatism evidenced by distinct vertical and horizontal features.  Both 

designs also do not show any lateral separation of the two diffracted orders.  For further 
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investigation, two dominant orders are separately traced and the resulting through-focus 

irradiance patterns are shown in Figures 5.27 and 5.28.   As established earlier, the 

leftmost image is closest to the retina and the distance from the retina increases to the 

right.  Number of rays traced is reduced for this part of the study and for easier visual 

recognition, the off-axis beam angle is increased to 30 degrees. 

    
Retinal plane 2mm away from retina, 

toward the IOL plane  

Figure 5.28: Through-focus spot patterns for zero diffracted order. 

    

Retinal plane  2mm away from retina, 
toward the IOL plane 

Figure 5.29: Through-focus spot patterns for first diffracted order. 

 

 The results from the two diffracted orders show that the zero order focuses in the 

horizontal direction, in the detector’s coordinate system as shown, at the retina and in the 

vertical direction away from the retina and closer to the lens.  The same is true for the 
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first diffracted order except that the pattern has shifted closer to the lens and occurs for 

the near vision portion of the light. 

 Analysis of a Fresnel Zone Plate explains the pattern seen with the diffractive 

IOLs.  Fresnel zone plate utilizes diffraction of light to focus light and exhibit lens-like 

properties.[41]  A simple binary amplitude zone plate is shown in Figure 5.29. 

 

Figure 5.30: Schematic of a Fresnel zone plate. 

 

Primary focal length for a zone plate can be calculated using the following equation. 

λ
ρ 2

1=f , (5.2) 

where 1ρ  is the radius of the first zone.  Since the diffractive IOL only uses the first 

diffracted order, only the primary focal length of the zone plate is needed.  The primary 

focal length of a zone plate depends on the geometry of the setup.  And for the off-axis 

imaging case, the projected zone plate geometry is used to calculate the focal length.  

Figure 5.30 shows a diagram of a projected zone plate at an arbitrary angle. 
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5.31: Projected area Fresnel zone plate. 

 

As the figure shows, in the direction of the tilt, the zone plate appears compressed 

and 1ρ  has an effective radius that is shorter by a factor of cosθ .  Consequently, the 

primary focal length in the direction of the tilt is shorter while the other axis suffers no 

change.  The zone plate now induces astigmatism.[42]  The astigmatism explains the 

through-focus irradiance patterns and the vertical feature present on an off-axis pinhole 

image with the Alcon’s ReSTOR IOL.  Besides the astigmatism, the diffractive elements 

do not appear to cause stray light artifacts.  The annular lens portion of the apodized 

diffractive IOL does produce halo effects seen with the zonal refractive IOL design.  

However, relatively large single annular zone reduces the ring feature and does not 

adversely affect the image on the retina. 
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5.6 Chapter Summary 

 Although the dynamic nature of the human eye does suppress effects of spurious 

light in some cases, the simultaneous imaging multifocal IOLs produce more stray light 

than the natural crystalline lens or the monofocal IOLs.  To compare stray light effects of 

various multifocal IOLs, several tests are conducted including on-axis imaging and off-

axis imaging.  Especially for the off-axis imaging, a non-sequential ray trace model is 

developed to simulate stray light effects of the testing IOLs.  From the tests and 

simulations, the diffractive multifocal IOL designs are superior to the zonal refractive in 

terms of reducing stray light and the two designs with distance-favored performance 

outperformed other designs. 
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Chapter 6 

CONCLUSIONS 

 

6.1 Summary  

IOLs have become a valuable option for cataract patients to regain functional 

vision.  Although current IOLs do not duplicate full function of the natural crystalline 

lens of the human eye, great strides have been made in the IOL designs to close the gap 

between the natural lens and the artificial implant.  The IOL test methods, however, have 

been outpaced by advances in the IOL designs. 

For this project, the ISO standard method for the MTF measurement of IOLs is 

expanded to test aspheric IOLs and multifocal IOLs as well as the conventional spherical 

IOLs.  Instead of the single narrow band wavelength testing proposed by the ISO, 

multiple wavelengths weighted by the photopic response of the human eye are used to 

measure the polychromatic MTF.  The MTF test system also utilizes a Badal lens setup to 

easily simulate various object distances for through-focus MTF testing which allows a 

comparison of the depth of field property of multifocal IOLs.  For this study, a new 

model eye was developed that imitates an average human eye in vergence, spherical 

aberration, and dispersion.  A pupil plate to represent small and large pupil sizes is also 

incorporated to test some of the advanced IOLs that have pupil size dependent 

performance.  The results of MTF testing show that aspheric IOLs successfully reduce 

the total ocular aberrations by compensating for the positive corneal spherical aberration.  
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Through-focus MTF measurements of multifocal IOLs show two peaks where the MTF 

value rises indicating essentially the bifocal nature of the lenses.  The through-focus MTF 

test at small and large pupil sizes revealed pupil dependency of optical performance of 

the multifocal IOLs.  The zonal refractive design displays distance vision dominant 

performance at small pupil size while the apodized diffractive design show distance 

biased performance at large pupil size.  The full-aperture diffractive IOLs are 

independent of the size of the pupil in terms of its ratio of far and near object 

performance. 

The DTF analysis is presented and is used to predict the depth of field property of 

various multifocal designs.  The test results for multifocal IOLs are comparable to the 

DTF results.  The DTF also showed two dominant peaks corresponding to distance vision 

and near vision just like the through-focus MTF plot displayed.  The DTF analysis was 

extended to polychromatic setting and consequential changes are observed.  Under the 

polychromatic setting, the distance portion of the DTF plot is broadened, indicating 

increased depth of field.  Due to a difference in the design wavelength and eye’s white 

light best focus wavelength, a slight defocus is seen indicated by a small tilt of the 

distance band.  For the near vision band of the DTF plot, the diffractive IOLs are 

noticeably less susceptible to the effects of polychromatic illumination.  Also, various 

multifocal ophthalmic lenses found in the US patents are studied using the DTF analysis.  

The DTF served as a great tool for a quick simulation and comparison of the multifocal 

designs. 
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As a last study of this research project, stray light effects of the multifocal IOLs 

are compared.  Results from different tests were used to compare the effectiveness of the 

multifocal IOLs to suppress spurious light.  A model is created in Zemax to conduct non-

sequential traces to simulate off-axis imaging using the multifocal IOLs.  Unique stray 

light features associated with each of the multifocal design philosophies are reported. 

 

6.2 Limitations and Improvements 

 The new design of the model eye and an MTF test setup, tailored for testing of 

recent IOLs with advanced designs, have produced results that allow a simple 

comparison of different IOLs.  However, the system does have some limitations that can 

be addressed for more in-depth studies of IOLs. 

 The model eye proposed and used in this study is designed for on-axis imaging.  

The limitation to on-axis imaging is still a good indicator of the IOL’s performance in the 

human eye because the movement of the eye and turning of the head keeps the object 

around the optic axis.  The current model eye, however, is not suitable for off-axis 

imaging for stray light analysis.  A model eye that resembles the real eye in shape, with a 

meniscus lens for the cornea attached to a circular housing for the IOL, is needed for 

more in depth study of off-axis imaging with IOL implants.  Another modification worth 

consideration is the implementation of a translatable IOL holder that would allow 

movement of the IOL in and out of its plane along the optic axis.  Such a mechanism 

would make possible a through focus testing of accommodating IOLs that utilize shift in 

position to change the power of the eye.   
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 An improvement from the testing procedures can be made for the method of 

locating the best image plane.  For this research project, I manually found the best image 

plane by observing the image formed on the CCD.  This method is time consuming and 

laborious because at least three positions around the best observed image plane are used 

to compare and determine the best-MTF image plane.  The system would be more 

objective if the image plane locating method was automated.   

Improved modeling of multifocal IOLs is another area in need of improvement.  

Only the apodized diffractive IOL is modeled accurately for the DTF analysis while the 

other two multifocal designs can only be approximated.  In the stray light analysis using a 

non-sequential ray trace, all three designs are approximately modeled using the tools 

available in Zemax.  Therefore, while the results do show major differences between the 

designs, accurate simulation is still limited by the accuracy of the model of the multifocal 

IOLs.  If surface profiles of the multifocal IOLs are measured, and this is a challenge 

especially for diffractive lenses due to their small feature sizes, the impact on the analysis 

of multifocal IOLs will be great. 
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Appendix A 
 

DESIGNS OF MODEL CORNEA 
 
 

A.1 Arizona Eye Model 
 

During the course of this project, several different model cornea designs were 

requested by Alcon Laboratories.  As explained in Chapter 2 of this dissertation, a target 

value of 0.27um of Zernike coefficient for the spherical aberration term is used.  To 

satisfy the LCA condition, the Arizona eye model[2] is used as a target model on the 

Badal layout described in Chapter 2.  Figure A.2 shows a plot of LCA given by the 

Arizona eye model along with the values given by Atchison & Smith.[20]  Figure A.3 

shows the Badal layout utilized to quantify LCA of the eye model in diopters. 

 

 

Figure A.1: Arizona Eye Model layout shown using Zemax. 
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Figure A.2: LCA of human eye comparison. 

Figure A.3: Badal system used for determination of the LCA of the cornea. 

Image Plane Badal Lens 
Arizona Eye Model 

 

A.2 Off-the-shelf Model Cornea 

 As the first generation of the model corneas designed for IOL studies, this 

particular model cornea consisted of off-the-shelf singlets.  A pair of plano-convex 

singlets from Edmund Optics (45436) was used to create required vergence and to mimic 

human eye’s LCA.  Figure A.4 has the lens parameters. 
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Figure A.4: Lens parameters. 

 

Figure A.5: Model cornea layout. 

 

 The LCA of the model eye consisting of this model cornea is plotted and 

compared against the model given by Atchison & Smith.  Figure A.6 displays the plot 

which was also shown in Chapter 2. 
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Figure A.6: LCA of model eye. 
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This model however, was not designed to imitate spherical aberration of the human 

cornea. 

 

A.3 Achromatic cornea 

An achromatic cornea was designed that also complies with the vergence and the 

amount of spherical aberration.  Zernike coefficient of 0.2537um at 5-mm pupil is 

calculated in Zemax.  LCA of the model cornea is plotted and shown in Figure A.15. 

 

Figure A.7: Lens data for achromatic model cornea. 

 

Figure A.8: Lens layout. 
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A.4 One-third LCA Cornea 

 The next model cornea was designed to have 1/3 of the LCA of human cornea.  

Lens data are shown in Figure A.9. 

 

Figure A.9: Lens data. 

 

 

Figure A.10: Lens layout. 

 

This model cornea has 0.2644um of spherical Zernike term.  LCA plot is included in 

Figure A.15. 
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A.5 Two-thirds LCA cornea 

This model cornea is design to have 2/3 of the human corneal LCA.  Spherical 

aberration defined by coefficient of Zernike polynomials is 0.241um. 

 

Figure A.11: Lens data. 

 

Figure A.12: Lens layout. 

 

A.6 Full-LCA cornea 

 Finally, a model cornea that mimics the human cornea in vergence, spherical 

aberration, and LCA is designed.  Lens data and layout are included. The spherical 

aberration is specified with coefficient of the Zernike term being 0.2635um. 
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Figure A.13: Lens data. 

 

Figure A.14: Lens layout. 

 

 The LCA of the doublets introduced in sections A.3 through A.6 values are 

plotted in Figure A.15.  The LCA plot for Arizona eye model’s cornea is also included 

for comparison.  In all plots for designed corneas, the reference wavelength was adjusted 

to match the reference wavelength of the Arizona Eye Model, which is different from the 

design wavelength of the IOLs. 
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Figure A.15: LCA plots.
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Appendix B 

CALCULATION OF IOL IMPLANT POWER 

 

The fixed power nature of the conventional IOLs requires the surgeons to be 

certain about the power of the IOL implant as well as the placement of the IOL within the 

eye.  However, determining the proper power of the IOL needed for a patient can be 

challenging as the power of the existing cataractous lens has to be estimated from the 

overall power of the eye and the shape of the cornea.  The SRK formula shown in 

Equation (B.1), which is based on multiple regression analysis of the variables associated 

with the eye and the implant, is used to estimate the IOL power [38-39] 

φIOL = A – 0.9 K –2.5 L (B.1) 

where φIOL is the power of the IOL in diopters, A is the A-constant of the lens, K is the 

corneal keratometry and L is the axial length of the eye.  The unit of diopters (1/meters) is 

used often in the field of ophthalmology to indicate optical power.  Keratometry is a 

measure of corneal power.  Keratometry is calculated measuring the radius of curvature 

Ra in mm of the anterior corneal surface.  A power is then calculated as  

( )
a

k

R
1n

1000K
−

= , (B.2) 

where nk is the keratometric index of refraction and K is in units of diopters.[19]  The 

keratometric index of refraction is an effective corneal index that attempts to incorporate 

the power associated with the posterior surface of cornea into the keratometry 
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measurement.  The nk is lower than the true refractive index of the cornea to account for 

the negative power induced by the posterior cornea. 

Traditionally, the axial length, L, of the eye is measured with A-scan 

ultrasonography.  Recently, Partial Coherence Interferometry has become a popular 

technique for measuring axial length.[40]  In this technique, a Michelson inteferometer is 

used to measure distances within the eye. 

The A-constant is a value provided by the IOL manufacturer that is most closely 

associated the position of the IOL within the eye.  There is variation in the positioning of 

the IOL behind the iris as the IOLs are about a quarter of the thickness of the natural 

lenses.  The positioning is dependent upon the shape of the implant and surgical 

technique.  The A-constant is empirically derived to account for these factors.  Surgeons 

will often customize the A-constants of lenses routinely implanted based on their specific 

outcomes. 
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Appendix C 
 

LIBRARY OF DTF ANALYSES OF MULTIFOCAL OPHTHALMIC LENSES 
 
 
 

The DFT is a tool that enables a quick comparison of the depth of field property 

of rotationally symmetric optical systems.  Some of the rotationally symmetric 

ophthalmic lens designs found in patent literature are analyzed with the DTF tool 

developed in this research project.  The purpose of this appendix is to serve as a library of 

the 2-D DTF analysis plots of various multifocal lens designs.  For each design, both 

monochromatic and polychromatic DTF are calculated for 6-mm and 3-mm pupil sizes.  

All monochromatic DTF calculations are made using the design wavelength of 555nm.  

For polychromatic DTF, steps outlined in Chapter 3 are followed.  When applicable, 

variations in one or more of the design parameters are introduced to compare the effects 

of a parameter on the performance of the multifocal lens.  As was done in Chapter 3 of 

this dissertation, radial phase profile plots are included for purely refractive multifocal 

designs and radial add power plots are included for any designs utilizing diffractive 

element to create multifocal effects.  Most multifocal IOLs have a base power of 20D and 

an add power of 3.5D~4D.  In all of the DTF plots, the values are calculated up to a 

spatial frequency of 200 cycles/mm.  Although the MTF tests only included up to 100 

cycles/mm, the cutoff spatial frequency for the DTF plots are extended in an attempt to 

make differences between different designs more visible to the observer. 
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C.1 U.S. Patent # 3726587 

U.S. patent 3726587 describes one of the simplest multifocal designs in a zonal 

refractive bifocal contact lens.  The lens would comprise of two concentric zones as 

shown in Figure C.1 with either a distance vision correction region in the center or the 

near vision correction in the center.  The peripheral region is designed for the other power 

of the bifocal lens. 

 

Zone 1

Zone 2 R2 

R1 

Figure C.1: Schematic of a general bifocal design. 

 

I compared three different zone ratios, R2/R1, for near-vision-corrected central zone and 

three zone ratios for far-vision-corrected central zone.   

 

C.1.1 Case 1 – Zone 1 corrected for near-vision with R1 = 1-mm 

This is a bifocal lens design with the central zone having the add power for 

reading distance imaging.  The radial add power plot is shown in Figure C.2. 
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Figure C.2: Radial power distribution plot. 

 

The DTF plot for 6-mm pupil under a monochromatic condition is shown in Figure C.3 

(a) and a polychromatic condition is shown in Figure C.3 (b).  Broadening of both bands 

for polychromatic DTF can be found. 

(a)  (b) 

Figure C.3: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 

 

DTF plots in Figure C.4 show results for a 3-mm pupil.  While at 6-mm pupil, the 

performance is biased towards the distant object, the opposite is true at a small pupil size. 
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(a) (b) 

Figure C.4: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.1.2 Case 2 – Zone 1 corrected for near-vision with R1 = 1.5-mm 

 

Figure C.5: Radial power distribution plot. 

 

At a 6-mm pupil, simulating dark conditions, the performance is about evenly divided. 
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Figure C.6: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 

 

At a 3-mm pupil, the lens becomes near-vision dominant. 

   

Figure C.7: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 
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C.1.3 Case 3 – Zone 1 corrected for near-vision with R1 = 2-mm 

 

Figure C.8: Radial power distribution plot. 

 

DTF plots for 6-mm pupil are shown below. 

(a) (b) 

Figure C.9: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6mm pupil. 

 

In both pupil sizes, the lens is reading distance dominant, with transition to purely near-

vision correction at the 3-mm pupil.   
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Figure C.10: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.1.4 Case 4 – Zone 1 corrected for far-vision with R1 = 1-mm 

The next three cases represent opposites from the first three cases of the design 

under study.  The radial add power plot is shown below. 

 

Figure C.11: Radial power distribution plot. 

 

At large pupil, the design is near-vision biased. 
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(a) (b) 

Figure C.12: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 

 

Compared to the design shown in Case 1, small pupil DTF for the Case 4 design shows 

less flares meaning reduced out of focus images from other object distances. 

   

Figure C.13: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 
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C.1.5 Case 5 – Zone 1 corrected for far-vision with R1 = 1.5-mm 

 

Figure C.14: Radial power distribution plot. 

 

We again see approximately evenly divided performance between the two bands.  

Compared to the corresponding design with the reversed add power distribution in Case 2, 

the cutoff frequency is noticeably lower.  This feature is also evident in design Case 4 

compared to design Case 1.  The lower cutoff frequency is a result of having a smaller 

aperture for the distance correction zone.  The cutoff frequency is still above the 100 

cycles/mm standard for the human eye. 

(a) (b) 

Figure C.15: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 
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The DTF plots for 3-mm pupil are shown. 

   

Figure C.16: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.1.6 Case 6 – Zone 1 corrected for far-vision with R1 = 2-mm 

As the last case of the modified bifocal design, the R1 is extended to 2-mm. 

 

Figure C.17: Radial power distribution plot. 

 

The effect of lowering the cutoff frequency is lower in this case as the aperture size of the 

distance imaging zone is increased.  Also, the broadening of the near vergence band is 
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less pronounced compared to designs in Case 5 & 6, since the area of near imaging 

region is reduced relative to the distance imaging region. 

   

Figure C.18: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 

 

At a smaller pupil, the design is distance-vision dominant. 

   

Figure C.19: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.2 Reverse zonal refractive 

 The design with radial add power distribution shown in Figure C.20 is termed that 

way as it has a reversed power profile compared to the zonal refractive design introduced 

in Chapter 4.  The central zone is corrected for near-vision and the power alternates 

outward. 
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Figure C.20: Radial power distribution plot. 

 

The results for a 6mm pupil monochromatic DTF shows a similar splitting pattern seen 

with the zonal refractive design.  Both the distance and near bands in the DTF are 

smoothed and broadened under polychromatic light. 

(a) (b) 

Figure C.21: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 

 

Results for a small pupil size are shown in Figure C.22. 



 143

(a)  (b) 

Figure C.22: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.3 US patent 4995714 

This patent introduces a diffractive multifocal ophthalmic lens with a cosine 

profile.  The depth as a function of distance from center is given by Equation (C.1), 

( )[ ]22
0 cos5.05.0 brDd π+= , (C.1) 

where r is the radial distance from center of the lens and b is the radius of the first zone.  

Radius of the first zone can be calculated by rearranging Equation (5.2) to solve for the 

radius.  D0 in Equation (C.1) is defined to be 

( )mediumlens nnD −= /405.00 λ .  (C.2) 

The factor of 0.405 indicates about 40% of light in each of the 0th and 1st diffracted orders.  

The radial phase profile of this design is shown in Figure C.23. 
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Figure C.23: Radial power distribution plot. 

 

As can be seen from the DTF plots shown in Figure C.24, this design does not result in 

acceptable performance for the distance vision. 

(a)  (b) 

Figure C.24: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 
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Same pattern seen with the 6-mm pupil is again observed for a 3-mm pupil size. 

(a) (b) 

Figure C.25: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.4 Square diffraction grating 

 Another diffractive multifocal design utilizing a square grating structure is 

analyzed.  Radial phase profile is shown in Figure C.26.  The step height is given by  

aqlens nn
pHeight  Step
−
λ

= ,  (C.3) 

where p is the phase height.  The radial positions are given by  

λnfrn 2= ,    (C.4) 

where f is the 1st order focal length and n is the zone number. 
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Figure C.26: Radial Phase profile. 

 

With the square grating, the zero-order as well as the +/- 1st diffracted orders are visible. 

(a) (b) 

Figure C.27: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 

 

At smaller pupil, the general pattern remains the same but the DTF plot appears more 

disorderly. 
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(a) (b) 

Figure C.28: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.5 US Patent # 6709103 

 The design proposed in this patent is also called the “progressive” design.  This 

particular design shows a radial add power distribution that has smoother transition 

between the two zones.  The patent uses the following mathematical relationship, shown 

in Equation (C.5), to express add power as a function of radial position from center, 

( )( )n
c

peak xxa
AddxAdd 21

1)(
+

∗=  , (C.5) 

where a = 1.0, xc is the radial position of the transition, and n can be varied to modify the 

performance.  For the case of n = 10, the plot of radial add power profile is shown in 

Figure C.29. 
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Figure C.29: Radial power distribution plot. 

 

The DTF results for a 6-mm pupil are shown. 

(a) (b) 

Figure C.30: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 
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The DTF results for a 3-mm pupil are shown in Figure C.31. 

(a) (b) 

Figure C.31: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

From the DTF plots, it appears that the progressive design is distance vision biased at 

large pupil size and weighted more for near vision at a smaller pupil size.  When the 

value of n is changed to 20, the transition between the two zones becomes sharper as seen 

in Figure C.32. 

 

Figure C.32: Radial power distribution. 
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The DTF results for a 6-mm pupil are shown. 

(a) (b) 

Figure C.33: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 

 

The DTF results for a 3-mm pupil are shown. 

(a) (b) 

Figure C.34: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

With the sharper transition, the DTF plot for smaller pupil shows reduced effects from 

other object distances. 
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C.6 US Patent # 7025455 

 This patent describes a design that is similar to the progressive design introduced 

previously.  One difference is that this design incorporates a mask to suppress light from 

the transition zone.  For a visual explanation, Figure C.35 shows a pair of images 

showing a diagram of the pupil’s amplitude function on the left and the pupil’s phase 

function on the right.  Figure C.35(a) represents amplitude and phase functions for a 

progressive design, while Figure C.35(b) shows amplitude and phase functions for the 

new “masked” design.  In this particular design, the masked area has 90% opacity to 

suppress effects from the transition ring. 

 (a)     (b) 

Figure C.35: Amplitude(left) & phase(right) function for (a) “progressive” multifocal 
design, (b) “masked” progressive design. 

 
 
Just as the progressive design showed, the masked design also displays similar result of 

having a distance biased vision at a large pupil size. 

(a) (b) 

Figure C.36: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 
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The DTF for smaller pupil is showing less superiors effects but due to the location of the 

mask, the lens essentially images only the near objects. 

(a) (b) 

Figure C.37: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

C.7 Full-aperture Diffractive Design 

 Full-aperture diffractive design has been introduced already in this dissertation.  

The phase of the pupil function for this design can be expressed by Equation (3.13) which 

is,  

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2
2modexp)(

2 ππarjrP . (3.13) 

The results presented throughout the dissertation for full-aperture diffractive IOL used a 

value of 80 for the ‘a’ constant.  Here, a different value of the ‘a’ constant is substituted 

to study effects of that constant.   

Figure C.38 shows a radial phase profile of the full aperture diffractive lens with 

the constant a = 50.  Compared to a = 80 case shown in Chapter 3, the spacing between 

the zones have increased as well as the radius of the first zone.   
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Figure C.38: Radial phase profile of full-aperture diffractive design with a = 50. 

 

With the lower value of ‘a’, the near object vergence has decreased in the value of 

defocus.  The polychromatic DTF also shows the secondary band to be slightly more 

broadened by the chromatic aberration. 

(a) (b) 

Figure C.39: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 6-mm pupil. 
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3mm pupil results are shown in Figure C.40. 

(a) (b) 

Figure C.40: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

The a = 100 case shows smaller first zone and overall, a tighter configuration of the steps. 

 

Figure C.41: Radial phase profile of full-aperture diffractive design with a = 100. 

 

From the DTF plots, change in the angle of the secondary arm is noticeable compared to 

the previous case.  This indicates that the value of ‘a’ determines the amount of add 

power associated with the diffractive lens.  The distance band is still broadened by the 
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chromatic aberration while the near band shows reduced width compared to the a = 50 

case. 

(a) (b) 

Figure C.42: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 

 

3-mm pupil results are shown below. 

(a) (b) 

Figure C.43: (a) Monochromatic DTF plot (b) Polychromatic DTF plot at 3-mm pupil. 
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C.8 Summary 

The DTF analysis is applied to various multifocal designs with circular symmetry 

proposed for use as ophthalmic lenses.  For each design, the DTF at both small and large 

pupil sizes are analyzed under monochromatic and polychromatic conditions.  The visual 

results are intuitive and suitable for quick analysis and comparison of depth of field 

characteristic of different multifocal designs.  The DTF is also used to compare effect of 

variations of design parameters have on the optical performance for a given multifocal 

design. 
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